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Abstract 

Opioids are an extremely important part of medical practice, and for thousands of years, 

continue to provide relief from severe acute and chronic pain. Intriguingly, however, the use 

of opioids activates endogenous counter-regulatory mechanisms resulting in the release of 

proinflammatory mediators from central immune cells that facilitates a wide-range of 

effects on opioid pharmacodynamics including: opposition of acute and chronic opioid 

analgesia, opioid analgesic tolerance, opioid- induced hyperalgesia, development of opioid 

dependence, opioid reward, and opioid respiratory depression. Until recently, the counter 

regulation of opioid-induced analgesia had been had been attributed to neuronal receptors 

where the beneficial and detrimental actions of opioids were thought to be inseparable. It is 

now apparent from molecular and rodent data that opioids have non-neuronal, non-classic, 

non-stereoselective sites of action. Therefore, the purpose of this thesis was to further 

identify this non-classical, non-stereoselective site of action and examine the kinetics of 

opioid binding. 

  

The first study examined, using in vivo, in vitro, and in silico techniques, the potential 

involvement of toll-like receptor (TLR) 2 and TLR4 in the pharmacodynamic actions of 

opioids. TLR4-/- animals demonstrated significantly altered analgesia, tolerance, withdrawal 

responses to opioids compared with wildtype mice. A range of saturation, displacement, and 

kinetic binding experiments were subsequently conducted to assess the non-stereoselective 

binding of opioids to TLR4. However, at concentrations required for classical µ receptor 

binding, no TLR4 binding of classical opioid antagonists was observed. 
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The second study assessed if many of the key drugs that target opioid induced immune 

activation have any direct action at opioid receptors or whether they can modify opioid 

receptor activation. Classical binding and functional studies were conducted in cells 

overexpressing the human µ receptor and in rat brain membranes. Of all the tested ligands, 

only amitriptyline and WZ811 (CXCR4 antagonist) were shown to have direct binding at 

sites defined by the classical antagonists diprenorphine and (-)-naloxone. All of the tested 

ligands had no detectable efficacy for the m receptor or any allosteric modulatory effects. 

This study confirms that ligands that alter in vivo opioid pharmacodynamic responses 

(increase opioid analgesia and reduction of tolerance) do not do so via modifying µ-opioid 

receptor activity. 

  

The final study employed the use of [3H](+)-naloxone, a stereoisomer of (-)-naloxone that 

has been shown to have extensive effects on classical opioid pharmacodynamics. Mouse 

brain membranes and HEK293 cells overexpression systems were used in order to unmask 

any non-stereoselective (+)-opioid isomer binding sites. However, using traditional [3H] 

binding experiments, (+)-naloxone had no detectable binding at sites at low nM 

concentrations. Due to the lipophilicy of (+)-naloxone and the subsequent high level of non-

specific binding, no specific binding was detectable at µM concentrations. 

  

In sum, this thesis provides additional evidence that TLR4 plays a significant role in the 

pharmacodynamic responses to opioids. The kinetic assessment of TLR4 as a non-

stereoselective opioid site of action reveals that this site does not bind opioids at nM 

concentrations. As such, this does not rule out the direct involvement of TLR4 in opioid 

binding, but rather suggest that TLR4 has disparate binding characteristics compared with 
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classical µ-opioid receptor binding. Further assessment of this complex system is required, 

particularly at higher concentrations. However, the present finding can assist with the future 

discovery of a non-classical opioid binding site that is involved in opioid induced central 

inflammatory events. 
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Chapter 1. Introduction 

1.1 Opioids and Opiates 

The opium poppy (Papaver somniferum) is used for medicinal and food purposes where it is 

a source of seeds, natural oils and the milky latex secreted from its un-ripened seed 

capsules. The opium latex contains numerous alkaloids such as thebaine, codeine, and 

morphine and when dried becomes the bitter yellowish-brown compound known as opium. 

The term opiate refers to any of these natural narcotic alkaloid compounds found in opium 

and their congeners, whereas opioids are both the natural and synthetic compounds, which 

demonstrate morphine-like actions.  Opioids produce a variety of effects, the most notable 

being relief from pain, alterations in mood (e.g. euphoria), respiratory depression, sedation, 

and decreased gastrointestinal motility (leading to constipation).  Some of the first evidence 

of medical use of opium was the discovery of a tablet with medical prescriptions found at 

Nippur, south of Baghdad, dating to 2100 B.C (Benedetti et al. 1990). However, it is 

thought that opium has had recreational use well before that with evidence from 

archaeobotanical findings showing cultivation of the opium poppy in Switzerland dating 

back to 3000 B.C. 

 

Medical use of opium has gradually been superseded by a variety of purified, semi-

synthetic, and synthetic opioids. This process began in 1803, when German apothecary, 

Friedrich Sertürner isolated the major active constituent of opium, which he named 

morphine, after Morpheus, the Greek god of dreams (Klockgether-Radke 2002). However, 

the chemical structure of morphine was not discovered until 1923 (Gulland and Robinson 

1923) and then confirmed by full chemical synthesis in 1952 (Gates and Tschudi 1956). 
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Following the elucidation of morphine’s chemical structure, structural modifications were 

attempted to produce semi-synthetic and fully synthetic compounds with varied, but similar 

pharmacological actions. The success of morphine encouraged the synthesis of opioids that 

were more potent, longer acting, more effective and which had fewer adverse effects. This 

led to numerous other chemical compound classes such as morphinans (levorphanol), 

benzomorphinans (pentazocine), diphenylpropylamines (methadone), 4-phenylpiperidines 

(pethidine), and 4-anilinopiperidines (fentanyl), all of which have differing pharmacokinetic 

and pharmacodynamic properties. However, despite the number of opioids available today, 

morphine still remained the gold standard in management of severe pain until the past 

decade, when alternative opioids such as oxycodone now out-prescribe morphine 700 

million sold defined daily doses (S-DDD) vs 376 million S-DDD in 2008 respectively 

(United Nations 2010).  

 

Global licit production of many opioids, including morphine, codeine, thebaine, 

hydrocodone, oxycodone and methadone, has increased dramatically over the past two 

decades. In particular, global manufacture of oxycodone, a commonly prescribed and 

diverted opioid marketed as OxyContin in the United States, increased from 2 tons in 1990 

to more than 135 tons in 2009 (United Nations 2010). This large increase in opioid 

production increases the risk of their subsequent over prescription. For example, since 1999, 

the amount of prescription opiates sold in the USA has nearly quadrupled, yet the overall 

amount of pain that Americans report requiring pain relief has not changed (CDC).   

 

Opioids have a recognised role in the treatment of cancer pain, however the treatment of 

non-cancer related chronic pain conditions remains equivocal (Carr et al. 2004; Trescot et 
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al. 2006). Despite opioids being extremely effective acute analgesics, they do not come 

without side effects. Opioids also activate endogenous counter-regulatory mechanisms that 

for example, actively oppose opioid-induced analgesia, enhance analgesic tolerance wherein 

repeated opioids lose their ability to suppress pain, and enhance dependence wherein 

continued opioid exposure is required to prevent withdrawal symptoms (Hutchinson et al. 

2011). These side effects can make the chronic use of opioids very difficult, in particular the 

concern of patients becoming addicted. This leads many physicians reluctant to prescribe 

these agents to their fullest, contributing to the widespread under treatment of chronic pain 

(Dunn et al. 2014). 

 

Prescription opioid abuse is increasing and exacts a high toll on patients, physicians, and 

society. Nonmedical users of prescription pain relievers are perhaps the most troublesome 

population of individuals who abuse opioids (United Nations 2012). In 2012, it was 

estimated that between 26.4 and 36 million people abuse opioids worldwide, with an 

estimated 2.1 million people in the United States suffering from substance use disorders 

related to prescription opioid pain relievers (United Nations 2012). In the United States, the 

total societal costs of prescription opioid abuse were estimated at $55.7 billion in 2007 with 

that figure only increasing with time (Birnbaum et al. 2011). In addition to monetary costs, 

opioid overdose deaths in the United states have quadrupled since 1999 (United Nations 

2012), now exceeding road traffic accident fatalities (CDC). As such, the need for greater 

mechanistic understanding of the beneficial and unwanted actions of opioids remains. 
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1.2 Opioid Receptors 

Opioid binding sites were first proposed in the early 1950’s (Beckett and Casy 1954) and 

1960’s (Portoghese 1965) but were only discovered in mammalian brain and nervous tissue 

in 1973 when stereospecific and saturable binding of opioid analgesics and antagonists was 

observed in brain and nervous tissue (Terenius 1973; Simon et al. 1973; Pert and Snyder 

1973a). Gilbert and Martin (1976) proposed that there were three types of opioid receptors 

and named them after the drugs used to discover them - µ for the morphine group, k for the 

ketocyclazocine group, and s for N-allylnormetazocine (SKF10047). The s receptor was 

subsequently shown to be non-opioid (Kosterlitz et al. 1980). However, a high affinity 

receptor for the enkephalins in the mouse vas deferens was found and named d (Lord et al. 

1977).  

 

Classical opioid receptors exhibit widespread but heterogeneous distribution throughout the 

central and peripheral nervous systems, perfectly poised to modulate the perception and 

response to pain. Centrally, binding sites are found on both pre (µ, k, d) and post (µ) 

synaptic spinal cord pain transmission neurons, primary afferents that transmit nociceptive 

signals, the ascending and descending inhibitory pathways, and in many brain regions 

(Sharif and Hughes 1989; Satoh and Minami 1995; Mansour et al. 1995).  Within the 

periphery, classical opioid receptors are located throughout some cells and tissues that give 

rise to hormonal, immunological and some analgesic effects.  

 

Opioid receptors belong to the class A (Rhodopsin) family of Gi/Go protein-coupled 

receptors (GPCR) with the characteristic seven transmembrane domains (Figure 1-1) 
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coupled to guanosine diphosphate binding proteins (Waldhoer et al. 2004). Opioid receptors 

are mainly found on neurons and can exist either presynaptically and/or postsynaptically 

depending upon cell types. The µ-opioid receptors exist mainly presynaptically, where upon 

ligand binding, activation of the GPCR occurs resulting in the dissociation of Gai from the 

inhibitory Gb¡ dimer (Law et al. 2000). The dissociated subunits interact with multiple 

cellular effector systems, inhibition of adenylyl cyclase (AC) activity (Smart et al. 1997; 

Ozawa et al. 1999),  inhibition of both N- and L- type Ca2+ channels (Tallent et al. 1994; 

Piros et al. 1995), and activation of G protein-activated inwardly rectifying K+ channels 

(GIRKs) (Henry et al. 1995). This significantly reduces the polarity of the cell 

(hyperpolarisation) leading to a reduction in the excitability of the cell and the inhibition of 

neurotransmitter release. In addition to modulating intracellular voltage, opioids can also 

activate mitogen-activated protein kinase (MAPK) (Fukuda et al. 1996; Li and Chang 

1996), phosphatidylinositol 3-kinase (PI3K) (Polakiewicz et al. 1998) and phospholipase C 

(PLC) (Miyamae et al. 1993) leading to transcriptional regulation of genes (Chen et al. 

2006).  
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Figure 1- 1 Overview of the µ-opioid receptor structure. Views from within the 

membrane plane (left) and extracellular side (top) 

 

1.2.1 µ Opioid receptor ligand binding 

The first evidence of the binding of opioid ligands to opioid receptors was reported by 

(Goldstein et al. 1971) who demonstrated stereoselective binding of [3H]levorphanol to rat 

brain membranes. However, in 1973 Pert and Snyder (1973b) published what is widely 

considered the first definitive evidence of µ opioid receptor binding and importantly 

localised to nervous tissue. Multiple opioids such as levorphanol, (-)-nalorphine, (-)-

morphine, (-)methadone, and (-)codeine were shown to reduce the stereospecific [3H](-)-

naloxone binding with close parallels between the pharmacological potency of the opioids 

and their affinity for receptor binding. These data were further supported by Terenius (1973) 

and Simon et al. (1973). Terenius (1973) demonstrated stereospecific binding of 

[3H]dihydromorphine to synaptic plasma membranes from rat brains. Simon et al. (1973) 

found saturable binding of [3H]etorphine to rat brain homogenates, where 40-60% of the 

binding was stereospecific with an affinity of approximately 0.6 nM. Importantly, the 

specific [3H]etorphine binding site was also shown to bind levorphanol, (-)-naloxone, (-)-

90 ° 
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nalorphine, (-)-morphine and (-)-methadone, further supporting the discovery of an opioid 

specific receptor. Furthermore Pert and Snyder (1973a) demonstrated that the stereospecific 

binding of opioids to the opiate receptor was time-, temperature-, and pH-dependent, and 

saturable with respect to tissue concentration. The results from Snyder’s, Edelman’s, and 

Goldstein’s laboratories were the initial driving force behind demonstrating the existence of 

a specific opiate receptor restricted to nervous tissue.  

Figure 1- 2 The basic 4,5-epoxymorphinan structure with the key functional groups 

and the 3’, 6’, 14’ and 17’ positions denoted with an R. 

 

Currently, the predominant medical use of opioids is for the relief of moderate to severe 

acute, and chronic (persistent) pain. Clinically used opioid agonists traditionally have been 

selected for their high affinity for µ opioid receptors and can often have varying affinities 

for the other opioid receptors. For example, Table 1-1 demonstrates the affinity of typical 

opioid ligands to µ, k, and d opioid receptors (Satoh and Minami 1995). The chemical 

structures of opioid ligands heavily influence their binding affinities for opioid receptors 

(Figure 1-2). For example, N-demethylation of 4,5-epoxymorphinans at position 17 (R4) 

gives rise to compounds with reduced binding affinity for the µ opioid receptor (Chen et al. 
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1991), while substitution of certain bulky groups converts an opioid agonist into an opioid 

antagonist. The R2 functional group at position 6 has little affect on binding affinity, 

however R1 at position 3 is vital to opioid binding with the presence of a hydroxyl group 

conferring the highest affinity (Chen et al. 1991).  

Table 1- 1 The affinity of common opioids at classical opioid receptors expressed in 

CHO cells 

a The Ki values are ligand concentration (nM) calculated from ligand displacement experiments using tritiated 

DAMGO, U69, 593, and DPDPE for µ, k, and d opioid receptors, respectively (Satoh and Minami 1995).  

 

It is important to note that analgesics with high clinical potency can have relatively weak in 

vitro receptor binding. For example, following metabolism, functional groups change 

allowing high affinity binding to opioid receptors. For example, the two main metabolites of 

morphine are morphine-3-glucuronide (M3G), and morphine-6-glucuronide (M6G) where 

approximately 10% of morphine is metabolised to M6G, and 50% to M3G. Like morphine, 

M6G is a potent analgesic but has been found to bind to the µ opioid receptor with affinity 

approximately 13 times greater than that of morphine (Kilpatrick and Smith 2005). M3G 

however has no analgesic efficacy at clinically achievable concentrations, with 

Ligand µ κ δ

Morphine 1.4 163 >1000
(-)-Naloxone 3.9 16 95
DADLE 6.4 514 2.8
DAMGO 0.87 >1000 >1000
DPDPE >1000 >1000 7.6
Dynorphine A (1-17) 120 5.5 45
U50, 488 >1000 1.4 >1000
U69, 593 >1000 2.3 >1000

Ki estimatea
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approximately 4000 times less affinity for the µ receptor than morphine (Christensen and 

Jørgensen 1987; Chen et al. 1991).  

 

1.3 Endogenous opioids 

Opioids exert their analgesic effects by binding to and activating receptors that are part of 

an endogenous opioid system. Endogenous opioid compounds and their receptors have been 

found throughout the central and peripheral nervous systems and are involved in a diverse 

array of homeostatic functions, movement control, and the processing of painful sensory 

input. The first evidence for endogenous opioids arose in 1975 where isolated peptides were 

shown to bind to the “morphine receptor” (Hughes 1975). These peptides that have opioid- 

like actions include endorphins, enkephalins, dynorphins, and endomorphins.  Each family 

derives from complex cleavages and post-translational modifications of distinct precursor 

proteins. These include prepro-opiomelanocortin, preproenkephalin, and preprodynorphin 

respectively. However, the putative precursor proteins for the endomorphin peptides are yet 

to be determined (Terskiy et al. 2007). The opioid peptides share a common N-terminal 

amino acid sequence which has been called the opioid motif and is required for binding to 

brain opioid receptors (Snyder and Pasternak 2003). 

 

Much of the research has focused on the opioid peptides b-endorphin, leu-enkephalin, met-

enkephalin, dynorphin A & B, and more recently endomorphin 1 & 2. b-Endorphins are the 

most powerful endogenous opioid peptides and have high abundance in the hypothalamus 

and pituitary gland.  b-Endorphins act mainly through the µ receptor and to a lesser extent d 

and k receptors. b-Endorphin is relatively stable in plasma, with a half-life of more than 30 
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minutes.  Enkephalins are considered the primary endogenous ligands for the d-receptor are 

also involved in regulating nociception in the body. Enkephalins produce pharmacological 

effects at both the µ and d opioid receptors but have a much higher selectivity for the d 

opioid receptor, with no effect on k opioid receptors. Dynorphins are produced in many 

different parts of the body, including the hypothalamus, hippocampus, midbrain, medulla, 

pons and the spinal cord. Dynorphins exert their effects primarily through the k opioid 

receptors, but also have low affinity for the µ and d opioid receptors. Dynorphins have been 

shown to modulate pain responses but also have an important role in maintaining 

homeostasis through appetite control, circadian rhythms and temperature regulation 

(Przewłocki et al. 1983; Xin et al. 1997). 

 

1.4 Opioid Metabolism 

Metabolism refers to the process where drugs are structurally altered so that they can be 

more readily eliminated from the body (principally the urine). Most opioids undergo 

extensive first-pass metabolism in the liver before entering the systemic circulation. First-

pass metabolism significantly reduces the bioavailability of the opioid. Opioids are typically 

lipophilic, which enables them to cross cell membranes to reach target tissues. Opioid 

metabolism takes place primarily in the liver and is ultimately intended to make the drug 

hydrophilic to facilitate its excretion in the urine. Within the liver, enzymes promote 2 

forms of metabolism: phase 1 metabolism (modification reactions) and phase 2 metabolism 

(conjugation reactions) (Trescot et al. 2008; Holmquist 2009; Smith 2009). Phase 1 

metabolism typically subjects the drug to oxidation or hydrolysis. It involves principally the 

cytochrome P450 (CYP) enzymes, which facilitate reactions that include N-, O-, and S-
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dealkylation; aromatic, aliphatic, or N-hydroxylation; N-oxidation; sulfoxidation; 

deamination; and dehalogenation. Phase 2 metabolism conjugates the drug to hydrophilic 

substances, such as glucuronic acid, sulfate, glycine, or glutathione. The most important 

phase 2 reaction for 4,5-epoxymorphinan opioids is glucuronidation, catalyzed by the 

enzyme uridine diphosphate glucuronosyltransferase (UGT). Glucuronidation produces 

molecules that are highly hydrophilic resulting in much higher water solubility, which 

allows the kidneys to excrete the drug. Opioids undergo varying degrees of phase 1 and 2 

metabolism, which can lead to both inactive and active metabolites. For example, as 

discussed earlier, the morphine metabolite M3G loses its analgesic effect, however M6G 

maintains µ opioid receptor activity.  

 

1.5 Opioid Pharmacodynamics 

In the clinical situation, opioids are predominantly used for the relief of moderate to severe 

acute, and chronic pain. However, opioid-induced effects are much broader and can elicit 

varying responses. The central mediated effects include analgesia, euphoria, dysphoria, 

respiratory depression, antitussive action and nausea whereas some of the peripheral effects 

include analgesia, reduced motility of the gastrointestinal tract and dilation of cutaneous 

blood vessels.  

 

1.5.1 Pain Circuitry  

Pain is defined by the International Association for the Study of Pain as an unpleasant 

sensory and emotional experience associated with actual or potential tissue damage. 

Clinically-induced analgesia or antinociception is a state in which there is reduced or 
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complete removal of pain detection resulting from a noxious stimulus. Under normal 

circumstances, pain is both protective and adaptive, acting as a warning signal for the body 

of tissue inflammation and injury (Costigan et al. 2009). The pathophysiology of pain 

involves a complex interaction of many different peripheral and central structures from the 

skin surface to the cerebral cortex.  

 

1.5.1.1 Ascending Nociceptive Pathways 

The communication of nociception is induced by activation of specific receptors on first 

order small diameter primary afferent nerve fibres called nociceptors by specific stimuli 

such as high heat, pressure or chemicals. Primary sensory neurons that convey nociceptive 

information about noxious stimuli and their axons can be classified into Ad and C fibres 

(Rang and Bevan 1991) (see Figure 1-3). The Ad fibres are large diameter, high conduction 

myelinated fibres and are responsible for the sensation of a sharp first pain and respond to 

weak intensity stimuli. C fibres however are un-myelinated, small diameter low conduction 

nerves that respond to stronger intensity stimuli and are responsible for the slow, dull 

longer-lasting second pain. The activation of primary afferent nerve fibres leads to the 

generation of action potentials that generally terminate in laminae I, II and V of the dorsal 

horn (Brown 1982). The primary afferent fibres can synapse directly onto second-order 

primary neurons but can also synapse to short inhibitory or excitatory interneurons. These 

interneurons help regulate transmission between the primary afferent fibres and the second-

order nociception projection neurons (Pertovaara and Almeida 2006). Second-order neurons 

decussate (cross midline) to the contralateral side of the spinal cord where they join 

ascending fibres of the anterolateral system and project to supra-spinal nociceptive-

processing centres responsible for the sensory, behavioural and emotional operations 
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associated with the expression of pain. The most prominent ascending pathway is via the 

spinothalamic tract, which is involved in the transmission of pain, temperature and touch 

sensations. The tract projects second order neurons originating from laminae I, II and V of 

the spinal cord dorsal horn to the thalamus. The thalamus, in turn, projects third order 

neurons to cortical areas in the brain such as the somatosensory, anterior cingulate and 

insular corticies that result in conscious pain awareness (Fürst 1999; Renn and Dorsey 

2005). 

 

1.5.1.2 Descending Modulation of Nociception and Pain 

Descending inhibitory pathways have an important role in the control of nociception, 

providing negative feedback of nociceptive signals at the spinal cord level. For example, a 

noxious stimulus activates brainstem nuclei involved in descending inhibition and prevents 

excessive pain by attenuating the successive painful signals (Pertovaara and Almeida 2006). 

Descending control originates primarily from higher centers responsible for pain perception 

and supraspinal regions such as the periaqueductal gray (PAG) and rostral ventromedial 

medulla (RVM) (Figure 1-3). Modulation of nociceptive signals occurs via controlling the 

excitability of neurons within the dorsal horn. These effects are largely mediated by 

descending monoaminergic pathways that utilise serotonin (5-HT), noradrenaline (NA), 

encephalin, GABA, and excitatory amino acids (Millan 2002).  

 

 

 

 



Chapter 1. Introduction   

Jacob Thomas, PhD Thesis 2017   14
   

 

Figure 1- 3 The main ascending (left) and descending (right) pain-processing 

pathways that communicate and modify nociceptive signals. Nociceptive signals are 

projected from the periphery to cortical and subcortical regions of the brain for 

nociceptive processing.  Descending signals relay through spinal and supraspinal 

regions allowing for important control of nociception, providing negative feedback of 

nociceptive signals. Adapted from Pertovaara and Almeida (2006). 

 

The PAG of the midbrain is a small area of gray matter surrounding the central canal of the 

brainstem and densely packed with heterogeneous neurons (Fields et al. 1991; Millan 2002). 

The PAG integrates input from the limbic forebrain and diencephalon and is thought to 

!
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represent the mechanism whereby cortical and other inputs act to modulate the nociceptive 

transmission from the spinal cord dorsal horn (Bandler and Keay 1996). The PAG exerts its 

effects on the dorsal horn through efferent connections with a variety of brainstem 

structures, such as the RVM (Millan 2002) (Figure 1-3).  

 

The RVM is a major component of the nociceptive modulatory circuitry, exerting its own 

effects in addition to relaying modulatory effects from higher brainstem sites to the dorsal 

horn (Basbaum and Fields 1984; Millan 2002; Benarroch 2008). Axons of the RVM 

neurons project via the spinal dorsolateral funiculus and terminate in laminae I, II, V, VI 

and VII of the spinal dorsal horn. As discussed above, these laminae are known to contain 

the terminals of neurons that respond to noxious stimuli and project to supraspinal sites. 

Within the RVM, three spinally projecting types of cells exist which can be classified based 

on their resultant physiological response (Fields et al. 1991): 

1) On cells that give an excitatory response to a noxious stimulus starting just prior to a 

spinal nocifensive reflex. 

2) Off cells that give an inhibitory response to a noxious stimulus just prior to a spinal 

nocifensive reflex. 

3) Neutral cells that give variable response or are unresponsive to noxious stimuli.  

Within the RVM, the activity of off-cells correlates with inhibition of nociceptive input and 

nocifensive responses, and are likely the source of descending inhibition of nociceptive 

inputs (Fields 1992; Ossipov et al. 2004). In contrast, responses to nociceptive stimuli also 

increase on-cell activity suggesting that on-cells are responsible for descending facilitation 

of nociception (Fields 1992; McNally 1999; Ossipov et al. 2004). 
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The simplest descending inhibitory circuit (Figure 1-4) involves RVM off-cells projecting 

directly to the primary afferent and second-order nociceptive synapse, and release 5-HT 

(Fields et al. 1991). On presynaptic primary afferent fibres, 5-HT activates 5-HT1B/D 

receptors and inhibits neurotransmitter release. On postsynaptic second-order fibres, 5-HT 

activates 5-HT1A receptors which inhibit neuronal excitability thus reducing the overall 

nociceptive signal (Millan 2002; Benarroch 2008). A second circuit is through inhibition of 

excitatory interneurons and excitation of inhibitory interneurons. Within the dorsal horn, 

excitatory interneurons relay from the primary afferent nociceptors into second-order 

neurons. 5-HT released from off-cell projections suppresses the excitatory interneurons 

preventing the relay of nociceptive action potentials from primary afferents to second-order 

fibres. Evidence also indicates that RVM off-cells target and excite inhibitory interneurons 

via 5-HT. The inhibitory interneurons of the dorsal horn are generally GABA and 

enkephalin-containing interneurons and when activated by 5-HT, inhibit the excitation of 

second-order fibres via the release of GABA and encephalin (Fields et al. 1991) further 

dampening ascending nociceptive transmission.  

 

 

 

 

 

 



Chapter 1. Introduction   

Jacob Thomas, PhD Thesis 2017   17
   

Figure 1- 4 Schematic illustration of the relationship between pain pathways and 

opioid modulation of nociceptive information. Ascending fibres project from the 

periphery into cortical and subcortical regions of the brain to elicit pain. Terminals of 

descending pathways (DP) originate in the RVM and other brainstem nuclei and 

interact with afferent fibres (PAF), interneurons (ININ & EXIN), and second-order 

fibres (SOF).   Actions at these sites control cellular excitability by either suppressing 

or enhancing ascending nociceptive information to supraspinal regions. Opioid 

receptors are located at many of these sites and can further modulate ([+] activate and 

or [-] inhibit) the transmission of ascending and descending signals. Adapted from 

Millan (2002). 

 

It has been commonly considered that descending pathways predominantly inhibit 

nociception and hence the perception of pain. However, several lines of evidence 
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demonstrate that descending pathways can facilitate nociceptive transmission  (Fields 1988; 

Schaible et al. 1991; Fields 1992; Zhuo and Gebhart 1997; Hurley and Hammond 2000; 

Wei et al. 2008). Prolonged delivery of a noxious thermal stimulus produces increased on-

cell discharge and facilitation of nociceptive reflexes. However, opioid receptors are 

prominent throughout ascending and descending pathways allowing for multiple levels of 

modulation. 

 

1.5.2 Opioid Receptors are Prominent in Nociceptive Pathways 

1.5.2.1 Central Ascending Pathways 

Opioid receptors have high expression within the dorsal horn of the spinal cord (Besse et al. 

1990; Besse et al. 1991) where nociceptive C and Ad primary afferent fibres principally 

terminate (Light and Perl 1977; Quirion et al. 1983; Mansour et al. 1995). The µ-opioid 

receptor is highly concentrated in the outer laminae of the spinal dorsal horn, whereas the d-

opioid receptor is diffusely distributed throughout the dorsal horn. The k-opioid receptor is 

thought to be concentrated in the outer laminae of the dorsal horns of the lumbosacral cord, 

and is closely associated with nociceptive inputs from the viscera (Quirion et al. 1983; 

Quirion 1984). It is thought the majority of spinal opioid receptors reside on the central 

terminal of afferent neurons while the remaining receptors are believed to reside on either 

interneurons or on cell bodies of second-order neurons that transmit nociceptive inputs to 

supraspinal sites for processing (Ossipov et al. 2004). Spinally administered morphine 

produces dose-dependent, naloxone reversible antinociception (Yaksh and Rudy 1976; 

Yaksh 1977). It is believed to act largely through µ opioid receptors residing on the central 

terminals of primary afferent and second-order fibres (Yaksh and Noueihed 1985; Besse et 
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al. 1991; Lombard et al. 1995; Mansour et al. 1995). Binding of opioids to classic opioid 

receptors can produce an analgesic effect, in part by reducing excitatory amino acid (eg. 

glutamate) and neuropeptide (eg. Substance P) release from pre-synaptic terminals of C- 

and Ad primary afferent fibres (Jessell and Iversen 1977). The inhibition of neurotransmitter 

release from primary afferents limits the generation and propagation of nociceptive 

facilitating action potentials to second order fibres. Opioid receptor expression on post-

synaptic terminal of second-order fibres limits the excitability of neurons and prevents the 

propagation of pain facilitating action potentials projecting to supraspinal regions. While 

opioid modulation of ascending neuronal transmission plays a significant role in analgesia, 

opioids also modulate descending pathways to influence nociception.  

 

1.5.2.2 Central Descending Pathways 

In addition to modulating the firing of nociceptive neurons from the site of injury to supra-

spinal regions, opioids can “hijack” endogenous descending pathways designed to control 

pain signalling. Stimulation of descending inhibitory systems has been used for treatment of 

various pain syndromes which is due to the fact that the descending antinociceptive system 

is endowed with high concentrations of opioid receptors in every relay station (Mansour et 

al. 1987; Yaksh 1997). Opioid administration systemically or into the PAG results in 

increased activity of off-cells within the RVM. It is considered that this increase in activity 

is through disinhibition which alone, is sufficient to produce behaviourally measurable 

antinociception (Fields et al. 1983; Cheng et al. 1986; Heinricher et al. 1994). The activated 

RVM off-cells release 5-HT at the primary afferent and second-order nociceptive synapse, 

inhibiting neurotransmitter release and neuronal excitability. In addition, off-cell 5-HT 

release excited inhibitory interneurons and suppresses the excitatory interneurons further 
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dampening ascending nociceptive transmission. In contrast, the on-cells are the only 

population of cells in the RVM directly inhibited by opioids, suggesting that these cells 

likely express the µ opioid receptors (Bederson et al. 1990; Fields 1992). 

 

1.5.2.3 Peripheral Nervous Pathways 

Anatomical, molecular and electrophysiological studies have shown that all three opioid 

receptors (µ, k, d) are expressed within sensory neurons, principally by nociceptive C- and 

Ad primary afferent fibres (Dado et al. 1993; Ji et al. 1995). During inflammation, opioid 

receptors are upregulated and transported to peripheral nerve terminals. In addition, an 

inflammatory environment may increase opioid agonist efficacy by altering the interaction 

of receptors with G proteins and increasing neuronal cAMP levels. The activation of 

peripheral opioid receptors can trigger several pathways, resulting in an attenuated 

excitability of peripheral nociceptive terminals and a decreased propagation of action 

potentials in sensory neurons. Such mechanisms include increased potassium (Rodrigues 

and Duarte 2000) and decreased calcium currents (Endres-Becker et al. 2007) through 

interactions with G proteins (Gi, Go), and � the inhibition of tetrodotoxin-resistant sodium 

currents (Stein et al. 2001; Vadivelu et al. 2011). Furthermore, opioids inhibit the calcium-

dependent release of pronociceptive, proinflammatory compounds (e.g. substance P) from 

peripheral sensory nerve endings (Stein 1995).  Endogenous opioid ligands are expressed in 

resident immune cells within peripheral inflamed tissue. Environmental stimuli (stress) and 

releasing agents (corticotropin-releasing factor, cytokines) can cause the release of these 

opioid peptides to elicit local analgesia, whereas suppression of the immune system 

abolishes these effects. In addition, exogenous opioids can “hijack” this system. For 

example, local injection of systemically inactive doses of µ, k, and d agonists produced 
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analgesia that is dose-dependent, stereospecific, and reversible by selective opioid agonists 

(Stein et al. 1989; Stein 1993). As a result, peripherally acting opioids facilitate 

hyperpolarisation of nociceptors, preventing the propagation of action potentials and the 

release of proinflammatory neuropeptides limiting the signals reaching second-order 

neurons in the dorsal horn.   

 

1.6 Nociceptive Actions of Opioids 

If opioid medications provided a completely effective, safe, and predictable treatment for 

the management of acute and chronic pain, with no unwanted and serious adverse effects 

(eg. life-threatening respiratory depression), then there would be only an academic interest 

in pain research and the associated study of analgesic mechanisms, with little to no urgency 

in the pace of clinical and molecular pain research (Hutchinson et al. 2011). As outlined 

below, this is clearly not the case. 

 

1.6.1 Opioid-Induced Tolerance 

Opioids continue to hold a prominent position in the treatment of both acute and chronic 

pain states. They represent the most prescribed and aggressive method to treat severe pain 

conditions. However, a significant hindrance with regard to the prolonged use of opioids 

can be the development of tolerance to their analgesic effects (Treede et al. 1992; Ossipov et 

al. 2004). Tolerance is defined as the state where an increase in dose is required to achieve a 

previously obtained pharmacological effect (Axelrod 1968). Tolerance causes a reduction in 

intensity and duration of analgesia, but not necessarily other effects of opioids such as 

constipation. In animal studies using hot-plate tests, antinociceptive tolerance is readily 
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induced within a few days of administration of an opioid such as morphine (Hutchinson et 

al. 2008a) which results in a significant rightward shift in the analgesic dose -response curve 

(Fernandes et al. 1977). Clinically, antinociceptive tolerance manifests as a diminished or 

loss of pain relief at a given opioid dose when administered repeatedly over some period of 

time. Opioid analgesic tolerance is well recognised experimentally and clinically, and can 

occur over a period of days to weeks (Way et al. 1969; Foley 1993; Ossipov et al. 2004).  

 

There are a number of different forms of tolerance such as innate tolerance, acquired 

tolerance (pharmacokinetic and pharmacodynamic), and learned tolerances (behavioural and 

conditioned) (Collett 1998). Innate tolerance refers to the genetically determined sensitivity 

to a drug that is administered for the first time. Acquired tolerance however, is acquired 

following repeated administration of the drug. Pharmacokinetic tolerance refers to changes 

in the metabolism and clearance of the drug resulting in reduced concentration at sites of 

action. Pharmacodynamic tolerance refers to adaptive changes in the affected system, such 

as receptor density. Learned tolerances result from compensatory mechanisms helping to 

cope with familiar environments when impaired by the drug effects. The mechanisms 

underpinning pharmacodynamic tolerance are slowly being elucidated with two major 

standpoints, neuronally-mediated tolerance and immune-mediated tolerance.  

 

Classically, opioid research has focused on cellular and molecular alterations within neurons 

and their circuits. The mechanisms behind neuronal mediated tolerance include: functional 

decoupling of the opioid receptor from the G-protein (Bohn et al. 2000; Williams et al. 

2001), downregulation of endogenous opioids and receptors, enhancement of N-methyl-D-

aspartate (NMDA) receptor activity (Elliott et al. 1994), hypertrophy of the cyclic AMP 
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system (Hammer 1992), upregulation of P-glycoprotein (Mercer and Coop 2011), increases 

in potassium conductance (Christie et al. 1987), and heterodimerisation and trafficking of μ-

/d-opioid receptors. Despite the pivotal role of neurons in opioid response and their 

involvement in tolerance, these are not the only cells within the brain affected by, and 

reacting to opioids (Song and Zhao 2001; Hutchinson et al. 2007; Hutchinson et al. 2011). 

While all mechanisms can contribute to the development and severity of opioid tolerance, 

this thesis will concentrate on adaptive tolerance, particularly the pharmacodynamic 

immune mediated aspects. 

 

1.6.2 Opioid-Induced Hyperalgesia 

An important concept that has considerable experimental validation is that exposure to 

opioids either acutely or for prolonged periods paradoxically elicits an increased sensitivity 

to noxious stimuli. This paradoxical increase in pain sensitivity is termed hyperalgesia, and 

the mechanisms that underlie this state, may play an important role in the requirement for 

increased levels of opioids to maintain a constant degree of antinociception, that is, 

tolerance (Ossipov et al. 2004). 

 

A growing body of literature, based on animal and human studies, indicate that in a chronic 

setting, opioids can produce paradoxically increased pain where it is generally thought to 

occur over a period of days or weeks with repeated administration of the drug. In animals, 

several authors have shown using a wide range of opioids; including morphine, M3G, 

dynorphin, oxycodone, and fentanyl, that immediate and steady declines in nociceptive 

thresholds culminating in several days of unremitting hyperalgesia can occur after repeated 
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and continuous administration (Vanderah et al. 2000; Mao et al. 2002; Juni et al. 2007; 

Waxman et al. 2009; Lewis et al. 2010; Elhabazi et al. 2014).  

 

In the clinical setting, a number of reports have demonstrated that chronic opioid 

administration can elicit paradoxical heightened pain sensation. Patients undergoing 

methadone maintenance were able to detect experimental pain stimulus significantly earlier 

and were also substantially less pain tolerant when compared with previously addicted 

individuals (Ho and Dole 1979; Compton 1994) and even more so with normal control 

subjects (Doverty et al. 2001; Compton et al. 2001). In addition, Athanasos and colleagues 

demonstrated that opioid dependent patients require higher than normal doses of opioid 

analgesics. The study demonstrated that high plasma morphine concentrations in methadone 

patients failed to significantly change cold pain and electrical stimulation pain tolerance, 

suggesting methadone maintained patients are hyperalgesic and cross-tolerant to the 

antinociceptive effects of very high plasma morphine concentrations (Athanasos et al. 

2006). While even higher morphine doses may achieve some pain relief, this may be at the 

cost of respiratory depression. Together with the animal data, these studies suggest that 

hyperalgesia can be induced by long-term opioid administration.  

 

More recently researchers have focused on the pathophysiological consequences opioids 

have on the primary pain condition. Ellis et al. (2016) has demonstrated that a weeklong 

course of morphine beginning 24 h after spinal surgery in rats resulted in amplified 

mechanical allodynia for at least 4 weeks following cessation of opioid dosing. Grace et al. 

(2016) has further demonstrated that even a short course of morphine, starting 10 days after 

injury in male rats, paradoxically and remarkably doubled the duration of allodynia, months 
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after morphine ceased. The exact mechanisms behind tolerance and hyperalgesia remain to 

be elucidated, however recent studies have implicated brain and spinal glia in these opioid 

phenomena and will be discussed in detail below.  

 

1.7 Opioid Dependence and Withdrawal 

Opioid dependence is prevalent worldwide and represents a major medical, social, and 

economic burden (Lehnardt et al. 2003; Degenhardt et al. 2013). Abuse of illicit opioids 

such as heroin now represents a smaller proportion of the opioid abusers with prescription 

pain medications, such as oxycodone and hydrocodone now among the most-abused opioid- 

based drugs (National Institute on Drug Abuse 2005; Volkow 2014). The International 

Classification of Diseases 10th Revision (ICD-10) and the Diagnostic and Statistical 

Manual of Mental Disorders V (DSM-V) recognise drug addiction as a chronic disorder 

which is characterised by a strong desire to take the substance, impaired control over use, a 

withdrawal syndrome on ceasing or reducing use, tolerance to the effects of the drug, the 

need for larger doses to achieve the desired psychological effect, a disproportionate amount 

of time spent by the user obtaining, using, and recovering from drug use, and persistence of 

drug taking despite the problems that occur  (World Health Organization 1993; American 

Psychiatric Association 2013).  

 

Physical dependence to opioids presents when an opioid agonist is abruptly ceased or when 

an opioid receptor antagonist, such as naloxone, is administered and withdrawal is 

precipitated. Opioid withdrawal is considered to be one of the most powerful factors driving 

addiction (Kosten and George 2002). Withdrawal can contribute to opioid dependence as 
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repeated dosing is required to avoid and alleviate the withdrawal symptoms allowing 

tolerance and addiction to develop (Koob and Le Moal 1997). Opioid withdrawal symptoms 

include but are not limited to, anxiety, sweating, irritability, chills, fatigue, insomnia, 

nausea/vomiting, and diarrhoea. Symptoms of the opioid withdrawal syndrome usually 

begin 6 to 12 hours after the last dose of short acting opioids such as heroin and morphine, 

and 36 to 48 hours for long acting opioids such as methadone. Following cessation of a 

short half-life opioid, symptoms reach peak intensity within two to four days, with most of 

the obvious physical withdrawal signs no longer observable after 7 to 14 days. Following 

this first acute phase of withdrawal, a secondary protracted withdrawal syndrome of 

approximately 6 months is experienced. This second phase is characterised by a general 

feeling of reduced well-being, with associated strong cravings for opioids. The protracted 

nature of withdrawal makes recovery from dependence very hard and typically lengthy 

(Gowing et al. 2009).The most widely accepted mechanisms behind opioid dependence and 

withdrawal syndrome involve cellular adaptations in opioid-sensitive neurons. The most 

well described consequence of morphine withdrawal is a rebound increase in cAMP levels, 

produced by ‘superactivation’ of adenylyl cyclase and upregulation of the amount of 

enzyme. This can then lead to an overshoot in downstream signalling mechanisms and 

neuronal excitation (For review, see (Bailey and Connor 2005; Christie 2009)). However, 

the direct mechanisms behind opioid-induced withdrawal are still being elucidated. 

Recently a significant body of evidence suggests the involvement of the immune system in 

mediating the withdrawal process (Hutchinson et al. 2009; Liu et al. 2011), which will be 

discussed in chapter 3.  
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1.8  Involvement of the Immune System in Opioid Pharmacodynamics 

Despite neurons playing a pivotal role in the response to opioids, they are not the only cells 

within the brain and spinal cord affected by, and reacting to opioids. Of particular 

importance are glial cells (microglia and astrocytes). Glia are non-neuronal cells of the brain 

and spinal cord traditionally thought to maintain homeostasis, and provide support and 

protection for neurons in the central nervous system. However, recent research has 

demonstrated that these cells actively participate in synaptogenesis, neuronal excitability, 

and neurotransmission (Allen and Barres 2009; Araque and Navarrete 2010; Ben Achour 

and Pascual 2010). Furthermore, glia demonstrate changes in their physiology and 

morphology in response to opioid exposure (Song and Zhao 2001; Raghavendra et al. 2002; 

Cui et al. 2006; Tai et al. 2006). This change in response profile drives central immune 

signalling which is a pivotal component to opioid-induced side effects such as analgesic 

tolerance, hyperalgesia, withdrawal, and dependence (Hutchinson et al. 2011; Thomas and 

Hutchinson 2012; Thomas et al. 2015). As these cells express mRNA for µ, k, and d 

receptors, opioids were initially thought to influence glial cells via these classical opioid 

active sites (Ruzicka and Akil 1997). However, recent evidence suggests the existence of a 

non-classical receptor that binds opioids. Toll-like receptors (TLR) have been proposed to 

non-stereoselectively respond to opioids leading to central immune signalling and a 

proinflammatory response profile. The reviews below, written and published as part of the 

body of work of my dissertation, aim to highlight the importance of central immune 

signalling and the effect on opioid pharmacodynamics. However, as the focus of these 

invited reviews are on central immune signalling, a more comprehensive background on 

TLRs is included below.   
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1.8.1 Toll-like Receptors 

A toll-encoding gene was first discovered in drosophila embryos (Anderson et al. 1985). 

The name derives from Christiane Nusslein-Volhard’s 1985 exclamation, “Das ist ja toll!” 

which translates to “That’s amazing”. A human analogue of the Drosophila toll was later 

discovered, and identified as an evolutionarily conserved host defense mechanism. Plants, 

insect and vertebrates all use homologous mechanisms relying on toll recognition to 

coordinate an immune response. The toll family has grown to include 11 TLRs in humans 

and 13 in mice (Gangloff et al. 2003). TLRs are a type of pattern recognition receptor and in 

vertebrates, recognise patterns indicative of bacteria, fungi, and viruses. These patterns are 

collectively referred to as pathogen-associated molecular patterns (PAMPs (Erridge 2010). 

TLRs were traditionally thought to detect foreign invasion. However, given the wide array 

of both exogenous and endogenous molecular ligands, TLRs are involved in both pathogen 

recognition and also host damage and repair functions (Buchanan et al. 2010).  

 

TLRs are transmembrane receptors with a cytoplasmic domain similar to the interleukin-1 

receptor and a large ectodomain involved in the recognition of ligands. Despite being very 

similar to the interleukin-1 receptors, the extracellular portion is vastly different as TLRs 

contain leucine-rich repeat sequences while IL-1 receptors possess an Ig-like domain 

(Hashimoto et al. 1988). Activation of TLRs ultimately results in the upregulation, synthesis 

and secretion of pro-inflammatory mediators so to aid in the elimination of pathogens, with 

TLR4 being the most well recognised receptor. 
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1.8.2 TLR4 Signalling Pathways 

TLR4 (Figure 5) is known for its recognition of cell wall components of gram-negative 

bacteria, lipopolysaccharide (LPS) (Shimazu et al. 1999). LPS molecules, due to their 

amphipathic nature, form large aggregates in aqueous environments above a critical 

concentration.  The accessory protein, LPS binding protein (LBP) and CD14 enhance 

detection of LPS by monomerising LPS before presenting it to TLR4-MD-2. LBP is a 

plasma protein that avidly binds LPS aggregates and delivers them to CD14 (Park and Lee 

2013). CD14 however is a cell surface expressed and soluble protein that transfers bound 

LPS to the TLR4 (Dobrovolskaia and Vogel 2002).  Before binding LPS, TLR4 first 

requires its extracellular binding partner myeloid differentiation factor 2 (MD-2) to 

associate and form a stable heterodimer (Fujihara et al. 2003; Park et al. 2009). MD-2 is 

smaller than TLR4 and is the main LPS binding module of the TLR4–MD-2 receptor 

complex (Shimazu et al. 1999). Upon ligand binding, the extracellular domains of TLR4-

MD-2 complex are thought to dimerise with another TLR4-MD-2 complex to form a 

homodimeric state. This leads to juxtaposition of the intracellular domains, signalling 

adaptors being then recruited to these dimerised intracellular domains (Park et al. 2009; 

Park and Lee 2013). Following receptor activation, an intracellular signal is sent through 

TLR4’s toll/interleukin-1 receptor (TIR) domain that can diverge to either of two 

inflammatory cascades. The myeloid differentiation factor 88 (MyD88) pathway leading to 

NFkB activation leading to the production of inflammatory cytokines, or the TIR-domain 

containing adaptor inducing IFN-b (TRIF) pathway leading to the production of IFN-b. It is 

still unclear what criteria TLR4 uses to determine the downstream signalling adaptor and 

subsequent pathway choice.  
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Figure 1- 5 Dimeric structure of TLR4/MD-2 bound with LPS. TLR4 and MD-2 are 

shown in green and grey, respectively, and their dimerisation partners are shown in 

blue and grey, respectively.  

 

1.8.2.1 MyD88-dependent pathway 

All TLRs except TLR3 and TLR4 use the MyD88 pathway exclusively (Figure 1-6) (Akira 

and Uematsu 2006). MyD88 is a cytosolic adaptor protein with a ‘death domain’ and a TIR 

domain. Following receptor activation, the TIR domain of MyD88 interacts with the TIR 

domain TLR4 via the aid of Mal, MyD88 adaptor-like protein (also known as TIRAP) 

(Horng et al. 2002). MyD88 recruits IL-1 receptor-associated kinase (IRAK) family of 

protein kinases through interaction of the MyD88 and IRAK4 death domains (Kawai and 

Akira 2007). This triggers a phosphorylation cascade, activating IRAK and tumor necrosis 

factor receptor 6 (TRAF6). TAK1, a crucial ubiquitin activated complex, then sends the 

signal via MAPK cascade and/or the inhibitor of NF-kB (IKK) cascade inducing NF-kB 

activation of the activator protein-1 (AP-1) and the RelA and P50 heterodimer, respectively 
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(Kawai and Akira 2007). The AP-1 and Rel1/P50 factors of NF-kB directly regulate gene 

transcription and protein synthesis. The activation of MAPK pathways is a rapid process 

(within 15 minutes) and induces production of a variety of inflammatory mediators such as 

cytokines, chemokines, and reactive NO (Liu et al. 2012). 

 

1.8.2.2 TRIF-dependent pathway 

The TRIF-dependent pathway is a common signalling pathway utilised by only TLR3 and 

TLR4 that use the TRIF signalling molecule. TLR4 however requires the adaptor TRAM to 

associate with TRIF (Figure 1-6) (Rowe et al. 2006). Signalling through TRAM involves 

endocytosis of the TLR4 receptor complex (Tanimura et al. 2008). It is thought that TLR4 

activates TRIF signalling from the endosome rather than the cell membrane. TRIF can 

recruit TRAF3- or TRAF6- mediated adaptor molecules, diverging to different 

transcriptional effectors (Häcker et al. 2006). TRAF6 interacts with RIP, which can signal 

through TAK1 where TAK1 behaves the same as in the MyD88-dependent cascade, 

activating NF-kB via ReIA/P50 and AP-1. The TRIF dependent activation of NF-kB is 

aptly named ‘ late phase’ NF-kB activation, as it is much slower than the MyD88-dependent 

activation of NF-kB (Buchanan et al. 2010). However, TRIF dependent signalling primarily 

occurs through TRAF3. TRAF3 initiates a TRIF-binding kinase IKK cascade, terminating 

in interferon regulatory factor 3 (IRF3) dimerisation and translocation into the nucleus. 

IRF3 transcription factors induce IFN-b synthesis (Hoebe and Beutler 2006), which 

regulates the cellular responses to inflammation. IFN-b is anti-inflammatory and 

coordinates the production of additional type-1 interferons, providing an endogenous 

mechanism to keep the innate immune system in check.  
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Ultimately, TLR4 activation induces the secretion of proinflammatory mediators such as 

reactive oxide species (nitric oxide, hydrogen peroxide, and superoxides), cytokines (IL-1b, 

IL-6, TNF-a), and chemokines (CCL2, CXCL8, CXCL10). In contrast, TLR4 also affects 

IFN-b release, which counteracts inflammation. Proinflammatory factors can aid immune 

defense, repair and debris removal, but these factors can amplify out of control without 

regulation by anti-inflammatory substances. However, when and why the IFN-b anti-

inflammatory pathway is induced is not well understood. The criteria for TRIF versus 

MyD88 signalling are unknown, but common TLR4 ligands appear to utilise the same 

pathway or both pathways consistently (Buchanan et al. 2010).  
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Figure 1- 6 The downstream signalling pathways of TLR4. The pentagon shapes 

denote proteins that interact through a TIR domain. MyD88-dependent signalling is 

common to most TLRs, including TLRs 1, 2, 4 (shown) and 5, 6, 7, 8, 9, 11 (not shown) 

and generally results in ‘early stage’ NF-kB activation through the IKKs and/or the 

MAPK pathway. TRIF-dependent signalling results from only TLR4 and TLR3 

activation and primarily results in IFN-b production but can also induce ‘late stage’ 

NF-kB activation through RIP 1 and TRAF 6. Adapted from Buchanan et al. (2010).
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1.8.3 Exploring neuroinflammation as a potential avenue to improve the clinical 

efficacy of opioid  
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1.8.4 The relationship between opioids and immune signalling in the spinal cord 
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1.9 Sexually Dimorphic Effects of Opioids 

It is becoming increasingly clear that morphine produces a differential degree of analgesia 

in males compared with females. This has been observed in studies using either acute or 

chronic pain models (Kepler et al. 1989; Kepler et al. 1991; Islam et al. 1993; Boyer et al. 

1998; Cicero et al. 2002; Loyd and Murphy 2006; Wang et al. 2006), where morphine 

administered systemically or directly into the PAG, produces a significantly greater degree 

of pain relief in males compared to females. For example, the half-maximal antinociceptive 

dose (ED50) of morphine following intra-PAG administration ranged from 1.2-1.6 µg/µL in 

males, while in females, the ED50 values range from 16 - >50 µg/µl (Krzanowska and 

Bodnar 1999; Loyd et al. 2008; Bobeck et al. 2009). As the PAG projects heavily onto 

reticulospinal neurons of the RVM (Beitz 1982; Cameron et al. 1995), this PAG-RVM-

spinal cord circuit is essential for the analgesic actions of systemic or intra-PAG morphine. 

Interestingly a study by demonstrated that the PAG-RVM pathway is sexually dimorphic in 

its anatomical organization. Furthermore, the actions of morphine on PAG neurons were 

also found to be sexually dimorphic suggesting that the PAG-RVM pathway may provide 

an anatomical basis for observed sex differences in morphine analgesia.  

 

Several additional mechanisms have been identified as contributing to the dimorphic effects 

of morphine, including reproductive hormones (Craft 2007), g-aminobutyric acid (GABA), 

glutamate, and melanocortin-1 signalling (Mao 1999; Lau and Vaughan 2014; Tonsfeldt et 

al. 2016) and µ-opioid receptor (MOR) density and tone (Loyd and Murphy 2014). 

However, given the inverse relationship between glial activation and analgesia, it has also 

been proposed that sex differences in innate immune function may be a precursor and/or a 

significant contributor to the sexually dimorphic actions of morphine. Briefly, Doyle et al. 
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(2017) demonstrated that while there was no overall sex difference in the density of 

microglia within the PAG of male or female rats, microglia exhibited a more "activated" 

phenotype in females compared with males. Furthermore, the degree of activation was a 

significant predictor of morphine ED50 values. The priming of microglia with an immune 

stimulant induced greater microglia activation in the PAG of females compared with males 

that was accompanied with an increased level of IL-1b transcription and a significant 

decrease in morphine analgesia. These results suggest that PAG microglia are sexually 

dimorphic and contribute to the sexually dimorphic effects of morphine in the rat. For a 

comprehensive review of sex differences in opioid pharmacology see review Doyle and 

Murphy (2017). 

 

1.10 Heterologous Desensitisation 

As mentioned earlier, opioid receptors mediate their biological effects via seven-

transmembrane GPCRs. Historically, GPCRs were thought to function like ‘on and off’ 

switches to transduce extracellular signals. However it is now accepted that GPCRs can 

influence the signalling outcomes and the biological response of other unrelated receptors at 

multiple levels, which is often referred to as ‘crosstalk’ (Selbie and Hill 1998). Receptor 

crosstalk, while not fully understood, offers a new mechanism for highly selective 

pharmacological intervention. 

 

One such mechanism is through ‘desensitisation’, where the receptor becomes inactive, 

blocking signal transduction. Desensitisation can be classified as either homologous or 

heterologous in nature. Homologous desensitisation occurs when a given GPCR is activated 
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by an agonist, and is then desensitised to prevent further signal transduction. Heterologous 

desensitisation however, is when the activation of one GPCR can lead to the desensitisation 

of other unrelated GPCRs.  In general, it is believed that second messenger-dependent 

protein kinases such as cAMP-dependent protein kinase A (PKA) and protein kinase C 

(PKC) are primarily responsible for heterologous desensitisation. For further review see 

(Freedman and Lefkowitz 1996; Gainetdinov et al. 2004) 

 

It is well known that in some scenarios opioids can alter immune responses to infections, 

with opioids demonstrating an inhibitory effect on both antibody and cellular immune 

response (Pellis et al. 1986; Taub et al. 1991), cytokine expression (Peterson et al. 1987; 

Chao et al. 1993; Belkowski et al. 1995), natural killer cell activity (Weber and Pert 1989), 

and phagocytic activity (Rojavin et al. 1993; Szabo et al. 1993). This immune modulation 

may account for the decreased resistance to infections often seen in patients taking 

morphine or heroin. Pretreatment with opioids selective for µ and or d, but not k opioid 

receptors leads to the inhibition of the chemotactic response of leukocytes to complement 

derived chemotactic factors (Liu et al. 1992) and CCL3 whilst also regulating upon 

activation, T cell expressed and secreted, CCL5, CCL2, and CXCL8 (Grimm et al. 1998). 

These opioids were also shown to induce phosphorylation of the chemokine receptors 

CXCR1 and CXCR2. These findings suggest that the activation of µ and d-opioid receptors 

leads to the desensitisation of CXCR1 and CXCR2. This receptor crosstalk resulting in 

heterologous desensitisation and phosphorylation of some chemokine receptors may 

contribute to the defects in host defense seen with opioid abuse. 
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Receptor crosstalk between opioids receptors and chemokine receptors however can be 

bidirectional, with evidence suggesting chemokines can influence the perception of pain and 

inhibit opioid-induced analgesia. Szabo et al. (2002) demonstrated that µ- and d-opioid 

receptors are desensitised following activation of the chemokine receptors CCR5, CCR2, 

CCR7, and CXCR4 but not CXCR1 or CXCR2. This appears to have large in vivo 

consequences as pretreatment with the chemokine RANTES/CCL5 or SDF-1a/CXCL12, 

followed by opioid administration into the PAG matter of the brain, results in a dose-

dependent reduction in analgesic responses in animals. The chemokine CCL5 was shown to 

phosphorylate the µ opioid receptor to a similar level induced by µ-opioid agonist [D-Ala2, 

N-MePhe4, Gly-ol]-enkephalin (DAMGO). These studies were further supported by Chen 

and colleagues, demonstrating that activation of CCR5 increased phosphorylation of the µ-

opioid receptor and significantly reduced DAMGO-induced G-protein signalling. In 

addition, activation of CX3CR1 significantly reduced antinociception induced by µ, k, or d 

specific opioid agonists (Chen et al. 2004; Chen et al. 2007). This further highlights that the 

heterologous desensitisation of opioid receptors by chemokine receptors can significantly 

modify opioid receptor signalling and analgesic outcomes. Interestingly, activation of µ 

opioid receptors increases the expression of CCL5 (Wetzel et al. 2000; Avdoshina et al. 

2010) which could be blocked by the opioid receptor antagonist naltrexone. The exact 

mechanism behind this is unknown, but does demonstrate that complex signalling 

mechanisms beyond heterologous desensitisation are in place.  

 

Heterologous desensitisation or receptors’ crosstalk may occur via a phenomenon known as 

heteromerisation. Receptor heteromerisation can occur when receptors of the same and 

different gene families combine among themselves to generate dimers and possibly higher-
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order entities with unique biochemical and functional characteristics that are demonstrably 

different from those of its individual components (Ferré et al. 2009). This mechanism may 

also offer an explanation for early observations that opioids can directly act as 

chemoattractants (Simpkins et al. 1984; van Epps and Saland 1984). For example, Heinisch 

et al. (2011) demonstrated that the µ-opioid receptor co-localised with both CXCR4 and 

CX3CR1 on individual neurons in several regions of the brain. Interestingly, morphine-

induced hyperpolarisation of neurons was either blocked or reduced in the presence of 

CXCL12 or CX3CL1, respectively (Heinisch et al. 2011). These interactions further 

contribute to the notion of opioid receptor crosstalk, in particular with the chemokine 

receptors CXCR4 and CX3CR1. 

 

Although GPCR-GPCR interactions are likely to play an important role in the actions of 

opioids and chemokines, the possibility of GPCR and non-GPCR interactions may offer 

another avenue for modifying analgesic responses to opioids. As mentioned below, recent 

evidence suggests that opioids may also activate TLR4 to mediate a proinflammatory 

response, hyperalgesia, and opioid drug reward. In addition, the prototypical TLR4 agonist, 

LPS, has been shown to increase CCL5 release in primary cultures of microglia (Avdoshina 

et al. 2010).  

 

1.11 Summary 

The involvement of the immune system in opioid pharmacology had gone relatively 

unappreciated until the early 1990’s. There is now substantial evidence to suggest the 

immune system is capable of modulating opioid analgesia and that exclusively considering 
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neuronal activity provides an incomplete understanding of opioid pharmacodynamics. It is 

well accepted that immunocompetent cells of the brain and spinal cord are reactive to 

opioids and respond in a proinflammatory nature.  The reactivity of these non-neuronal cells 

can profoundly affect the neuronal homeostatic environment leading to significant 

alterations in their signalling. As these immunocompetent cells are thought to express 

classical stereoselective opioid receptors, the non-classical proinflammatory actions were 

attributed to classical opioid receptor binding. Intriguingly, the use of synthesised unnatural 

opioid-inactive stereoisomers and opioid receptor knockout mice highlighted the possibility 

of a non-stereoselective binding site. This site is thought to be responsible for the activation 

of endogenous counter-regulatory mechanisms that actively oppose opioid-induced pain 

suppression, enhance analgesic tolerance, and enhance dependence. Recent work provides 

converging lines of evidence that suggest opioids non-stereoselectively bind and activate 

TLR4 leading to an initial proinflammatory response. This is not to dismiss the data 

demonstrating the involvement of classical opioid receptors in counter regulation of opioid 

analgesia, but instead to acknowledge that a non-classical non-stereoselective receptor may 

be present and requires further examination. This thesis consists of multiple binding studies 

to examine the existence of a detectable non-stereoselective opioid binding site. As such a 

brief section on ligand binding kinetics will be included below. 

 

1.11.1 Ligand- receptor binding kinetics 

One of the most powerful tools in pharmacology is the ability to measure how well a protein 

binds to a molecule of interest. This measure of binding, or affinity, can be derived in many 

different ways depending on the class of protein studied. GPCR’s are the largest family of 

receptor proteins and include the aforementioned µ-opioid receptor. The affinity of a 
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receptor for a molecule can be measured in two main ways, either through detection of a 

molecule that has been labeled in some way or in a functional assay to quantify the 

downstream effect. Here, we will focus on the techniques that measure the levels of a 

labeled ligand. This labeling is mainly achieved through the use of radioisotopes, which can 

be detected via scintillation counting. These ligands enable the experimental determination 

of binding affinity of labeled and unlabeled compounds through kinetic, saturation and 

competition binding assays. The following section will briefly cover the theory behind 

determining the affinity of compounds that have been used in the following chapters of this 

thesis.  

 

The aim of every binding assay is to quantify the levels of bound ligand. Ligand binding is a 

reversible process, where a ligand will bind to a receptor and then dissociate from it. 

Consider a simple binding reaction between a drug (L) and a receptor (R) to form a 

bimolecular complex (LR): 

		"	 + $	

%&'
⇄
%&))

	"$ 

Where L is the ligand or molecule, R is the receptor, LR is the ligand receptor complex, Kon 

is the association rate constant and Koff is the dissociation rate constant. The rate of binding 

(association) and the rate of un binding (dissociation) of a ligand depends on the free energy 

difference between bound and unbound states, which have units of per molar second (M-1s-1) 

and per second (s-1), respectively. Given enough time, this reaction will reach equilibrium, 

where the rate of dissociation is equal to the rate of association.  Under these conditions the 

binding affinity of a ligand can be determined as: 
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The binding affinity of a ligand for a receptor is described by the dissociation constant (Kd), 

which is the concentration of ligand required to bind 50% of the total receptor binding sites 

at equilibrium (i.e. when [LR] equals [R]). The smaller the dissociation constant, the higher 

the affinity between the ligand and receptor. For example, (-)-levorphanol, a synthetic 

analgesic, has a Kd of 10-9 M and as such binds more tightly to the opioid receptor compared 

to (+)-dextrorphan, the optical antipode of (-)-levorphanol, which has a Kd of 10-2 M.  

 

To experimentally determine the Kd of a ligand, saturation binding assays can be utilised. A 

saturation binding assay uses increasing concentrations of a labeled ligand incubated with a 

fixed concentration of receptor until equilibrium is reached. In this situation, the level of 

specifically bound ligand is given by: 

/0123432	5367368 =
59:;	×	["]

" +	%*
 

Saturation of the specific binding sites should be reached where no additional binding is 

seen with increasing concentrations of labelled ligand. If saturation is reached, and the 

concentration of the labelled ligand can be accurately determined, an estimation of the 

available binding sites can also be calculated (Bmax). Specific binding refers to the detectable 

binding of the test ligand to the receptor of interest. In binding experiments, ligands can 

become easily trapped and dissolved in lipid bilayers and osmotic membranes, which can 

increase the total amount of binding. To separate the trapped and dissolved (non-specific) 

binding from the receptor (specific) binding, the binding assay can include a control with 

excess cold ligand. The excess cold ligand will displace the test ligand from the receptor of 
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interest allowing the measurement of the total level of non-specific binding. This can then 

be subtracted from the total binding allowing the calculation of total specific binding. 

 

It is generally not viable to label every molecule for which the affinity is to be determined. 

As such, a competition binding assay allows the binding of one labeled ligand to be used to 

determine the binding affinities of other unlabeled drugs that bind to the same receptor. 

Increasing concentrations of an unlabeled ligand will compete with a fixed concentration of 

the labeled ligand displacing the bound drug from the receptor binding site. This allows a 

comparison of the concentration of the unlabelled compound that is required to inhibit 50% 

of the specific binding of the labelled ligand (IC50): 

	%< = 	
=>?@

1 +	
["]
%*

 

Binding of a ligand to a receptor has the ability to produce a functional response, which is 

governed initially by the affinity of the drug for the receptor. However, binding affinity 

alone does not determine the efficacy of a ligand. Ligand efficacy is related to the relative 

ability of a ligand to causes a receptor to modify its behavior toward the cell to produce a 

functional change, usually associated with signalling systems (Kenakin 2005; Strange 

2008). When assessing ligand efficacy, three parameters are accessible from these 

experiments, Emax (maximal agonist effect), EC50 (concentration of drug that gives a half 

maximal effect) and the Hill coefficient (an indicator of the form of the relationship between 

agonist concentration and response). The Emax is the parameter used most frequently to 

assess efficacy in compounds and it is given by the upper asymptote of the 

concentration/response curve. However, it must be noted that in some amplified systems 

low efficacy agonists can elicit a maximal response. In this situation, the ratio of Kd/EC50 
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can also represent efficacies. Agonists are said to have positive efficacy, inverse agonists 

are said to have negative efficacy and neutral antagonists have zero efficacy. Conversely, 

potency is a measure of the ligand concentration required to evoke a half maximal effect 

where the lower the EC50, the higher the potency. It is important to distinguish the difference 

between efficacy and potency, as several ligands may have the same potency, but differ in 

their efficacy. Alternatively, ligands may differ in their potency but have the same efficacy. 

This is important clinically as the effectiveness of a ligand depends on its efficacy and not 

on its potency (Strange 2008; Bryant et al. 2015).  

 

1.12 Summary & Aims 

The complexity of the immune system is undoubtedly greater than we currently appreciate. 

Over the past decade, opioid research has identified that exogenous and endogenous opioids 

are capable of modulating the immune system. Importantly, the activation of 

immunocompetent cells within the brain and spinal cord can negatively regulate opioid 

pharmacodynamics via the production and release of soluble immune signals. The cellular 

expression of receptors on immunocompetent cells that bind opioids is not well understood, 

particularly at the central level. An inhibiting factor that has confused researchers is the 

ability to determine if these opioid actions are mediated by classical opioid receptors, or a 

new unidentified, non-classical opioid receptor. Some studies have suggested that the 

receptor responsible for the central immune activation is non-stereoselective in nature, as 

(+)-opioid isomers (which have negligible classical opioid receptor activity) can 

significantly modify (-)-opioid agonist pharmacodynamics. This is not to dismiss the data 

demonstrating the expression of classical opioid receptors on immunocompetent cells, but 

rather to acknowledge the possible involvement of a non-classical opioid receptor in the 
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counter regulatory mechanisms (such as microglia pro-inflammation) that actively 

potentiate neuropathic pain, and oppose opioid-induced pain suppression. 

 

Several studies have suggested a linked between opioid induced immune activation and 

TLR4. Pharmacological blockade or genetic deletion of TLR4 has been shown to prevent 

the development of dependence, tolerance, hyperalgesia and allodynia to long-term opioid 

administration. In vivo and some in vitro evidence suggests that both (+)- and (-)- opioids 

are capable of binding TLR4. However, no studies have examined the binding kinetics of 

opioids to TLR4. As such this highlights the need for a research project to examine the 

extent of TLR4’s involvement in opioid pharmacodynamics, and also the binding kinetics of 

classical opioids to TLR4.  

 

Therefore, I hypothesise that 

1: Opioid antagonists such as [3H]diprenorphine and [3H](-)-naloxone will bind to TLR4 

receptors.  

 

2: Genetic deletion of TLR4 and associated signalling molecules will significantly increase 

in vivo acute analgesia, attenuate the development of tolerance, and reduce the severity of (-

)-naloxone precipitated withdrawal.  

 

3: Ligands that modify opioid pharmacodynamics will have negligible affinity or efficacy 

for the µ receptor with no ability to modify downstream µ receptor signalling cascades.  
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4: (+)-opioid antagonists such as [3H](+)-naloxone, will have limited binding capacity at 

classical opioid receptors but demonstrate significant binding to TLR4/MD-2. 

 

This led me to the major aims of my PhD project which were: 

 

Aim 1: To map the signalling pathways via which Toll-like receptor 4 changes (-)-morphine 

pharmacodynamics and assess the extent to which the drug response is changed. This will 

be achieved by utilising several different Toll-like receptor and Toll-like receptor signalling 

protein knockout mouse strains in behavioural models of acute analgesic responses, the 

development of tolerance, and withdrawal behaviour. Additionally, I aim to quantify the 

binding opioids directly to Toll-like receptor 4 by quantify the affinity and kinetics of (-)-

naloxone and diprenorphine to toll-like receptor 4. The work associated with this aim is 

introduced and discussed in Chapter 2.  

 

Aim 2: To quantify the binding and GPCR signalling capabilities of a wide variety of 

immunomodulatory ligands at the µ-opioid receptor, utilising classical tritiated binding 

techniques and GTP signaling assays. This aim was facilitated through an extended industry 

placement at Purdue Pharma, USA. Collaborations with Purdue staff and the use of their 

infrastructure allowed high throughput screening of many ligands currently used to modify 

(-)-opioid agonist pharmacodynamics. This aim is addressed and discussed in Chapter 3. 

 

Aim 3:  To identify, characterise and quantify the binding site/s of (+)-naloxone using 

mouse tissue from wild type and knockout strains in addition to receptor overexpressing cell 
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lines. Uniquely, this aim will utilise [3H](+)-naloxone, and the quantification of its affinity, 

binding rate kinetics, and specific location of binding was assessed. This aim is addressed 

and discussed in Chapter 4. 



Chapter 2. Non-classical immune modulation of opioid pharmacodynamics  

 

Chapter 2. Innate immune contributions to opioid pharmacodynamics and opioid 

receptor binding kinetics: an in silico, in vitro and in vivo comparison. 

  

Opioid-induced neuroinflammation leads to the release of neuroexcitatory and 

proinflammatory substances such as cytokines within the brain and spinal cord (Hutchinson 

et al. 2011; Thomas and Hutchinson 2012; Thomas et al. 2015). As microglia and astrocytes 

express mRNA for µ-, d-, and k- opioid receptors (Ruzicka and Akil 1997), opioids were 

thought to exclusively influence glia via these receptors. However, studies by Hutchinson 

and colleagues have suggested that TLR4 may bind opioids and modulate opioid 

pharmacodynamics via inducing immunocompetent cells to release proinflammatory 

mediators. They demonstrated using a reporter cell line overexpressing TLR4, that 

representative members from many classes of clinically relevant opioids (4,5-

epoxymorphinans: morphine, oxycodone, buprenorphine; 3,3,-diphenylpropylamines: 

methadone; 4-phenylpiperidine: pethidine/meperidine; 4-amilinopiperidine: fentanyl) were 

able to activate downstream signalling of TLR4.  Furthermore, genetic removal or 

pharmacological blockade of TLR4 in mice significantly increases an opioid analgesic 

response, further suggesting a functional role of TLR4 in opioid pharmacodynamics.  

 

Subsequent studies have further implicated TLR4 in in vivo opioid pharmacodynamics and 

other pain pathologies. However, the investigation of closely relatedly toll-like receptors 

such as TLR2 is limited. Moreover, the involvement of downstream signalling proteins of 

TLR2 and TLR4 is limited. The investigation of opioids directly binding to TLR4 is novel 

and has only very recently been examined (Wang et al. 2012). These authors examined the 
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comparative binding of morphine to MD-2 and estimated a Ki of 4.3 ± 3.3 µM. However, 

this study suggests the affinity of morphine for TLR4/MD-2 is 1000-fold lower than that of 

opioid ligands to the µ-opioid receptor. TLR4 requires many accessory proteins, including 

LPS binding protein, CD14, and MD-2 to be functionally efficient (Di Gioia and Zanoni 

2014; Gay et al. 2014). The low binding affinity of morphine to TLR4/MD-2 may be due to 

the use of recombinant systems rather than ex vivo preparations that contain all necessary 

accessory proteins. As such, the aim of this study was threefold:  

Firstly, to determine if TLR2 or TLR4, or related TLR signalling pathways have any impact 

on key behavioural outcomes of opioid administration; secondly, if any direct binding of 

opioids to TLR2 or TLR4 in ex vivo mouse brain preparations could be detected; lastly, if 

genetic removal of TLR2 or TLR4 modifies classical opioid receptor binding of (-)-

naloxone or diprenorphine. 

 

In this study, I demonstrated that TLR2, TLR4 and associated MyD88 signalling cascade 

were significantly involved in modifying opioid pharmacodynamics, with significantly 

higher levels of acute analgesia, attenuation of the development of tolerance, and reductions 

in (-)-naloxone precipitated withdrawal. However, in the binding experiments, no detectable 

TLR2 or TLR4 binding of (-)-naloxone or diprenorphine was observed at low nM 

concentrations. In addition, no alterations in classical opioid receptor binding of (-)-

naloxone or diprenorphine were observed in the absence of TLR2 or TLR4. These findings 

suggest that at concentrations required for classical opioid receptor binding, opioids do not 

appear to directly bind TLR4.   
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There appears to be a disconnect between what is observed in vivo with the TLR knockout 

strains and what is found in vitro using binding techniques. Given that submaximal in vivo 

doses of morphine can lead to µM concentrations in the serum (Bhargava and Villar 1992; 

Bhargava et al. 1993a), there may be compartmentalised regions within the brain or 

periphery that are exposed to concentrations high enough to activate a µM affinity receptor 

(Bhargava et al. 1993a). Given Wang et al. (2012) has recently demonstrated morphine has 

µM affinity for MD-2/TLR4, further investigation at higher concentrations are required. 
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Abstract 

Opioid-induced release of proinflammatory mediators from central immune cells facilitates 

wide-ranging effects on opioid pharmacodynamics including: opposition of acute and 

chronic opioid analgesia, opioid analgesic tolerance, opioid-induced hyperalgesia, 

development of opioid dependence, opioid reward, and opioid respiratory depression. 

However, the mechanism(s) contributing to these opioid-induced proinflammatory actions 

remains unresolved. Here, the potential involvement of toll-like receptor (TLR) 2 and TLR4 

was examined using in vivo, in vitro, and in silico techniques. Genetic removal of TLR4 

significantly potentiated acute morphine analgesia and attenuated the development of 

analgesic tolerance. Furthermore, TLR2-/- mice were protected from opioid withdrawal 

behaviours. In silico docking simulations revealed opioid ligands bound preferentially to the 

LPS binding pocket of MD-2 rather than TLR4. A range of saturation, displacement, and 
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kinetic binding experiments were subsequently conducted to assess the non-stereoselective 

binding of opioids to TLR4. However, no binding of the classical opioid antagonists [3H](-)-

naloxone or [3H]diprenorphine was observed to TLR4 at low nM concentrations. Thus these 

data further support the behavioural importance of the TLR-opioid interaction, but fail to 

demonstrate direct evidence for high affinity TLR4 signalling complex binding. 

 

Introduction 

Approximately 116 million Americans have a chronic pain condition, with opioids 

increasingly being used as the mainstay of treatment (Institute of Medicine (US) Committee 

on Advancing Pain Research, Care, and Education 2011; Manchikanti et al. 2012).  

Paradoxically however, opioids not only relieve pain, but they activate endogenous counter 

regulatory mechanisms that, actively oppose opioid-induced analgesia, contribute to the 

development of analgesic tolerance and, cause atypical pain states such as hyperalgesia and 

allodynia. A recent US National Institutes of Health report commented that the societal 

costs of chronic pain are estimated at between $560 and $630 billion per year (Reuben et al. 

2015). 

Within the central nervous system (CNS), the pharmacodynamic effects of opioids have 

historically been attributed solely to neurons as the target. Consequently, the positive and 

negative effects of opioids were considered to be inextricably linked. However, multiple 

lines of evidence indicate a role for immunocompotent cells of the CNS (glial cells) in 

modulating opioid pharmacodynamics. Studies have consistently demonstrated morphine 

upregulates microglial (Cui et al. 2008; Hutchinson et al. 2009; Institute of Medicine (US) 

Committee on Advancing Pain Research, Care, and Education 2011; Manchikanti et al. 

2012) and astrocytic reactivity markers (Song and Zhao 2001; Hutchinson et al. 2009; 
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Reuben et al. 2015), and the production and release of proinflammatory cytokines 

(Raghavendra et al. 2002; Raghavendra et al. 2004; Johnston et al. 2004; Shavit et al. 2005; 

Hutchinson et al. 2008c; Hutchinson et al. 2008a). This associative evidence was extended 

to causally implicate glial reactivity in diminished opioid analgesia, as co-administration of 

morphine with microglial attenuators such as minocycline or ibudilast (Ledeboer et al. 

2006; Cui et al. 2008; Hutchinson et al. 2008c; Hutchinson et al. 2008a; Hutchinson et al. 

2008b), or the astrocyte inhibitor fluorocitrate (Hutchinson et al. 2009) significantly 

enhanced morphine analgesia in animal models. Furthermore, enhanced opioid analgesia 

was observed following blockade of: proinflammatory cytokines (Fairbanks and Wilcox 

2000; Shavit et al. 2005; Hutchinson et al. 2008c; Hutchinson et al. 2008a; Hutchinson et al. 

2008b), microglial and astrocytic de novo sphingomyelinase ceramide biosynthesis 

(Ndengele et al. 2009), and microglial p38 MAPK activation (Cui et al. 2006; Wang et al. 

2010; Hutchinson et al. 2012).  

 

As microglia and astrocytes express mRNA for each opioid receptor subclass, mu (µ), 

kappa (k), and delta (d), it was initially hypothesised that opioids influence glial cells via 

these classical opioid active sites (Ruzicka and Akil 1997). However, administration of µ-

opioid receptor inactive dextrorotary isomers of opioids, such as (+)-morphine (Takagi et al. 

1960; Wu et al. 2005; Wu et al. 2006b), induced naïve tolerance to (-)-morphine. (+)-

Naloxone however (Wu et al. 2004; Wu et al. 2005; Hutchinson et al. 2010; Hutchinson et 

al. 2012), enhanced opioid analgesia suggesting that opioid-induced hyperalgesia is partially 

independent of opioid receptor activity. Moreover, studies of opioid induced nociception in 

a triple opioid receptor knockout mouse strain (Juni et al. 2007; Waxman et al. 2009) 

demonstrated that continuous infusion of opioids induce immediate and steady declines in 
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nociceptive thresholds culminating in several days of unremitting hyperalgesia. This further 

implicates the presence and important role of an unidentified non-classical opioid receptor 

site of action.  

 

Recent studies suggest TLR4 plays a role in modulating opioid pharmacodynamics. TLR4 is 

a pattern recognition receptor and was initially identified as the receptor binding 

lipopolysaccharide (LPS). Its activation is characterised by induction of two divergent 

signalling pathways: the myeloid differentiation factor 88 (MyD88) pathway, or the TIR-

domain containing adaptor inducing IFN-b (TRIF) pathway. In the context of opioids, 

morphine has been shown to induce TLR4 activation (as indicated by Akt1 signalling) 

within RAW246.7 (human macrophage cell line) - an effect blocked by  (-)-naloxone and 

LPS:RS (TLR4 receptor antagonists). Further, representative members of clinically relevant 

opioids (4,5-epoxymorphinans: morphine, oxycodone, buprenorphine; 3,3,-

diphenylpropylamine: methadone; 4-phenylpiperidine: pethidine/meperidine; 4-

amilinopiperidine: fentanyl) (Hutchinson et al. 2010) demonstrated agonism at TLR4 in a 

TLR4 overexpressing cell line. However, it is still unclear what criteria the cells use to 

determine the downstream signalling adaptor and subsequent pathway choice. 

 

Animal in vivo studies showed co-administration of morphine with a TLR4 agonist (LPS) 

significantly reduced (-)-morphine analgesia (Wu et al. 2006a). Consistent with this 

evidence, TLR4 antagonists (LPS:RS and mutant LPS) significantly potentiated analgesia 

(Hutchinson et al. 2010; Eidson and Murphy 2013) in mice. Further, genetic removal of 

TLR4 significantly potentiated the acute analgesic potency of both morphine (Hutchinson et 

al. 2010; Wang et al. 2012) and oxycodone (Hutchinson et al. 2012), and concurrently 
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prevented the precipitation of behavioural signs of withdrawal, and the development of 

tolerance, hyperalgesia (Liu et al. 2011; Eidson and Murphy 2013) and allodynia (Lewis et 

al. 2010) to long term opioid administration. These effects may also be mediated by opioid 

metabolites, such as morphine-3-glucuronide (M3G). M3G has also been shown to activate 

TLR4 (Due et al. 2012; Grace et al. 2014), induce hyperalgesia and allodynia - an effect 

dependent upon the proinflammatory cytokine IL-1b. These actions were effectively 

blocked by (-)-naloxone and TLR4 inhibitors (Lewis et al. 2010). However, TLR4 may not 

be the only toll-like receptor contributing to the pro-inflammatory response, and the 

behavioural outcomes of opioids. Morphine potentiates an inflammatory response when 

PBMCs are stimulated with a TLR2 agonist (Pam3CSK4) (Kwok et al. 2012) and, mice 

deficient in TLR2 exhibit reduced microglial activation following morphine, reduced 

withdrawal symptoms (Zhang et al. 2011) and are protected against morphine-induced 

neuronal apoptosis (Li et al. 2010).  

 

Given that TLR2 and TLR4 both activate the MyD88 dependent pathway, this provides a 

potential mechanism whereby opioids induce an inflammatory cytokine response. Further 

research is required to determine whether TLR’s directly bind opioids and which pathways 

are involved. To date, no studies have examined the contribution and impact of TLR2, or 

TLR4 downstream signalling molecules (MyD88 and TRIF) on a) acute and chronic 

analgesic response to opioids, or b) the effect TLR4 and TLR2 have on classic opioid ligand 

binding. As such, we hypothesise (-)-morphine will bind to TLR2 and TLR4 with similar 

affinities to µ-opioid receptors. As a result, TLR2, TLR4 and TLR2/4 knockout mice will 

have significantly higher levels of opioid analgesia, attenuated development of tolerance, 

and reductions in (-)-naloxone precipitated withdrawal. We aim to show that this change in 
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pharmacodynamic responses to (-)-morphine is via binding to TLR4 which will present as a 

substantial difference in the binding kinetics of classical opioid antagonists [3H](-)-naloxone 

and [3H]diprenorphine in the genetic absence of TLR4. Hence, putative TLR4 ligands would 

displace [3H]diprenorphine and [3H](-)-naloxone in wildtype but not TLR4-/- mouse brains. 

 

Methods 

Mice 

Pathogen-free 6-8 week old wild-type Balb/c (20-25g) were obtained from University of 

Adelaide Laboratory Animal Services. TLR2-/-, TLR4-/- and TLR2/4-/-, MyD88-/-, and TIR8-/-, 

mice were sourced from the Garvan Institute (Darlinghurst, Australia). Both male and 

female mice were housed in temperature (23 ± 3 °C) and light (12 h:12 h light:dark cycle; 

lights on at 0700) controlled rooms with standard rodent chow and water available ad 

libitum. All procedures were approved by the Animal Ethics Committee of the University of 

Adelaide and conducted by experimenters blinded to group assignment.  

 

Drugs 

Endotoxin-free morphine sulfate and (-)-naloxone provided as gifts by Fauldings (Adelaide, 

Australia). Tritiated ([3H]) diprenorphine and [3H](-)-naloxone were purchased from 

PerkinElmer (Waltham, MA, USA).  LPS, curcumin, and M3G were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Endotoxin-free (+)-Naloxone was kindly supplied by 

Dr. Kenner Rice (Chemical Biology Research Branch, National Institute on Drug Abuse and 

National Institute on Alcohol Abuse and Alcoholism, National Institutes of Health, 

Rockville, MD, USA). 3-Biotinylated morphine (3BM) was kindly synthesised by Dr. 
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William Tieu and Prof. Andrew Abell (School of Chemistry and Physics, University of 

Adelaide, Adelaide, SA, AUS). All drugs administered to mice were at a dose volume of 10 

ml/kg via intraperitoneal injection.  

 

Analgesic Assessment 

Latencies for behavioural responses were assessed using a hotplate set to 50 °C. A cut-off 

time of 60 s was imposed to avoid tissue damage. Baseline latencies were measured three 

times before the initial morphine injection, with each determination separated by a 

minimum of 15 min. The three determinations were later averaged. Hotplate response 

latency times were recorded 20 min post morphine administration. Analgesia was expressed 

as a percentage of the maximum possible effect (% MPE) calculated using the following 

equation:  

%MPE =
post	morphine	latency − baseline	latency

60	s − baseline	latency
	x	100 

For the construction of the acute morphine dose-response (see below) in all strains, saline 

vehicle, 1, 2.5, 10, 25 and 50 mg/kg morphine were administered (n = 3-6 per dose across 

multiple test sessions). For the assessment of tolerance, mice were initially assessed for their 

analgesic response to an ED80 dose of morphine. The ED80 dose of morphine was 

determined from the acute analgesia study above. Mice were subsequently dosed twice daily 

(am and pm) for 5 days with morphine at a dose of 20 mg/kg. On day 5, mice were again 

challenged with the ED80 dose of morphine determined from the acute analgesia study to 

assess the change in analgesic response time.  

 

Withdrawal 
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Mice (n = 8 per strain) received morphine twice daily (morning and afternoon) for 2 days 

(day 1: 7.5 and 15; day 2: 30 and 30, mg/kg). On the testing day (day 3), a final morphine 

dose (30 mg/kg) was administered followed by a single dose of (-)-naloxone (10 mg/kg) 1 h 

after morphine administration. Immediately after the (-)-naloxone injection, animals were 

placed into individual Plexiglas observation cylinders (25 h x 11 w cm) (Nalgene, Scoresby, 

VIC, Australia). Withdrawal jumping response symptoms were recorded and the frequency 

of jumps for each mouse was summed over 30 min. All testing was conducted by assessors 

blinded to group assignment.  

 

Computational Docking Studies  

To examine the in silico docking of the opioid receptor antagonists diprenorphine and (-)-

naloxone to TLR4, the crystal structure of the mouse TLR4/MD-2 complex bound to LPS 

program database (pdb) file was obtained from RCSB Protein Data Bank (PDBID: 3VQ2) 

as published by (Ohto et al. 2012). All ligands, water, and cofactors were removed from the 

file via Molegro Molecular Viewer, thus eliminating exogenous water molecules and 

artifacts from crystallization for future docking simulations. The following chemical 

structures were obtained from PubChem: diprenorphine (CID 26644) and (-)-naloxone (CID 

5284596). Docking was conducted using Vina [version 1.1.2 (Trott and Olson 2010)] within 

PyRx [version 0.8 (Wolf 2009)]. An exhaustiveness factor of 8 was used for all simulations, 

with the Vina search space dimensions and centre defined for each macromolecule using the 

auto-maximize function. The docking engine calculates the free energy (ΔG: kcal/mol) of 

binding between a ligand and a receptor. The calculation of ΔG is based on estimates of the 

total energy of intermolecular forces of attraction including Van der Waals, hydrogen 

bonding, electrostatic, and hydrophobic interactions. Ligands are ranked by the calculated 
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ΔG value where lower ΔG values correspond to more favourable ligand binding, while 

higher ΔG values are less favourable (Jacob et al. 2012). The docking was then visualized 

using UCSF Chimera (Pettersen et al. 2004). 

 

Mouse Brain Preparation 

Male wildtype, Toll-like receptor 4 knockout (TLR4-/-), and TLR2 & 4 knockout (TLR2/4-/-) 

mice on a balb/c background were used. After decapitation, whole brains (cerebellum 

removed) were weighed quickly, combined, and homogenized using a gentleMACSÔ 

dissociator in 10 volumes of ice cold binding buffer (50 mM Tris HCl pH7.4) with protease 

inhibitor cocktail tablets (Roche, Nutley, NJ, USA). Homogenates were either used fresh or 

processed for membrane preparations as below. Homogenates were centrifuged at 27000 

RCF (Sorvall SS-34 rotor) for 20 minutes at 4 °C. Pellets were resuspended using a polytron 

in membrane buffer and incubated at 37 °C for 20 mins. Centrifugation was repeated and 

the final pellet was resuspended in binding buffer and stored at -70 °C. Membrane protein 

concentrations were determined using BCA analysis kit (BDTM, Franklin Lakes, NJ, USA). 

 

Receptor Binding Assay 

Saturation binding studies were performed with increasing concentrations of [3H](-)-

naloxone (0.05  – 8 nM) and [3H]diprenorphine (0.05 – 4 nM) in both wildtype and TLR2/4-

/- mouse brain membranes ([3H]-(-)naloxone: 100 µg/mL, [3H]diprenorphine: 50 µg/ml) in a 

final volume of 500 µL binding buffer. Non-specific binding was determined in the 

presence of 10 µM unlabeled (-)-naloxone. Data are presented as fmol/mg protein. Specific 

binding was calculated by subtracting nonspecific binding from total values. The ratio of 
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specific to nonspecific binding was determined by dividing total specific binding by total 

nonspecific binding. All saturation experiments were conducted in duplicate and repeated 

three times. 

 

Dose-displacement assays were performed using 2 nM [3H]diprenorphine. Displacement 

was performed using 10 concentrations of ligand ranging from 10-9.5 M to 10-4 M with 50 

µg/ml of wildtype (n=3) or TLR2/4-/- (n=3) mouse brain membrane in a 500 µL reaction. 

Displacement binding data are presented as percent specific binding. This was achieved by 

normalising the total specific binding as 100% bound and 10-5 M (-)-naloxone as 0% bound. 

All displacement experiments were conducted in triplicate and repeated three times. 

 

All [3H]diprenorphine binding reactions were terminated by rapid filtration  onto GF/C filter 

pads presoaked in wash buffer (50 mM Tris with 0.1% Tween20 pH 7.4) using a 96-well 

plate harvester (Brandel, Gaithersburg, MD, USA) followed by three filtration washes with 

3 mL ice-cold wash buffer. Filter pads were subsequently dried at 50 °C for 1 hour. Fifty 

microlitre per well scintillation cocktail (BetaScint; PerkinElmer) was added and plates 

were counted in a Packard Top-Count (PerkinElmer) for 1 min/well.  

 

All [3H](-)-naloxone binding reactions were terminated by rapid filtration onto GF/C filter 

pads presoaked in wash buffer (50 mM Tris with 0.1% Tween20 pH 7.4) using a 12 well 

manifold harvester followed by one filtration wash with 10 mL ice-cold wash buffer. Filter 

pads were subsequently dried at 50 °C for 1 hour. 4 mL of scintillation cocktail (Ecolite (+)) 
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was added to each vial and left for at least 24 hours before being counted in a Beckman 

Coulter LS 6500 (Pasadena, CA, USA).  

 

Association/Dissociation Kinetics 

Association kinetics of [3H](-)-naloxone (1.63 nM & 30 nM) was initiated by adding male 

wildtype (n=5) or TLR4-/- (n=5) fresh mouse brain homogenates to a concentration of 10 

mg/ml. The association time points ranged from 9 seconds up to 30 minutes. Following 

association, dissociation kinetics was initiated by addition of cold ligands. (-)-Naloxone, 

(+)-naloxone, curcumin, 3BM, or amitriptyline were added to a final concentration of 10 

µM. LPS and LPS:RS were added to a final concentration of 10 µg/ml. At required time 

points, 500 µL was removed and rapidly filtered to terminate the reaction time point. 

Harvesting was performed using a 12 well manifold followed by 1 filtration wash with 10 

mL ice-cold wash buffer.  Four millilitres of scintillation cocktail was added to each vial 

and left for at least 24 hours before counting.  

 

Statistical analysis 

Graphpad Prism 5.0 (GraphPad Software, La Jolla, USA) was used for all statistical 

analysis. For the acute morphine dose-response, a four-parameter nonlinear regression 

equation was used to estimate the dose-response ED50 values and Hillslope. One-way 

ANOVA followed by Dunnett’s multiple comparisons test was used to compare 

withdrawal-jumping frequencies. Two-way ANOVA was used to examine the effects of 

strain and day on morphine analgesia followed by a Bonferroni host hoc analysis where 

appropriate. The dissociation constant (Kd) and number of binding sites (Bmax) was 
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determined by fitting the data to a one site specific binding nonlinear regression to generate 

binding values. Linearity (r2) of nonspecific binding was assessed using a first order 

polynomial linear regression. [3H](-)-naloxone rate kinetics (Kon and Koff) were assessed 

using the association followed by dissociation nonlinear regression. The dissociation 

kinetics (Koff) of the tested compounds was determined by fitting the dissociation – one 

phase exponential decay nonlinear regression to normalized data. The binding affinity (Ki) 

of the tested compounds was determined using a one site – fit Ki nonlinear regression 

equation, where it was the preferred model over a first order polynomial linear regression. If 

the Ki estimate was greater than the highest concentration of displacer, the Ki was rejected, 

as it could not be calculated with any accuracy. All strain comparisons were conducted 

using an F-test. 

 

Results 

Acute analgesic dose-response 

The first experiment examined the effect of genetic removal of TLR2, TLR4, combined 

TLR2 & TLR4, or their associated signalling molecules, MyD88, or TIR8 on acute 

morphine analgesia (Figure 1). Mice were challenged with a range of doses and thermal 

hotplate latencies were recorded and ED50 values estimated (Table 1). Increasing doses of 

morphine resulted in significant analgesia in wild type mice with ED50 values of 9.1 ± 1.3 

(mean ± S.E) mg/kg in males and 10.5 ± 1.6 mg/kg in females. In the male knockout strains, 

the ED50 of the morphine analgesic response in TLR4-/- (4.1 ± 1.8 mg/kg), TLR2/4-/- (2.9 ± 0.5 

mg/kg), and MyD88-/- (5.1 ± 0.8 mg/kg) mice were significantly different from that in 

wildtype mice where the knockout mice had leftward shifts in their analgesia dose-response 

curves (P = 0.02, 0.0001, 0.0003, respectively). Despite TLR2-/- mice reaching maximum 
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analgesia at a much lower dose compared with wildtype mice, no significant difference in 

ED50 was detected (p = 0.81) representing instead in a shift in the Hill slope (p < 0.0001). A 

dose response curve in TIR8 mice was unable to be calculated. 

 

Figure 1: Assessment of acute morphine analgesia in both male and female wildtype, 

TLR2-/-
 (A), TLR4-/- (B), TLR2/4-/- (C), MyD88-/- (D), and TIR8-/- (E) mouse strains. The 

hotplate test was performed prior to receiving a morphine challenge, and 20 minutes post 

morphine challenge and the %MPE was calculated. Data are shown as means +/- SEM and 

fitted to a four-parameter dose-response nonlinear regression. (n = 5-6/group). 

 

In the female knockout strains, the ED50 values of the morphine analgesic responses in 

TLR2-/- (4.2 ± 5.4 mg/kg), TLR4-/- (3.1 ± 1.4 mg/kg), TLR2/4-/- (2.2 ± 2.9 mg/kg), and MyD88-
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/- (5.4 ± 0.5 mg/kg) mice were significantly different from those in wildtype mice where the 

knockout mice had leftward shifts in their analgesia dose response curves (p= 0.0001, 0.001, 

0.03, 0.0001, respectively). TIR8-/- mice however had no significant (p= 0.3) change in 

morphine ED50 compared with wildtype mice. 

Table 1: Estimated (-)-morphine ED50 doses following acute (-)-morphine administration in 

males and females of 6 inbred mouse strains. 

 

  
a Values are (-)-morphine ED50  estimates (mg/kg) ± S.E for each strain 
b Significant change in response vs WT (males) 
c Significant change in response vs WT (females) 
NA: Fit of non-linear regression to data is ambiguous 
 

Tolerance 

Given the apparent involvement of TLR2, TLR4, and MyD88 in the analgesic response of 

an acute single dose of morphine, this study set out to assess the impact on the development 

of tolerance following chronic morphine administration. Mice were challenged with the 

ED80 doses of (-)-morphine, which were determined from the acute dose response for each 

strain. Following 5 days of chronic (-)-morphine administration, mice were again 

challenged with an ED80 dose of (-)-morphine, and thermal hotplate latencies were recorded.  

Chronic morphine administration resulted in the development of tolerance (Figure 2 & 

Table 2) in both male (p < 0.05) and female (p < 0.05) wildtype mice.  In males, TLR2-/-, 

TLR4-/-, TLR2/4-/-, and TIR8-/- mice had significantly higher analgesia compared with 

Males p valueb Females p valuec

WT 9.1 ± 1.3 10.5 ± 1.6

TLR2-/- 7.7 ± 2.5 0.810 4.2 ± 5.4 <0.001
TLR4-/- 4.2 ± 1.8 0.020 3.1 ± 1.4 0.001
TLR2/4-/- 2.9 ± 0.5 <0.001 2.2 ± 2.9 0.030
MyD88-/- 5.1 ± 0.8 <0.001 5.4 ± 0.5 <0.001
TIR8-/- NA 11.3 ± 1.5 0.300

Strain
(-)-Morphine ED50 dosea
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wildtype mice following 5 days of chronic morphine. MyD88-/- mice however did not 

appear to be protected from the development of tolerance. In female mice, both TLR2-/- and 

TLR4-/- mice had significantly higher analgesic thresholds compared with wildtype mice on 

day 5. However, TLR2/4-/-, MyD88-/-, and TIR8-/- mice were not protected from the 

development of tolerance.  

 

Figure 2: Assessment of morphine tolerance in wildtype, TLR2-/-, TLR4-/-, TLR2/4-/-, 

MyD88-/-, and TIR8-/- mouse strains in male mice (A) and female mice (B). Mice received 

an ED80 challenge dose on day 1 followed by 5 consecutive days of morphine (20 mg/kg) 

twice daily. On day 6, hotplate test was performed to the ED80 dose and the change in 

response between day 1 and day 6 is reported. Data are shown as means +/- SEM (n=5-8). 

Significance is measured as change from WT *p < 0.05, ** p < 0.01, *** p < 0.001. 

 

-40 -30 -20 -10 0 10 20

WT

TLR2 -/-

TLR4 -/-

TLR2/4 -/-

MyD88 -/-

TIR8 -/-

Change in tolerance (%MPE)
ED80 Morphine

***

*

**

***

-40 -30 -20 -10 0 10 20

WT

TLR2 -/-

TLR4 -/-

TLR2/4 -/-

MyD88 -/-

TIR8 -/-

Change in tolerance (%MPE)
ED80 Morphine

***

**

A B



Chapter 2. Non-classical immune modulation of opioid pharmacodynamics  

Jacob Thomas, PhD Thesis 2017   118
   

Table 2: Changed in morphine ED80 analgesic potency following chronic morphine 

treatment in males and females of 6 inbred strains. 

 

 
a Change in analgesic response (%MPE) ± S.E.M following chronic morphine administration. Calculated as  
b Significant change in response: Strain vs WT (males) 
c Significant change in response: Strain vs WT (females) 
ED80 response Day 5 – ED80 response Day 1 for each stain. 

Withdrawal 

Figure 3 shows the mean number of jumps over 30 min following naloxone-precipitated 

withdrawal from chronic morphine treatment of all five strains studied in both males and 

females. In males and females, there was no significant difference (p= >0.4) in withdrawal 

between all strain groups for the saline-control group (data not shown). Morphine treated 

wild-type mice had significant (-)-naloxone precipitated withdrawal (Table 3) compared 

with saline treated (Males: 32.6 ± 5.5 jumps vs 3.6 ± 2.4 jumps (p= <0.0001) Females: 24.9 

± 3.4 jumps vs 7.1 ± 3.5 (p= 0.036)). Compared to wild-type mice, both male and female 

TLR2-/- mice had significant reductions (p= 0.023, 0.001, respectively) in withdrawal 

severity (62.7% and 73.6% respectively). However, no significant difference (p= >0.5) in  (-

)-naloxone precipitated withdrawal was observed between wild-type Balb/c mice and the 

four other knockout strains. 

Males p valueb Females p valuec

WT -18.9 ± 3.5 -15.1 ± 2.7

TLR2-/- 6.9 ± 2.3 <0.001 7.1 ± 2.6 <0.001
TLR4-/- -3.4 ± 1.9 0.011 1.4 ± 3.4 0.009
TLR2/4-/- -3.1 ± 4.5 0.007 -4.3 ± 4.4 0.159
MyD88-/- -12.3 ± 4.7 0.545 -11.5 ± 5.3 0.922
TIR8-/- 2.0 ± 2.4 <0.001 -6.7 ± 2.8 0.294

Strain
Change in ED80 analgesic responsea
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Figure 3: Assessment of (-)-naloxone precipitated withdrawal in wildtype, TLR2-/-, TLR4-/-, 

TLR2/4-/-, MyD88-/-, and TIR8-/- mouse strains in male mice (A) and female mice (B). Mice 

received morphine twice daily for 2 consecutive. On day 3, morphine was administered 

followed by a single dose of (-)-naloxone and number withdrawal jumping responses 

recorded. Data are shown as means +/- SEM (n=8) * p = < 0.05. 

 

 

Table 3: (-)-Naloxone precipitated withdrawal sensitivity following chronic morphine in 

males and females of 6 inbred strains. 

  
a  Values are number of spontaneous jumps (n) ± S.E following administration of (-)-naloxone 
b Significant change in response: Strain vs WT (males) 
c Significant change in response: Strain vs WT (females) 
NA: Fit of non-linear regression to data is ambiguous 
 

Males p valueb Females p valuec

WT 29.0 ± 6.0 17.8 ± 4.9

TLR2-/- 10.8 ± 4.0 0.02 4.7 ± 1.8 0.03

TLR4-/- 36.9 ± 8.3 >0.5 12.9 ± 5.3 >0.5

TLR2/4-/- 32.3 ± 8.4 >0.5 25.2 ± 10.8 >0.5

MyD88-/- 31.8 ± 7.0 >0.5 NA

TIR8-/- 33.3 ± 4.1 >0.5 7.5 ± 6.4 >0.5
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In silico docking simulations 

In figure 4, the classical opioid antagonists (-)-naloxone and diprenorphine were assessed 

for their docking capabilities to the crystal structure of TLR4/MD-2 in a ligand-bound 

conformational state. The TLR4/MD-2 agonist LPS was predicted to dock to the 

hydrophobic binding pocket of MD-2 with an energy of -6.5 kcal/mol, in a similar 

orientation defined by the LPS molecule used in the crystal structure. Docking of the probe 

ligands ([3H](-)-naloxone and [3H]diprenorphine) overlapped with the binding site of LPS to 

MD-2 with energies of -7.2 and -8.2 kcal/mol, respectively. Exploration of the preferred 

docking confirmation to each of the subunits of the TLR4 signalling complex confirmed the 

MD2 site as the preferred site (Figure 5). 
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Figure 4: Dimeric structure of TLR4/MD-2 bound with LPS (A), Diprenorphine (DPN) 

(B), and (-)-naloxone ((-)NLX) (C). TLR4 and MD-2 are shown in green and grey, 

respectively, and their dimerisation partners are shown in blue and grey, respectively. LPS, 

diprenorphine, and (-)-naloxone molecules bound to the hydrophobic cavity of MD-2 are 

shown in red as stick representations.   

 

 

 

 

 

TLR4 

MD-2 

LPS 

N-term. 

C-term. 
90
° 

TLR4 

MD-2 
LPS 

TLR4 

MD-2 
DPN 

TLR4 

MD-2 
(-)NLX 

TLR4 

MD-2 

DPN 

N-term. 

C-term. 

TLR4 

MD-2 

(-)NLX 

N-term. 

C-term. 

90
° 

90
° 

A 

B 

C 

 



Chapter 2. Non-classical immune modulation of opioid pharmacodynamics  

Jacob Thomas, PhD Thesis 2017   122
   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Docking energies of LPS, (-)-naloxone, and diprenorphine to different 

conformational states of TLR4/MD-2.  

 

Characterisation of [3H]Diprenorphine and [3H](-)-Naloxone Equilibrium Binding 

[3H](-)-Naloxone 

Figure 6 A and B show naloxone binding in both wildtype and TLR2/4-/- mouse brain 

membranes. In both strains, nonspecific binding increased linearly with concentration 

ranging from  an r2 of 0.98 (wildtype) to 0.99 (TLR4-/-), respectively. In both wildtype and 

TLR4-/- membranes (Figure 6 A & B), [3H](-)-naloxone did not reach equilibrium and 

subsequently no Kd or Bmax values were able to be calculated (Table 4).  
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Figure 6: Saturation binding isotherms were generated in WT (A & C) and TLR2/4-/- (B & 

D) mouse brain membranes using increasing concentrations of [3H](-)-naloxone (A & B) 

and [3H]diprenorphine (C & D) (0.05 nM – 8 nM) with 10 µM (-)-naloxone for the 

definition of nonspecific binding. Binding is expressed as total ligand (fmol/mg protein). 

Bmax and Kd values are shown in Table 1. 

 

[3H]Diprenorphine 

Figure 6 C and D show [3H]diprenorphine binding in wildtype and TLR2/4-/- mouse brain 

membranes. In both wildtype and TLR2/4-/- membrane preparations, nonspecific binding 

increased linearly with an r2 of 0.92 (wildtype) and 0.93 (TLR2/4-/-), respectively. In 

wildtype membranes (Figure 6C), [3H]diprenorphine had a Kd of 0.3 ± 0.1 nM with a Bmax of 

262.1 ± 20.1 fmol/mg protein.  In TLR2/4-/- membranes (Figure 6D), [3H]diprenorphine had 

a Kd of 0.7 ± 0.2 nM with a Bmax of 223.5 ± 21.4 fmol/mg protein.  There was no significant 
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difference in Bmax (p= 0.23) between wildtype and TLR2/4-/-, however a significant 

difference was observed for the Kd (p= 0.04).  

 

Table 4: Saturation binding of [3H]diprenorphine and [3H](-)-naloxone in wildtype and 

TLR2/4-/- mouse brain membrane preparations. 

   
a Values are fmol/mg protein ± S.E 
b Values are dissociation constant (nM) ± S.E 
NA: Bmax & Kd unable to be calculated 
 

Characterization of [3H](-)-naloxone Rate Kinetics 

[3H](-)-Naloxone 

[3H](-)-Naloxone was used to test the association and dissociation rate kinetics in both 

wildtype and TLR4-/- mouse brain homogenates (Figure 7 A & B, Table 5 A). At a 

concentration of 1.63 nM, [3H](-)-naloxone in wildtype mouse brain homogenates has a Kon 

rate of 2.41x108 ± 1.19x108 M-1 . min-1. In TLR4-/- mouse brain homogenates, [3H](-)-

naloxone has a Kon rate of 2.92x108 ± 1.12x108 M-1 . min-1.. The Kon for both wildtype and 

TLR4-/- mouse brain membranes was not statistically different with P value of 0.77. 

Following the addition of excess cold ligand, there was no difference (p= 0.77) in the Koff 

rate of [3H](-)-naloxone in wildtype (1.52 ± 0.20 min-1) and TLR4-/- (1.46 ± 0.11 min-1) 

mouse brain homogenates. Koff rate kinetics of putative TLR4 ligands were also tested in 

wildtype and TLR4-/- mouse brain homogenates (Figure 7 C – G). (+)-Naloxone at a 

concentration of 10 µM was able to displace [3H](-)-naloxone in both wildtype and TLR4-/- 

mouse brain homogenates with a Koff rate of 1.18 ± 0.15 min-1 and 1.16 ± 0.34 min-1, 

Bmaxa Kd
b Bmaxa Kd

b

[3H](-)-Naloxone

[3H]Diprenorphine 262.1 ± 20.1 0.3 ± 0.1 223.5 ± 21.4 0.7 ± 0.2

Wildtype TLR2/4-/-

NA NA
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respectively. No significant difference between wildtype and TLR4-/- was observed (p= 

0.96). No significant displacement of curcumin or 3BM was detected in wildtype or TLR4-/-  

mouse brain homogenates (Table 5 A).  

 

Figure 7: Kon and Koff kinetics of [3H](-)-naloxone (1.63 nM) were assessed in male 

wildtype (A) and TLR4-/-  (B) mouse brain homogenates. [3H](-)-Naloxone Koff kinetics 

were also assessed in the presence of several cold ligands in both WT and TLR4-/- mouse 

brain homogenates. Homogenates were incubated with [3H](-)-naloxone for approximately 

12 minutes before initiating Koff kinetics with excess cold ligand (10 µM). Cold (-)-
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naloxone (10 µM) served as the positive control in each graph (red line). Data are expressed 

as %[3H](-)-naloxone bound +/- SEM (n=4), where 100% binding is defined by Bmax at 12 

min, 0% binding is defined by 0 DPM. 

 

 

Table 5: Ligand induced Koff times of [3H](-)-naloxone in wildtype and TLR4-/- 

homogenates. 

 
a) 1.63 nM [3H](-)-naloxone 

   
 
b) 30 nM [3H](-)-naloxone 

  
a Values are dissociation rate (min-1) ± S.E 
b Significant difference between WT and TLR2/4-/- 
NA: No dissociation observed 
 

Kon and Koff kinetics of [3H](-)-naloxone were also tested at a higher concentration of 30 nM 

in both wildtype and TLR4-/- mouse brain homogenates (Figure 8 & 9, Table 5 B). [3H](-)-

Naloxone in wildtype mouse brain homogenates had a Kon rate of 2.87x108 ± 0.75 x108 M-

1min-1. In TLR4-/- mouse brain homogenates, [3H](-)-naloxone had a Kon rate of 2.06x108 ± 

0.48x108 M-1min-1.  The Kon rate of [3H](-)-naloxone was not statistically different between 

wildtype and TLR4-/- (p= 0.38). Following the addition of excess cold (-)-naloxone, 

Displacer Koff estimatea Significanceb

WT TLR4-/-

(-)-Naloxone 1.52 ± 0.20 1.46 ± 0.11 0.77
(+)-Naloxone 1.18 ± 0.15 1.16 ± 0.34 0.96
Curcumin NA 0.10 ± 0.28 -
3BM NA - -

Displacer Koff estimatea Significanceb

WT TLR4-/-

(-)-Naloxone 1.19 ± 0.33 1.36 ± 0.19 0.45
LPS NA NA !
LPS-RS NA NA !
3BM NA NA !
(+)-Naloxone NA NA !
Curcumin NA NA !
Amitriptyline 1.47 ± 1.95 NA !
Saline NA NA !
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significant displacement was observed in both wildtype and TLR4-/- mouse brain 

homogenates. The Koff rate of [3H[(-)-naloxone was not statistically different between 

wildtype (1.17 ± 0.33 min-1) and TLR4-/- (1.26 ± 0.35 min-1) mouse brain homogenates. The 

dissociation rate kinetics of multiple putative TLR4 ligands were also tested in wildtype and 

TLR4-/- mouse brain homogenates using 30 nM of [3H](-)-naloxone. Following the addition 

of excess cold ligand, no significant displacement for (+)-naloxone, LPS, LPS:RS, 

curcumin, 3BM, or amitriptyline was observed in wildtype or TLR4-/- mouse brain 

homogenates (Figure 8 & 9 C-H, Table 5 B).  

 

 
Figure 8: Kon and Koff kinetics of [3H](-)-naloxone (30 nM) were assessed in wildtype 

mouse brain homogenates. [3H](-)-Naloxone Koff kinetics were assessed in the presence of 

several cold ligands. Homogenates were incubated with [3H](-)-naloxone for approximately 
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12 minutes before initiating Koff kinetics with excess cold ligand (10 µM). Cold (-)-

naloxone (10 µM) served as the positive control in each graph (red line). Data are expressed 

as %[3H](-)-naloxone bound +/- SEM (n= 5-9), where 100% binding is defined by Bmax at 

12 min, 0% binding is defined by 0 DPM. 

 

 
Figure 9: Kon and Koff kinetics of [3H](-)-naloxone (30 nM) were assessed in TLR4-/- mouse 

brain homogenates. [3H](-)-Naloxone Koff kinetics were assessed in the presence of several 

cold ligands. Homogenates were incubated with [3H](-)-naloxone for approximately 12 

minutes before initiating Koff kinetics with excess cold ligand (10 µM). Cold (-)-naloxone 

(10 µM) served as the positive control in each graph (red line). Data are expressed as 

%[3H](-)-naloxone bound +/- SEM (n= 5-9), where 100% binding is defined by Bmax at 12 

min, 0% binding is defined by 0 DPM. 
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Displacement of [3H]Diprenorphine Binding by Putative TLR4 Ligands 

[3H]Diprenorphine was used to test the affinity of the putative TLR4 ligands (Table 6 & 

Figure 10) at the µ-opioid receptor using wildtype and TLR2/4-/- mouse brain membranes. 

Figure 10 shows that (-)-naloxone and (-)-morphine displaced [3H]diprenorphine in both 

wildtype and TLR2/4-/- mouse brain membranes. (-)-Naloxone had a Ki of 10.6 nM (7.0 – 

15.9 nM (95% CI)) in wildtype preparations and 8.7 nM (6.8 – 11.0 nM (95% CI)) in TLR4-

/- preparations. (-)-Morphine had a Ki of 61.2 (37.1 – 100.7 nM (95% CI)) and 63.5 (47.0 – 

85.9 nM (95% CI)) in wildtype and TLR4-/- preparations, respectively. M3G had a Ki of 9.3 

µM (5.2 – 16.6 nM (95% CI)) in wildtype preparations and 16.4 µM (10.6 – 25.9 nM (95% 

CI)) in TLR4-/- preparations.  However, no significant difference between strains was 

observed (p>0.5) for either (-)-naloxone, (-)-morphine, or M3G. (+)-Naloxone and (+)-

morphine were both unable to displace [3H]diprenorphine in either wildtype or TLR2/4-/- 

mouse brain membranes. LPS was also unable to displace [3H]diprenorphine in either 

mouse brain membrane.  
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Figure 10: Displacement of 2 nM [3H]diprenorphine binding in wildtype and TLR2/4-/- 

mouse brain membranes by opioid analgesic modulators. Aliquots of membrane 

homogenates were incubated for up to 1 h at room temperature with [3H]diprenorphine in 

the presence of increasing concentrations (0.03 nM-100 µM) of cold competitor. Cold (-)-

naloxone served as the positive control in each graph (red line) Data were normalised to % 
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specific [3H]diprenorphine bound +/- SEM where 100% binding is defined by total specific 

binding and 0% is -5 M (-)-naloxone. Each experiment is a replicate of 3 run 3 times. 

 

 

Table 6: Calculated Ki of multiple ligands at [3H]diprenorphine binding sites in wildtype 

and TLR2/4-/- membrane preparations. 

  
a Values are ligand concentration (nM) and 95% confidence interval endpoints (parentheses) 
b Significant difference between WT and TLR2/4-/- 
NA: Fit of non-linear regression to data is ambiguous 
 

Discussion 

Results from this study reinforce the importance of TLR2 and TLR4 in contributing to 

opioid-induced behaviours. Specifically, we demonstrated that opioid-induced TLR2 or 

TLR4 signalling contributes to the attenuation of acute opioid analgesia and the 

development of opioid induced tolerance. We also demonstrate that TLR2, but not TLR4 is 

involved in (-)-naloxone-precipitated withdrawal. Further, the in silico analysis confirms (-)-

naloxone and diprenorphine dock within the active domain of MD-2 - suggesting a potential 

mechanism whereby opioids signal through TLR4. Interestingly however, at concentrations 

required for classical opioid receptor binding, (-)-naloxone and diprenorphine do not appear 

to bind TLR2 or TLR4 in mouse brain preparations. However, genetic removal of TLR4 did 

appear to modify the affinity of [3H]diprenorphine. This highlights discrepancies in drug 

binding affinity between classical and the hypothesised non-classical opioid receptors. It 

Ki estimatea Significanceb

WT TLR2/4-/-

(-)-Naloxone µ OR 10.6 (7.0 - 15.9) nM 8.7 (6.8 - 11.0) nM 0.63
(+)-Naloxone Unknown NA NA -
(-)-Morphine µ OR 61.2 (37.1 - 100.7) nM 63.5 (47.0 - 85.9) nM 0.95
(+)-Morphine Unknown NA NA -
M3G Unknown 9.3 (5.2 - 16.6) µM 16.4 (10.6 - 25.9) µM 0.68
LPS TLR4 NA NA -

[3H]Diprenorphine

Ligand Site of action
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also raises the question, can TLR4 co-localise with opioid-receptors to modify their affinity 

and efficacy.  

 

Behaviourally, the results suggest TLR2 and TLR4 are key receptors that attenuate acute 

morphine analgesia. These findings are consistent with previous literature demonstrating 

opioids are more effective in TLR4-/- male mice compared to wildtype counterparts 

(Hutchinson et al. 2010; Hutchinson et al. 2012). Our results further extend these findings 

by implicating a specific signalling pathway. Genetic removal of the downstream TLR2 and 

TLR4 signalling molecule MyD88, potentiated acute morphine analgesia. Furthermore, 

genetic removal of TLR2 and TLR4 attenuated the development of tolerance. This is in 

accordance with previous studies demonstrating antagonism of TLR4 in the vlPAG dose 

dependently prevents the development of morphine tolerance, and vlPAG microinjections of 

TLR4 agonists dose dependently produced a “naive” tolerance to subsequent challenge 

doses of morphine (Eidson and Murphy 2013). Contrary to these studies, Mattioli et al. 

(2014) demonstrated in C3H/HeJ mice, which express a biased TLR4 receptor that does not 

engage NF-kB signalling (Poltorak et al. 1998), and B10ScNJ, mice which are TLR4 null 

mutants, that neither acute antinociceptive response to a single dose of morphine, nor the 

development of analgesic tolerance to repeated morphine treatment was affected in these 

mouse strains. This highlights mouse strain differences in the mechanisms behind 

hyperalgesia. However, it has been suggested that TLR2 may also be involved in opioid 

pharmacodynamics (Kwok et al. 2012). TLR2 has been shown to interact with CD14 and 

MD-2 to facilitate a response to some TLR4 ligands via the MyD88 and TRIF pathways 

(Dziarski et al. 2001; Erridge 2010; Petnicki-Ocwieja et al. 2013). As such, TLR2 may elicit 

a response to (-)-opioid isomers under certain conditions, perhaps as a compensatory 
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mechanism in the genetic absence of TLR4. Ferrini et al. (2013) was also unable to 

implicate the involvement of TLR4 in morphine-induced hyperalgesia, however they did 

demonstrate a requirement of P2X4 receptors in the development of hyperalgesia, further 

suggesting inter-strain variability.  These underlying differences in mouse strain responses 

to opioids are well established in the literature (Kest et al. 2002) where inter-wildtype strain 

differences in opioid pharmacodynamics responses have been assessed. Future studies can 

harness the inherent genetic heterogeneity between wildtype mouse strains and expand on 

examination of a neuroimmune contributions to opioid responses. 

 

Clinical and animal models have demonstrated that the sexes can differ in their sensitivity to 

pain and its inhibition. However, both the human and rodent literatures remain quite 

contentious, with many studies failing to observe sex differences that others document 

clearly (Mogil et al. 2000). More recent work has suggested that one of the major 

contributors to the dimorphic effects of morphine is due to sex differences in immune 

responsiveness. Females have been shown to mount a more robust immune response than 

males (for review see Doyle and Murphy (2017)) which in turn can alter opioid 

pharmacodynamics (Hutchinson et al. 2011; Thomas and Hutchinson 2012; Thomas et al. 

2015). However, in this study, we were unable to demonstrate a major difference between 

male and female analgesia levels. This may be due to the strain of mice used, but in 

addition; sex differences in pain and analgesia appear to be more pronounced in rats 

compared to mice (Mogil et al. 2000). 
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Interestingly, MyD88-/- mice were not protected from the development of analgesic 

tolerance. This potentially suggests MyD88 may mediate the acute effects of morphine, 

while more prolonged morphine administration may involve the TRIF pathway. Given that 

the TRIF pathway takes longer to become activated following LPS exposure (McDermott 

and O'Neill 2004), it would be interesting to determine whether the TRIF pathway is 

activated following a more chronic dosing regime of morphine. Indeed, there is some 

evidence to suggest this may occur as Hutchinson et al. (2009) demonstrated increased IFNγ 

(IRF-3 gene product) in the NAcc following seven days systemic morphine administration. 

This biased signalling is not uncommon for TLR4 ligands, with immunogens such as 

monophosphoryl Lipid A displaying preference for one signalling pathway (TRIF-

dependent) over the other (Cekic et al. 2011). However, how biased signalling occurs 

following TLR4 stimulation is still unclear (Brieger et al. 2013). Given that MyD88 and 

TRIF are spatially separated (located on the plasma membrane and early endosomes, 

respectively) and activation of TRIF typically occurs after MyD88 (Cheng et al. 2015), 

membrane trafficking of TLR4 represents a potential mechanism contributing to biased 

signalling. Whether opioids interfere with TLR4’s membrane trafficking or sorting to the 

early endosome (or potentially to lysosomes for destruction) remains to be determined. 

Interestingly,  

 

In addition to tolerance and hyperalgesia, glial reactivity is thought to play a role in opioid-

induced withdrawal behaviours (Hutchinson et al. 2009; Liu et al. 2011). Liu et al. (2011) 

has demonstrated that IL-1b is critical in mediating opioid withdrawal, independent of 

TLR4. Our data suggest in both males and females that (-)-naloxone precipitated withdrawal 

could be a TLR2-mediated phenomenon as TLR2-/-
, but not TLR4-/- mice had significantly 
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lower withdrawal severity. This mimics studies by Zhang et al. (2011) that demonstrated 

TLR2-/- mice have significantly reduced (-)-naloxone-precipitated withdrawal compared with 

wildtype mice. These studies further reinforce the notion that TLR2 and TLR4 are involved 

in opioid pharmacodynamics. However, the conditions required for receptor selectivity, and 

which signalling pathway is activated remains unclear.  

 

In previous studies, in silico modelling has demonstrated docking of morphine and its µ 

inactive metabolite M3G to TLR4/MD-2 (Hutchinson et al. 2010; Wang et al. 2012; Grace 

et al. 2014). The in silico docking simulations (Figure 4 & 5) suggest that the µ antagonists 

diprenorphine and (-)-naloxone also have binding capabilities with MD-2 into the 

hydrophobic binding pocket defined by the LPS: TLR4/MD-2 receptor crystal structure 

(Ohto et al. 2012). The ligands have slightly lower affinity for the TLR4/MD-2 dimer 

compared with free MD-2 likely because the binding pocket is slightly obscured by the 

primary interface between MD-2 and TLR4 (Ohto et al. 2012). As has been previously 

discussed,  the complexity of a moving ligand binding pocket within a heterodiameric 

complex like TLR4/MD-2 needs further examination (Hutchinson et al. 2012).  

 

Given that TLR4 has been implicated in opioid pharmacodynamics, we performed 

radioligand binding studies to determine, if any non-classical binding of [3H](-)-naloxone or 

[3H]diprenorphine to TLR4 could be detected; and in the absence of TLR4, if classical 

opioid receptor binding is modified. The ligands [3H](-)-naloxone and [3H]diprenorphine 

were chosen for the binding experiments as they are of the 4,5-epoxymorphinan structure. 

This is a class of opioid which has affinity for opioid receptors, but more recently has also 

been shown to interact with TLR4 (Liu et al. 2000; Hutchinson et al. 2010; Wang et al. 
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2012).  Importantly, (-)-naloxone was also chosen as it is the enantiomer of (+)-naloxone, a 

drug that has been shown to both in vivo and in vitro modify TLR4 activity. 

  

(-)-Naloxone is a frequently used therapy to counter the effect of opioid overdose (Robinson 

and Wermeling 2014) and has an approximate Kd of 1.9 nM in rats to 10.5 nM in mice at the 

µ receptor (Geary et al. 1985; Lunzer et al. 2007; Szücs et al. 1987). However, under the 

conditions employed in the current experiments, the levels of non-saturable non-specific 

binding were extremely high. This appeared to mask the binding equilibrium and 

subsequently, the Bmax and Kd values of [3H](-)-naloxone were unable to be calculated. The 

high level of non-specific binding is likely due to the highly lipophilic nature of naloxone. 

Despite the high levels of non-specific binding, specific binding was detected, albeit with no 

statistical difference between wildtype and TLR2/4-/- mice observed.  

Under the same conditions, [3H]diprenorphine had significantly less non-specific binding 

allowing the estimation of the Bmax and Kd. No difference in Bmax was observed between 

wildtype and TLR2/4-/- mice. However, a small increase in Kd was detected. Given no 

change in the total number of binding sites (Bmax), this might suggest that in the absence of 

TLR4, the affinity of the µ-opioid receptor for diprenorphine may be altered. However, the 

Kd for wildtype and TLR2/4-/- were similar to that reported in the literature (Baumhaker et al. 

1993; Gutiérrez et al. 1998; Gutiérrez et al. 1999). Overall, this suggests that at low nM 

concentrations, both [3H](-)-naloxone and [3H]diprenorphine do not appear to bind to TLR4 

with enough abundance to be detected, however the absence of TLR4 may modify classical 

ligand binding to the µ-opioid receptor. 
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In addition to saturation binding, rate kinetics of [3H](-)-naloxone were also assessed in 

wildtype and TLR4-/- animals. At a concentration of 1.63 nM, there was no statistical 

difference in the Kon or Koff rate kinetics of [3H](-)-naloxone between wildtype and TLR4-/- 

mice. In addition, several other putative TLR4 ligands were employed to assess if µ opioid 

receptor [3H](-)-naloxone binding could be modified. (+)-Naloxone is considered to be an 

antagonist at TLR4 and was able to significantly displace [3H](-)naloxone. However, no 

difference in total displacement or Koff rates were observed between wildtype and TLR4-/- 

mice. Previous (Jacquet et al. 1977; Iijima et al. 1978) and subsequent experiments (data not 

shown), have demonstrated that µ opioid receptors can non-stereoselectively bind (+)-

naloxone at high µM concentrations, suggesting the observed displacement of [3H](-

)naloxone was µ-opioid related. Further, no displacement of [3H](-)-naloxone was observed 

for curcumin, 3BM, LPS, LPS-RS, or amitriptyline in wildtype or TLR4-/- kinetic assays. 

Collectively, this suggests, that at low nM concentrations, TLR4 does not appear to have 

any detectible [3H](-)-naloxone binding. Rate kinetics were also tested at a higher 

concentration of 30 nM. However, at this concentration again no modification to (-)-

naloxone off kinetics were observed between wildtype and TLR4-/-. 

 

Displacement experiments were run to further test if any modification to µ opioid receptor 

binding or TLR4 binding could be observed. As expected, [3H]diprenorphine displacement 

was observed using excess (-)-naloxone and (-)morphine. However, no difference in binding 

was observed between wildtype and TLR2/4-/- mice. In addition, no displacement for LPS 

was observed further implying at low nM concentrations, [3H]diprenorphine does not bind 

to TLR4. M3G was able to displace [3H]diprenorphine, and has been shown recently to bind 

to TLR4/MD-2 (Grace et al. 2014). However, no difference in Ki was observed between the 
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two strains. In addition, given that no LPS displacement was observed, M3G is likely 

displacing [3H]diprenorphine from µ opioid receptors, which has approximately 1000-fold 

lower affinity (Labella et al. 1979; Juni et al. 2006).  

 

Our results present a paradox. What is observed in vivo was unable to be successfully 

modelled in our in vitro binding studies. The lack of distinct TLR4 binding may be due to 

the significantly lower affinity of TLR4 for (-)-opioids compared with classical µ-opioid 

receptor binding.  Wang and coworkers (2012; 2015) have recently suggested that opioid 

binding at TLR4 may be of low affinity. While it seems unlikely to achieve functional 

activation of a receptor with 1000-fold lower affinity compared with the analgesic µ 

receptor, a behaviourally relevant dose of (-)-naloxone can lead to low µM concentrations 

within the brain, and even higher serum concentrations (Ngai et al. 1976; Tepperman et al. 

1983). High opioid serum concentrations could facilitate TLR4 signalling, leading to a µ 

opioid receptor independent peripheral inflammatory response (Roy et al. 1998b; Roy et al. 

1998a; Welters et al. 2000) or possible central actions. Furthermore, µ-opioid 

receptor/TLR4 interactions have been suggested for some classical immune cells, with µ-

opioid receptor and TLR4 signalling having opposing actions (Roy et al. 1998b; Welters et 

al. 2000). µ-Opioid receptors have been shown to co-localise with immune receptors such as 

CXCR4 and CXCR1 (Heinisch et al. 2011) and as such, may co-localise with TLR4. Upon 

activation, µ-opioid receptors may co-activate TLR4, bypassing the requirement of direct 

binding of opioids to TLR4. Alternatively, the absence of [3H](-)-naloxone and 

[3H]diprenorphine binding to TLR4 could be due to TLR4 binding opioid metabolites rather 

than primary ligands. Hence, in the absence of TLR4, an increase in acute analgesia and 

attenuation of tolerance in TLR4-/- mice may occur due to preventing M3G rather than 
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morphine from binding to TLR4. In mice, the M3G metabolite reaches peak serum 

concentrations at approximately 20 mins post morphine administration (Pacifici et al. 2000), 

indicating metabolite production is well within the timeframe for analgesic opposition.  

 

Conclusion 

It is clear that in vivo opioid administration leads to activation of multiple systems which are 

responsible for both the beneficial and detrimental actions of opioids. What was historically 

thought to be inseparable, it has now been shown that the beneficial neuronal effects are 

distinct from the non-neuronal/immune mediated detrimental effects. However, the events 

leading to activation of the immune signalling following opioid administration remain 

unclear. These current behavioural studies combined with previous literature indicate toll-

like receptors, in particular TLR2 and TLR4, are contributing to this immunomodulatory 

effect. However, it is clear that there is a large disconnect between what is seen in vivo and 

what is seen in vitro when considering non-classical opioid receptor binding. Whether 

TLR4 has a much lower affinity for opioids compare with classical opioid receptors, or if 

TLR4 becomes indirectly activated by secondary messenger systems or receptor 

homo/hetero dimerization remains unclear.  
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Chapter 3. Assessment of opioid receptor binding and signalling by 

pharmacological agents known to modify opioid pharmacodynamics 

 

In the previous chapter I was unable to demonstrate any non-stereoselective binding of 

[3H](-)-naloxone or diprenorphine using classical binding conditions (Chapter 2: Table 4 & 

5). However, given the challenges and costs associated with examining binding sites of 

drugs with µM affinity, I decided to look into many of the other compounds that have 

previously been shown to modify opioid agonist pharmacodynamics. For example, 

administration of the specific CXCR4 antagonist, AMD3100, completely reversed opioid-

induced hyperalgesia (Wilson et al. 2011) while administration of the TLR4 antagonists, 

significantly potentiates morphine analgesia (Hutchinson et al. 2010). 

 

In animal models, opioids induced an inflammatory environment within the CNS (Song and 

Zhao 2001; Johnston et al. 2004; Shavit et al. 2005; Hutchinson et al. 2008a). Many of the 

ligands that successfully attenuate the negative side effects of opioids reduce opioid-induced 

proinflammation by inhibiting immunocompetent cell (glia) activation. Furthermore, some 

of these ligands such as (+)-naloxone and (+)-morphine, infer that opioids may bind non-

stereoselectively to a non-classical opioid receptor to induce this proinflammation.  

However, it is important to determine if any of these ligands have any direct action at the µ-

opioid receptor or whether they have the ability to allosterically modulate µ-opioid receptor 

activity. Using the opioid analgesic modifying ligands outlined below, the aims of this study 

were to: 
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Determine if µ-receptor binding of the test ligands could be predicted using in silico 

docking techniques; assess if the test ligands bind to human µ-opioid receptors; assess µ 

receptor binding in rat brain preparations; and finally, assess if these ligands could modify 

stimulated µ-opioid receptor signalling. 

 

Prior to commencing this study, we were in contact with Purdue Pharma aiming to set up a 

collaboration. As a result, I was invited to travel to their facility in Cranbury, NJ, USA for 

an extended stay to learn their techniques and utilise their equipment. I took this opportunity 

to test these opioid modifying ligands. Using HEK cell-lines overexpressing the human µ-

opioid receptor, only amitriptyline and WZ811 (CXCR4 antagonist) have direct binding at 

the µ-opioid receptor. However, in the GTPgS[35S] signalling assay these ligands 

demonstrated no agonist activity. The remaining ligands did not show any direct opioid 

receptor activity or functional allosteric modulation of µ-opioid receptor signalling. 

Furthermore, using rat brain membranes, no non-classical non-stereoselective opioid 

binding site with nM affinity was found. It therefore suggests that these ligands alter in vivo 

opioid pharmacodynamics (increase opioid analgesia and reduction of tolerance) 

independent of known µ-opioid receptor activity. This further suggests that by targeting 

immune activation and signalling you can significantly alter opioid agonist 

pharmacodynamics.  

 

Whilst these studies confirm that these ligands do not alter opioid agonist 

pharmacodynamics via modifying µ-opioid receptor activity, it raises the question as to 

what the (+)-opioid isomers bind to? Given the numerous in vivo behavioural benefits of 
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(+)-opioid antagonists such as (+)-naloxone and (+)-naltrexone in both opioid 

pharmacology and other pain pathologies (chronic pain/neuropathic pain), further research 

into the (+)-opioid site of action should be investigated.  
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Abstract 

Recent advances in opioid research have shown that opioids cause significant 

activation of immunocompetent cells within the brain and spinal cord. 

Pharmacologically inhibiting the immune activation significantly increases opioid 

analgesia and reduces the unwanted side effects such as tolerance and hyperalgesia. 

We aim to determine if some of the key drugs that target this immune activation have 
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any direct action at opioid receptors or whether they can modify opioid receptor 

activation via allosteric modulation, or receptor crosstalk. We show that only 

amitriptyline and WZ811 (CXCR4 antagonist) have direct binding at the µ-opioid 

receptor but with no agonist activity. No positive allosteric modulation was observed 

for any of the ligands and no non-stereoselective opioid receptor was observed in rat 

brain membranes. It does not appear that these ligands alter in vivo opioid 

pharmacodynamic (increase opioid analgesia and reduction of tolerance) via modifying 

µ-opioid receptor activity, but may rather act by preventing immune activation and 

signalling via their cognate receptor.   
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Introduction 

Opioids are among the worlds oldest drugs with evidence of the medical use of opiates 

dating back as far as 2100 B.C. (Benedetti et al. 1990; Hutchinson et al. 2011). Today, 

opiates and their opioid derivatives, such as oxycodone, morphine and fentanyl, are 

increasingly used for the management of moderate to severe acute and chronic pain. Opioid 

binding sites were first proposed in the early 1950’s (Beckett and Casy 1954) but only 

discovered in mammalian brain and nervous tissue in 1973 (Terenius 1973; Simon et al. 

1973; Pert and Snyder 1973). Three neuronal G protein-coupled receptors (GPCRs) mediate 

the analgesic and adverse effects of opioids: the μ, δ, and κ receptors (Kieffer and 

Gavériaux-Ruff 2002). Prolonged clinical use of opioids in some patients results in 

antinociceptive tolerance, wherein repeated opioid doses lose their ability to suppress pain 

(Chu et al. 2006; Chang et al. 2007). In addition, chronic exposure to opioids can also elicit 

hyperalgesia, a paradoxical increased sensitivity to a painful stimulus (Doverty et al. 2001; 

Hay et al. 2009). 

 

Since the discovery of opioid receptors, the human µ receptor has been shown to bind more 

than 5700 (ChEMBL database) ligands. Researchers and chemists are constantly developing 

ligands with reduced negative adverse effects that retain analgesic efficacy. Despite making 

high affinity opioid ligands, the beneficial and detrimental actions of opioids have been 

indelibly tied to opioid receptor activity.  

 

It has been widely assumed that the pro-nociceptive actions of opioids occur downstream 

from initial neuronal opioid-GPCR activation (for review see (Ossipov et al. 2003; Williams 
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et al. 2013)). However, brain and spinal glial cells have been shown to modulate opioid 

analgesia and the development of tolerance in rodents (for review see (Watkins et al. 2007; 

Hutchinson et al. 2011)). For example, following opioid administration microglia and 

astrocytes shift from their basal to a reactive state, characterized by a proinflammatory 

response profile.  The release of soluble proinflammatory mediators such as IL-1b and 

TNFa significantly reduces the level of opioid analgesia (Fairbanks and Wilcox 2000; 

Johnston et al. 2004; Hutchinson et al. 2008) by enhancing neuronal excitation in the dorsal 

horn of the spinal cord (Kawasaki et al. 2008) and further increasing production of 

proinflammatory mediators.  This demonstrates that key non-neuronal cells are involved in 

modifying neuronal analgesic responses.  

 

It has recently been demonstrated that non-opioid drugs that modify neuroimmune reactivity 

and signaling can alter opioid analgesic potency (Song and Zhao 2001; Ledeboer et al. 

2007; Hutchinson et al. 2010; Wilson et al. 2011; Hutchinson et al. 2011)2. However, it is 

extremely important to assess if these ligands have any direct activity at the µ-opioid 

receptor, or they have the ability to modify µ-opioid receptor signaling cascades. The 

following ligands were assessed: Amitriptyline (SERT inhibitor), AMD3100 (CXCR4 

antagonist), ibudilast (PDE4 inhibitor and glial attenuator), LPS (TLR4 agonist), 

minocycline (microglial attenuator), (+)-morphine (unknown site of action), (-)-naloxone 

(µ-opioid receptor antagonist), (+)-naloxone (unknown site of action), (+)-naltrexone 

(unknown site of action), SDF-1a (CXCR4 agonist), and WZ811 (CXCR4 antagonist). 
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Therefore, using the above opioid analgesic modifying ligands, the aims of this study were 

to: 1) determine if opioid receptor binding could be predicted using in silico docking 

techniques; 2) quantify the displacement of [3H]diprenorphine and [3H](-)-naloxone 

(classical opioid receptor ligands with high affinity and lower affinity, respectively) 

binding; 3) detect any non-classical opioid binding sites; and, 4)  quantify alterations in 

DAMGO-induced GTPgS[35S] signalling. We hypothesise these opioid analgesic modifying 

ligands will have negligible affinity for the µ-opioid receptor with no ability to modify 

downstream µ-opioid receptor signalling cascades. 

 

Methods 

Computational Docking Studies 

To examine the in silico docking of the opioid analgesic modifying ligands to the µ-opioid 

receptor, the crystal structure of the mouse µ-opioid receptor bound to a morphinan 

antagonist complex (b-FNA) program database (pdb) file was obtained from RCSB Protein 

Data Bank (PDBID: 4DKL) as published by (Manglik et al. 2012). All ligands, water, and 

cofactors were removed from the file via Molegro Molecular Viewer, thus eliminating 

exogenous water molecules and artifacts from crystallization from future docking 

simulations. The following 3D chemical structures were obtained from PubChem or custom 

generated if unavailable: AMD3100 (CID 65015), amitriptyline (CID 11065), codeine (CID 

5284371), DAMGO (CID 5462471), diprenorphine (CID 26644), fentanyl (CID 3345), 

ibudilast (CID 3671), LPS (CID 53481794), minocycline (CID 54675783), (-)-morphine 

(CID 5288826), (+)-morphine, (custom) (-)-naloxone, (CID 5284596), (+)-naloxone (CID 

16395294), (+)-naltrexone (custom), oxycodone (CID 5284603), oxymorphone (CID 

5284604), WZ811 (CID 11565518). Docking was conducted using Vina [version 1.1.2 
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(Trott and Olson 2010)] within PyRx [version 0.8 (Wolf 2009)]. An exhaustiveness factor 

of 8 was used for all simulations, with the Vina search space dimensions and center defined 

for each macromolecule using the auto-maximize function. The docking engine calculates 

the free energy (DG: kcal/mol) of binding between a ligand and a receptor. The calculation 

of DG is based on estimates of the total energy of intermolecular forces of attraction 

including Van der Waals, hydrogen bonding, electrostatic, and hydrophobic. Ligands are 

ranked by the calculated DG value where lower DG values correspond to more favorable 

ligand binding, while higher DG values are less favorable (Jacob et al. 2012). The docking 

was then visualized using UCSF Chimera (Pettersen et al. 2004). 

  

Chemicals  

Tritiated diprenorphine and (-)-naloxone were purchased from PerkinElmer (Waltham, MA, 

USA). Endotoxin-free (+)-naloxone, (+)-naltrexone, and (+)-morphine were kindly provided 

by Dr. Kenner Rice (Chemical Biology Research Branch, National Institute on Drug Abuse 

and National Institute on Alcohol Abuse and Alcoholism, National Institutes of Health, 

Rockville, MD, USA). Morphine HCl, DAMGO, (-)-naloxone, WZ811 (CXCR4 

antagonist), AMD3100 (CXCR4 antagonist), SDF-1a (CXCR4 agonist), LPS (TLR4 

agonist), amitriptyline (SERT inhibitor), minocycline (microglial attenuator), ibudilast (glial 

attenuator) were purchased from Sigma-Aldrich (St. Louis, MO, USA). All other purchased 

chemicals and reagents were of laboratory quality. 

 

Membrane Preparation 
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Recombinant membrane protein:  HEK-293 cells overexpressing µ-opioid receptors (HEK-

µOR) (Receptor Biology, Beltsville, MD, USA) were harvested and resuspended by 

vortexing in ice-cold lysis buffer (50 mM HEPES, 2.5 mM MgCl2
 with complete protease 

inhibitor cocktail tablets (Roche, Nutley, NJ, USA)). Cells were homogenized on ice using a 

polytron (Kinematica AG, Littau-Lucerne, Switzerland). Homogenates were centrifuged at 

27000 RCF (Sorvall SS-34 rotor) for 20 minutes at 4°C. Pellets were resuspended in lysis 

buffer using the polytron and centrifugation was repeated. The final pellet was resuspended 

in lysis buffer and stored at -70°C. 

 Rat brain membrane:  Sprague Dawley rats were killed by decapitation and the brains 

(minus cerebellum) were stored at -70°C until ready to prepare membranes.  Brains were 

homogenized using a polytron in 20-30 volumes (w/vol) of ice-cold membrane buffer (Tris-

HCl 50 mM, pH 7.4 with complete protease inhibitor cocktail tablets (Roche)). 

Homogenates were centrifuged at 27000 RCF (Sorvall SS-34 rotor) for 20 minutes at 4 °C. 

Pellets were resuspended using the polytron in membrane buffer and incubated at 37 °C for 

20 mins. Centrifugation was repeated and the final pellet was resuspended in membrane 

buffer and stored at -70 °C.  

 

Membrane protein concentrations were determined using BCA analysis kit (BD�, Franklin 

Lakes, NJ, USA) 

 

Receptor Binding Assay 

All reactions were performed in 96-deep well polypropylene plates for 2 h at room 

temperature.  Binding reactions were performed using 15 µg of HEK-µOR membrane or 31 
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µg of rat brain membrane in a final volume of 500 µl binding buffer (10 mM MgCl2, 1 mM 

EDTA, 5% DMSO, 50 mM Trizma base, pH 7.4). The binding reactions were terminated by 

rapid filtration onto 96-well Unifilter GF/B filter plates (PerkinElmer) presoaked in 0.5% 

polyethylenimine (Sigma-Aldrich).  Harvesting was performed using a 96-well tissue 

harvester (Brandel, Gaithersburg, MD, USA) followed by three filtration washes with 2 mL 

ice-cold wash buffer (50 mM Tris HCl, pH 7.4).  Filter plates were subsequently dried at 50 

°C for 1 hour.  Fifty microlitre per well scintillation cocktail (BetaScint; PerkinElmer) was 

added and plates were counted in a Packard Top-Count for 1 min/well. All binding 

experiments were conducted in triplicate and repeated three times.  

 

Saturation binding studies were performed using a 9 point curve with increasing 

concentrations of [3H]diprenorphine (0.01 – 3.2 nM) or [3H](-)-naloxone (0.02 – 8 nM) in 

both HEK-µOR and rat brain membranes. Non-specific binding was determined in the 

presence of 1 µM unlabeled (-)-naloxone. Specific binding was calculated by subtracting 

non-specific counts from total counts. The signal to noise ratio of specific to non-specific 

binding was determined by dividing total specific binding by total non-specific binding. 

Saturation binding data are presented as total bound (fmol/mg protein). Radioligand dose-

displacement assays were performed using 0.4 nM of [3H]diprenorphine or 1 nM of [3H](-)-

naloxone in both the HEK-µOR membranes and rat brain membranes. Displacement curves 

were generated by using 12 concentrations of the opioid analgesic modifying ligands 

ranging from 10-10.5 M to 10-4 M. Displacement data are presented as percent specific 

binding. The data was normalized to total specific binding as 100% bound and 10-5  M (-)-

naloxone as 0% bound.  
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µ-Opioid Receptor GTPγS[35S] Function Assay 

µ-Opioid receptor functional GTPgS[35S] binding assays were conducted by sequentially 

mixing the following reagents in the order below to yield the indicated final concentrations: 

0.026 µg/µL HEK-µOR membrane protein, 10 µg/mL saponin (Sigma-Aldrich), 3 µM GDP 

(Sigma-Aldrich) and 0.20 nM GTPgS[35S] (PerkinElmer; 1250 Ci/mmole) to binding buffer 

(100 mM NaCl, 10 mM MgCl2, 20 mM HEPES, pH 7.4) on ice.  The prepared membrane 

solution (190 µL/well) was transferred to 96-shallow well polypropylene plates containing 5 

µL of 40x concentrated DAMGO stock solution prepared in DMSO and 5 µL of 40x 

concentrated ligand stock solution prepared in DMSO. Plates were incubated for 30 min at 

room temperature with mechanical shaking.  Reactions were terminated by rapid filtration 

onto 96-well Unifilter GF/B filter plates using a Brandel 96-well tissue harvester, followed 

by three filtration washes with 200 µL ice-cold binding buffer (10 mM NaH2PO4, 10 mM 

Na2HPO4, pH 7.4).  Filter plates were subsequently dried at 50°C for 0.5-1 hours, then 50 

µL/well scintillation cocktail added and plates counted in a Top-Count for 1 min/well. 

GTPgS[35S] experiments were conducted in triplicate and repeated twice. 

 

The full µ receptor agonist, DAMGO served as the positive control (1 µM), while DMSO 

acted as the negative control. Data were normalised to represent DAMGO GTP activation 

by setting the DAMGO positive control to 100% activation, and the DMSO negative control 

to 0% activation.  
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Statistical analysis 

Graphpad Prism 6.0 (GraphPad Software, La Jolla, USA) was used for all statistical 

analysis. The dissociation constant (Kd) and number of binding sites (Bmax) was determined 

by fitting a one site binding model (Y=Bmax*X/ (Kd + X)) using nonlinear regression to the 

specific binding values. Linearity (r2) of non-specific binding was assessed using a first 

order polynomial linear regression. The binding affinity (Ki) of the tested compounds was 

determined using a one site – fit Ki nonlinear regression, where it was the preferred model 

over a first order polynomial linear regression: 

 logEC50=log(10^logKi*(1+Radioligand(nM)/HotKd(nM))) &  

Y=Bottom + (Top-Bottom)/(1+10^(X-LogEC50)) 

If the Ki estimate was greater than the highest concentration of displacer, the Ki was 

excluded, as it could not be calculated with any degree of accuracy.  

 

GTPgS[35S] binding IC50 values were generated using a log (agonist) vs. response (three 

parameter) nonlinear regression on the normalised data: 

 (Y=Bottom + (Top-Bottom)/(1+10^((LogEC50-X)))) 

If the IC50 estimate was greater than the highest concentration of displacer, the IC50 was 

excluded, as it could not be calculated with any degree of accuracy. 
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Results: 

In silico interactions of opioids and novel ligands at the µ-opioid receptor 

The opioid analgesic modifying ligands were assessed for their docking capabilities to the 

crystal structure of the µ-opioid receptor in a ligand bound conformational state (Figure 1 & 

Table 1). The µ-opioid antagonist b-FNA that was used to generate the crystal structure of 

the µ-opioid receptor was predicted to dock with an energy of -8.1 kcal/mol in an 

orientation almost exactly the same as that defined by the crystal structure. Docking of the 

probe ligands ([3H]diprenorphine and [3H](-)-naloxone) was to a site that overlapped with 

the b-FNA site with energies of -9.2 and -8.8 kcal/mol, respectively.   
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!
!

!
!

!

AMD3100        Amitriptyline                 β-FNA          β-FNA* 

Codeine           DAMGO      Diprenorphine          Fentanyl  

Ibudilast          LPS                     (-)-Methadone         Minocycline 
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Figure 1: Predicted docking conformations of ligands to the µ-opioid receptor crystal 

structure. Docking conformations generated in Vina were imported into UCSF Chimera for 

visualisation. The µ-opioid receptor was cut in half for clear visualisation of the binding 

pocket. b-FNA*: The true bound orientation of b-FNA found in the crystal structure of the 

µ receptor.  

 

Opioids ligands (order of kcal/mol)  

 (-)-Methadone, (-)-morphine, oxycodone, (+)-morphine, codeine, (+)-naloxone, (+)-

naltrexone, oxymorphone, fentanyl, and DAMGO were all predicted to dock in the µ-opioid 

receptor binding pocket with docking energies of -7.2, -7.2, -7.2, -7.3, -7.5, -7.5, -7.8, -8.1, -

8.8, and -12 kcal/mol, respectively. (+)-Morphine, (+)-naloxone, and (+)-naltrexone did not 

appear to overlap with the known b-FNA binding site but did reside within the binding 

pocket. All other opioid ligands significantly overlapped with the b-FNA binding site. 

 

!

!
!

!
!
!
!

 (-)-Morphine         (+)-Morphine         (-)-Naloxone               (+)-Naloxone 

(+)-Naltrexone          Oxycodone                Oxymorphone          WZ811 
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Non-opioid ligands 

LPS, WZ811, ibudilast, minocycline, amitriptyline, and AMD3100 docked to the µ-opioid 

receptor with energies of  -5.5, -7.3, -7.4, -7.9, -8.1, and -8.5 kcal/mol, respectively. All of 

these non-opioid ligands apart from AMD3100 were predicted to dock in a site that 

overlapped with the known b-FNA binding site. No SDF-1a structure was available for 

docking simulations. 

 

Table 1: Predicted Docking energies of ligands binding to the µ-opioid receptor crystal 

structure. 

 

 

 

 

 

 

 

 

 

 

a Values are predicted docking energies (kcal/mol) 

 

 

LPS -5.5 Y
(-)-Methadone -7.2 Y
(-)Morphine -7.2 N
Oxycodone -7.2 N
(+)Morphine -7.3 N
WZ811 -7.3 Y
Ibudilast -7.4 Y
Codeine -7.5 N
(+)Naloxone -7.5 N
(+)Naltrexone -7.8 N
Minocycline -7.9 Y
Amitriptyline -8.1 Y
Oxymorphone -8.1 N
β-FNA -8.1 Y
AMD3100 -8.5 N
Fentanyl -8.8 Y
(-)Naloxone -8.8 Y
Diprenorphine -9.2 Y
DAMGO -12 Y

Docking EnergyaLigand Overlaps with 
βFNA 
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Characterization of [3H]Diprenorphine and [3H](-)-Naloxone Equilibrium Binding. 

Diprenorphine 

Figure 2A and B show diprenorphine binding in both HEK-µOR membranes and rat brain 

membranes respectively. In both membrane preparations, non-specific binding increased 

linearly with concentration with an r2 of 0.89 (HEK-µOR) and 0.99 (rat brain), respectively. 

Non-specific non-saturable binding was low in HEK-µOR membranes with a ratio of 

specific to non-specific binding of 7.5:1 at Kd concentrations, while in rat brain membranes 

non-saturable non-specific binding was much higher with a ratio of 2.5-3:1 at Kd 

concentrations. In HEK-µOR membranes (Figure 2A), [3H]diprenorphine had a Kd of 0.3± 

0.1 nM with an estimated Bmax of 2083.0 ± 120.9 fmol/mg protein. In rat brain membranes 

(Figure 2B), [3H]diprenorphine had a Kd of 0.3 ± 0.1 nM with an estimated Bmax of 238.1 ± 

13.3 fmol/mg protein (Table 2). 

 

Table 2: Saturation binding of [3H]diprenorphine and [3H](-)-naloxone in HEK cells 

overexpressing the human µ-opioid receptor and in rat brain membranes 

 
a Values are radioactivity fmol/mg protein ± S.E.M 
b Values are dissociation constant (nM) ± S.E.M 
NA: Values unable to be calculated 

 

(-)-Naloxone 

Figure 2C and D show [3H](-)-naloxone binding in HEK-µOR and rat brain membranes.  

[3H](-)-Naloxone had a Bmax of 951.6 ± 91.8 fmol/mg protein with a Kd of 4.6 ± 1 nM in 

Bmaxa Kd
a Bmaxa Kd

a

[3H]Diprenorphine 2083.0 ± 120.9 0.3 ± 0.1 238.1 ± 13.3 0.3 ± 0.1
[3H](-)Naloxone 951.6 ± 91.8 4.6 ± 1.0 NA NA

HEK-µOR Membrane Rat Brain Membrane
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HEK-µOR membranes (Figure 2C). However, in rat brain membranes (Figure 2D), [3H](-)-

naloxone did not appear to reach equilibrium and subsequently the Bmax and Kd were unable 

to be calculated. In both HEK-µOR and rat brain membrane preparations, as [3H](-)-

naloxone concentrations increased, non-specific binding increased linearly with an r2 of 

0.99 and 0.88, respectively. Non-specific non-saturable binding of [3H](-)-naloxone was 

very high in both HEK-µOR and in rat brain membranes compared with [3H]diprenorphine.  

 

Figure 2: Saturation binding isotherms were generated in HEK-µOR membranes (30 

µg/mL, A & C) and rat brain membranes (63 µg/mL, B & D) using increasing 

concentrations of [3H]diprenorphine (0.01-3.2 nM) and [3H](-)-naloxone (0.2-8 nM) with 1 

µM (-)-naloxone for the definition of nonspecific binding. Binding is expressed as fmol/mg 

protein. Bmax and Kd values are shown in Table 2. 
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Displacement of [3H]Diprenorphine Binding by Opioid Analgesic Modulators 

 [3H]Diprenorphine was used to test the affinity of the opioid analgesic modulators  (Table 3 

& Figure 3A-K) at the µ-opioid receptor using HEK-µOR membranes and rat brain 

membranes. Figure 3A shows that (-)-naloxone displaced [3H]diprenorphine in both HEK-

µOR membranes and rat brain membranes with a Ki of  6.8 nM (5.3 – 8.7 nM (95% CI)) 

and 4.2 nM (3.3 – 5.4) nM (95% CI)), respectively. Of the other test ligands, only 

amitriptyline and WZ811 had appreciable displacement of [3H]diprenorphine. Amitriptyline 

had a Ki of 33.2 µM (25.4 – 43.5 µM (95% CI)) in HEK-µOR membranes and 16.5 µM 

(11.9 – 22.8 µM (95% CI)) in rat brain membranes. WZ811 had a Ki of 10.9 µM (8.6 – 13.9 

µM (95% CI)) in HEK-µOR membrane preparations and 4.9 µM (3.7 – 6.4 µM (95% CI)) 

in rat brain membrane preparations. (+)-Naloxone, (+)-naltrexone, (+)-morphine, LPS, 

minocycline, ibudilast, SDF-1a, and AMD3100 were all unable to displace 

[3H]diprenorphine at the tested concentrations in HEK-µOR membranes and rat brain 

membranes. 
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Table 3: The displacement of [3H]diprenorphine and [3H](-)-naloxone by novel analgesic 

modulators in HEK-µOR membranes and rat brain membranes.  
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Figure 3: Displacement of 0.4 nM [3H]diprenorphine binding with the unlabeled opioid 

analgesic modulators in HEK-µOR and rat brain membranes. Aliquots of membrane 

homogenates were incubated for up to 2 h at room temperature with radioligand in the 

presence of increasing concentrations (0.03 nM-100 µM) of cold competitor. Data were 

normalized to aid in comparisons defining the smallest and largest value as 0% and 100% of 

specific binding. Calculated Ki values (where applicable) for these competitors are shown in 

Table 3.  
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Displacement of [3H](-)-Naloxone Binding by Opioid Analgesics Modulators 

[3H](-)-Naloxone was also used to test the affinity of the opioid analgesic modulators at 

classical opioid binding sites (Table 3 & Figure 4A-J). (-)-Naloxone was able to displace 

[3H](-)-naloxone in both HEK-µOR membranes and rat brain membranes with a Ki value of 

1.9 nM (1.1 – 3.3 nM (95% CI)) and 3.1 nM (1.3 – 7.5 nM (95% CI)), respectively. In 

HEK-µOR membranes, amitriptyline and WZ811 were able to displace [3H](-)-naloxone 

with Ki values of 30.8 µM (13.5 – 70.3 µM (95% CI)) and 2.3 µM (1.0 – 5.0 µM (95% CI)) 

respectively. In rat brain membranes WZ811 had an estimated Ki value of 1.2 µM (0.4 – 3.1 

µM (95% CI)). (+)-Naloxone, (+)-naltrexone, (+)-morphine, LPS, minocycline, ibudilast, 

SDF-1a, and AMD3100 had no appreciable displacement in either HEK-µOR or rat brain 

membrane preparations. 
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Figure 4: Displacement of [3H](-)-naloxone (1-3 nM) binding with various unlabeled 

opioid analgesic modulators in HEK-µOR membranes and rat brain membranes. Aliquots of 

membrane homogenates were incubated for up to 2 h at room temperature with radioligand 

in the presence of increasing concentrations (0.03 nM-100 µM) of cold competitor. Data 

were normalized to aid in comparisons defining the smallest and largest value as 0% and 

100% of specific binding. Calculated Ki values (where applicable) for these competitors are 

shown in Table 3.  
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Modulation of DAMGO Stimulated GTPgS[35S] Activation by Known Opioid Analgesics 

Modulators 

The opioid analgesic modulators were tested for their ability to alter DAMGO induced 

GTPgS[35S] activation (Table 4 & Figure 5A-L). The positive control (-)-naloxone was able 

to inhibit DAMGO-induced GTP activation with an IC50 of 9.9 nM (6.7 – 14.5 nM (95% 

CI)) in HEK-µOR membranes and 5.6 nM (4.1 – 7.6 nM (95% CI)) in rat brain membranes. 

In both HEK-µOR and rat brain membranes, (+)-naloxone, (+)-naltrexone, (+)-morphine, 

LPS, minocycline, ibudilast, amitriptyline, SDF-1a, AMD3100, and WZ811 were all unable 

to inhibit GTPgS[35S] activation. 
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Table 4: The inhibition of DAMGO stimulated GTPgS[35S] activation in HEK-µOR 

membranes and rat brain membranes.  
 

 

 

 

 

 

 

a Values are ligand concentration (nM) and 95% confidence interval endpoints (parentheses) 
NA - not applicable as first order polynomial (straight line) model was preferred fit or IC50 estimate was 
greater than the highest concentration of ligand tested 
 

HEK-µOR RBM

(-)Naloxone µ OR 10.0 (7.4 - 13.6) nM 5.5 (3.8 - 7.7) nM
(+)Naloxone Unknown NA NA
(+)Naltrexone Unknown NA NA
(+)Morphine Unknown NA NA
LPS TLR4 NA NA
Minocycline Glia NA NA
Ibudilast Glia NA NA
Amitriptyline SERT NA NA
SDF-1α CXCR4 - NA
AMD3100 CXCR4 NA NA
WZ811 CXCR4 NA 25.8 (17.4 - 38.4) µM 
DMSO NA NA NA

Ligand Site of action
IC50 Estimatesa
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Figure 5: Inhibition of DAMGO induced GTPgS[35S] activation by opioid analgesic 

modulators in HEK-µOR membranes and rat brain membranes. Aliquots of membrane 

homogenates were incubated for up to 0.5h at room temperature with GTPgS[35S] in the 

presence of increasing concentrations (0.03 nM-31.6 µM) of cold competitor. Data were 

normalized to aid in comparisons defining the smallest and largest value as 0% and 100% of 

specific activation. Calculated EC50 values for these competitors are shown in Table 4.  
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Discussion 

The current study was designed to assess if a collection of opioid analgesia-modifying drugs 

have any appreciable affinity or efficacy at the µ-opioid receptor via assessing µ opioid 

binding and G-protein signalling. Preliminary in silico docking simulations suggested that 

several of the non-classical opioid analgesic modifying ligands may have µ-opioid receptor 

binding capabilities (Figure 1). All tested ligands demonstrated docking capabilities into the 

orthosteric binding pocket defined by the β-FNA: µ-opioid receptor crystal structure with 

corresponding energies found in table 1. Of particular interest is the distinct difference in 

docking site between many of the classical µ-opioid receptor agonists and antagonists. 

Within the binding pocket, there appears to be two distinct binding sites. A region on the 

upper right hand side of the binding pocket where agonists such as (-)-morphine, 

oxycodone, oxymorphone and codeine appear to bind, and also a distinct lower left part of 

the pocket where antagonists such as diprenorphine and (-)-naloxone appear to bind. 

Interestingly, (+)-naloxone and (+)-naltrexone dock at the location within the binding 

pocket that the agonists appear to dock. This could suggest the possibility of the (+)-opioid 

antagonists interacting under some conditions as  (-)-opioid agonists or with (-)-opioid 

isomer ligands to activate µ-opioid receptors. 

 

The tritiated ligand binding studies were designed to determine if any of the test ligands 

have any appreciable binding affinity at the µ-opioid receptor by using a HEK-µOR 

overexpression system. In addition, the ligands were also assessed for their effect on µ-

opioid receptor signalling using DAMGO stimulated GTPgS[35S]. As there is a large body 

of evidence beginning to arise suggesting the presence of a non-classical non-stereoselective 
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opioid receptor, we also conducted the tritiated binding studies in rat brain membranes. The 

reasons for this were two-fold. Firstly, could a non-classical, non-stereoselective site be 

detected, and secondly, if the binding of the test ligands to their naïve receptors could 

allosterically modify classical opioid receptor binding of [3H]diprenorphine or [3H](-)-

naloxone or DAMGO induced GTPgS[35S] signalling.  

 

The binding experiments used [3H]diprenorphine and [3H](-)-naloxone as the probe ligands 

as they are both commonly used antagonists at the µ-opioid receptor, where diprenorphine 

has a significantly higher affinity than (-)-naloxone (Takemori et al. 1972). The saturation 

binding experiments demonstrated that both [3H]diprenorphine and [3H](-)-naloxone have 

specific µ-opioid receptor binding in HEK-µOR and rat brain membranes. However, (-)-

naloxone binding was associated with a very high level of non-saturable non-specific 

binding (Figure 2) and prevented the calculation of the Kd and Bmax. This high level of non-

saturable non-specific binding is likely due to the lipophilicity of (-)-naloxone where the 

drug is becoming trapped and dissolved in lipid bilayers and osmotic membranes (Goldstein 

et al. 1971). The brain membrane preparations likely have a very high level of lipids. The 

reason for not opting to use a synaptosome isolation method for binding was that we did not 

want to potentially lose any non-classical sites of action that may not be localised to the 

synaptic terminal.  

 

The obtained Kd values for [3H]diprenorphine at the human µ-opioid receptor and rat brain 

preparations are similar to those reported in the literature (Pert and Snyder 1973; Chang et 

al. 1981; Baumhaker et al. 1993). However, the large difference in non-specific binding 
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between the two probe ligands is intriguing given the similarities in their structures and 

physicochemical properties.  

 

Recent evidence has highlighted the potential importance of opioid (+)-isomers, in 

particular (+)-antagonists playing a significant role in the in vivo pharmacodynamic actions 

of (-)-opioids (Hutchinson et al. 2011; Thomas and Hutchinson 2012). The tested (+)-opioid 

ligands had negligible binding affinity for the µ-opioid receptor. These results parallel 

previous studies characterizing both (+)-morphine and (+)-naloxone binding in rat brain 

membranes (Jacquet et al. 1977; Iijima et al. 1978). The absence of binding at nM 

concentrations is expected, considering that classical opioid receptors are thought to display 

substantial ligand stereoselectivity (Goldstein et al. 1971; Snyder and Childers 1979). 

Furthermore, the (+)-opioid ligands were unable to modulate DAMGO-induced GTP 

activation in HEK-µOR expression systems in rat brain preparations, suggesting that the 

reported (+)-opioid modification of (-)-opioid analgesia (Takagi et al. 1960; Hutchinson et 

al. 2010) is not via binding to, or functional modification of, the µ-opioid receptor. 

However, future studies need to determine the potential impact of the overlapping in silico 

docking conformations. 

 

Minocycline and ibudilast are considered glial attenuators which, when co-administered 

with opioid analgesics such as morphine, prevent the reactivity of glia and enhance 

analgesia (Ledeboer et al. 2005; Ledeboer et al. 2007; Cui et al. 2008). Neither minocycline 

nor ibudilast were able to displace [3H]diprenorphine or [3H](-)-naloxone in either 

membrane preparation. In addition, these drugs were unable to modify DAMGO induced 

GTPgS[35S] activation suggesting that minocycline- (Hutchinson et al. 2010), and ibudilast-
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induced (Ledeboer et al. 2007) potentiation of opioid analgesia is not via modulation of the 

µ-opioid receptor.   

 

Amitriptyline is used as an alternative to opioid analgesics for the treatment of chronic pain 

(McQuay et al. 1993). In our studies, amitriptyline demonstrated low affinity for the µ-

opioid receptor which parallels previous reports indicating opioid receptor binding (Onali et 

al. 2010). However, binding to the µ-opioid receptor failed to significantly reduce DAMGO 

induced GTPgS[35S] signalling. The clinical significance of this binding is likely minimal as 

therapeutic plasma concentrations of amitriptyline in humans is generally between 0.3 µM 

and 0.8 µM, with toxicity occurring at concentrations over 1 µM (Ulrich et al. 2001; Wille 

et al. 2008). This is well below the concentration (Ki of 33.3 µM) required for µ-opioid 

receptor binding.  

 

There is strong evidence to suggest TLR4/MD-2 is involved in opioid induced hyperalgesia. 

Studies have demonstrated that (-)-morphine analgesia is potentiated by a) blockade of the 

TLR4 signalling cascade (Wang et al. 2012), b) co-administration of the TLR4 antagonist 

LPS-RS, and c) genetic removal of TLR4 (Hutchinson et al. 2010; Eidson and Murphy 

2013). However, the absence of LPS displacement in rat brain membranes indicates that 

[3H]diprenorphine and [3H](-)-naloxone are unable to bind TLR4/MD-2 at these low nM 

probe concentrations (Figure 3E). Intriguingly, at very high concentrations of LPS, some 

displacement of [3H]diprenorphine was observed in HEK-µOR membrane preparations. 

However, in the GTPgS[35S] assay, this high concentration of LPS resulted in antagonism of 

DAMGO induced GTPgS[35S] activation (Figure 5E). The clinical significance of LPS 
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binding to opioid receptors is likely negligible, with the concentrations required for µ-opioid 

receptor binding well above that required to induce a TLR4 mediated inflammatory 

response in humans (Copeland et al. 2005).  

 

Administration of the CXCR4 antagonist AMD3100 is effective in the blockade of 

morphine-induced hyperalgesia (Wilson et al. 2011). However, both AMD3100 and the 

endogenous CXCR4 ligand SDF-1a had no affinity for the human µ-opioid receptor (Figure 

3 I-J).  Conversely, the potent CXCR4 small molecule inhibitor WZ811 was able to displace 

[3H]diprenorphine and [3H](-)-naloxone in both HEK-µOR and rat brain preparations 

(Figure 3K and figure 4J) with affinities in the low µM range. This binding was associated 

with significant reductions in DAMGO induced GTPgS[35S] activation only rat brain 

membranes (Figure 5J). CXCR4 belongs to a subgroup of peptide GPCRs, with the closest 

published structure being the µ-opioid receptor (Manglik et al. 2012). Considering the high 

homology between the µ-opioid receptor and CXCR4, it is not surprising some ligand cross 

reactivity exists. However, given that AMD3100 or SDF-1a demonstrated no displacement 

in the rat brain membrane, it is unlikely that diprenorphine or (-)-naloxone have any ligand 

cross reactivity at CXCR4 at the tested concentrations. 

 

Conclusion 

The development of opioid tolerance, hyperalgesia, and dependence is extremely complex 

and involves numerous signalling cascades and soluble inflammatory markers (reviewed by 

Hutchinson et al. (2011); Thomas and Hutchinson (2012)). Despite opioids being used for 

thousands of years, researchers are still debating how these negative side effects are 
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initiated. Targeting the downstream pathways associated with the negative side effects of 

opioid exposure, with drugs such as AMD3100, ibudilast, minocycline, or LPS appears to 

significantly alter naïve opioid pharmacology. Co-administration of the (+)-opioid 

stereoisomers such as (+)-morphine, (+)-naloxone, or (+)-naltrexone that have an unknown 

site of action, significantly modifies the analgesic response of clinically active (-)-opioid 

isomers. In addition, administration of opioids to triple opioid receptor KO mice (µ, k, & d) 

initiates immediate and steady declines in nociceptive thresholds culminating in several 

days of unremitting hyperalgesia (Juni et al. 2007; Waxman et al. 2009) suggesting the 

involvement of additional non-classical opioid receptor sites in the development of opioid-

induced negative side effects. While these series of experiments do not unmask the identity 

of this additional site of action, they do confirm that these key opioid response-modifying 

ligands do not alter opioid pharmacodynamics via the µ-opioid receptors. 
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Chapter 4. The exploratory analysis of (+)-naloxone binding. 

Beneficial and detrimental actions of opioids were thought to inseparable and mediated by 

classical opioid receptors. However, many previous studies have suggested the presence of a 

non-classical opioid binding site that is thought to be non-stereoselective in nature. 

Activation of this site is believed to induce counter regulatory mechanisms that actively 

oppose (-)-opioid analgesia and modulate pain pathologies. However, (+)-opioid antagonists 

such as (+)-naloxone and (+)-naltrexone are thought to block the activation of this site 

which has lead to many research groups demonstrating significant in vivo pharmacodynamic 

actions of (+)-opioid isomers, playing pivotal roles particularly in pain modulation and 

opioid pharmacology. However, for many, the existence of a non-classical non-

stereoselective opioid receptor is highly debated with some of the more recent research 

challenging traditional views on opioid pharmacology. 

 

The first study in my thesis set out to demonstrate a non-classical non-stereoselective opioid 

binding site using [3H](-)-naloxone and [3H]diprenorphine at concentrations required for 

classical opioid receptor binding. We hypothesised this site of action is TLR4/MD-2 with 

many previous in vivo and in vitro studies supporting this theory. Given an in vivo 

equipotent dose of (+)-naloxone with an (-)-opioid agonist leads to significant changes in (-

)-opioid pharmacodynamic responses suggesting that (+)-opioid isomers may have a 

binding site of similar affinity. However, as demonstrated in my first chapter, no non-

stereoselective binding of [3H](-)-naloxone or [3H]diprenorphine was detected. This suggest 

that firstly; if TLR4/MD-2 is the non-classical opioid binding site, it likely has a much 

lower affinity for (-)-opioid isomers than the classical µ-opioid receptor. Secondly, the 
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observed displacement of [3H](-)-naloxone and [3H]diprenorphine by (+)-opioid isomers is 

likely from classical opioid receptor sites not TLR4 given the concentrations required. 

Thirdly, at very high concentrations, (+)-naloxone retains its antagonistic action at µ-opioid 

receptors suggesting the in vivo potentiation of (-)-opioid analgesia is not via further 

activation of µ-opioid receptors. Taken together, these results could indicate that: 

1: A non-classical non-stereoselective site of action likely has a much lower affinity for (-)-

opioid isomers compared with classical opioid receptors..  

and/or 

2: A non-classical non-stereoselective site of action may have a much higher affinity for 

(+)-opioid isomers compared with (-)-opioid compounds.  

 

Given that (+)-opioid antagonists have demonstrated such beneficial actions in vivo, it is 

important to try and unmask this elusive site of action to allow further drug development 

and understand the mechanism(s) of action. In setting up the collaboration with Purdue 

Pharma, they had kindly offered to have [3H](+)-naloxone synthesised for our group for use 

in further binding experiments. As such, in this chapter I aim to explore the potential 

binding sites of the (+)-optical stereoisomer of naloxone by using classical radioligand 

binding techniques.  

 

Using mouse brain membrane preparations and mouse brain homogenates from a mouse 

strain that has previously demonstrated significant in vivo (+)-naloxone activity, no [3H](+)-

naloxone binding was observed. Concentrations from 0.5 nM up to 4 µM were tested, 

however the lipophilicity and subsequent level of non-specific binding of the drug 
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significantly hindered the possibility of unmasking a low affinity binding site. Furthermore, 

no specific binding was observed in autoradiography preparations at concentrations of 2 

µM. As the non-specific non-saturable binding was so high, HEK-receptor overexpression 

cell systems were used in an attempt to increase the ratio of specific:non-specific binding. In 

the µ-opioid receptor expression system, a low level of specific binding was observed. This 

correlates with previous studies demonstrating low affinity for µ-opioid receptors. However, 

in k-, or d-opioid receptors, or TLR4/MD-2, overexpressing cells, [3H](+)-naloxone did not 

appear to have any specific binding at any of these sites under classical binding conditions.  

 

Whilst these studies did not confirm the presence of a non-classical (+)-opioid isomer 

binding site, they do highlight some issues in using classical pharmacological methods of 

receptor discovery for ligands that may have low affinity sites of action. Given the vast in 

vivo behavioural benefits of (+)-opioid antagonists such as (+)-naloxone and (+)-naltrexone 

in both opioid pharmacology and other various pain pathologies, a more novel approach 

should be used to investigate the site and mechanism of action of (+)-opioid isomers. 

Further research should also consider a possible pharmacokinetic interaction. Previous 

studies have demonstrated that (-)-naltrexone can significantly increase morphine brain and 

serum concentrations (Bhargava et al. 1993b; Bhargava et al. 1993a). It would be interesting 

to assess if (+)-naloxone could have a similar effect on (-)-opioid concentrations, without 

the antagonistic effects at the µ-opioid receptor resulting in potentiated and prolonged 

analgesic responses.  
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Abstract 

Previous work demonstrated that non-opioid (+)-naloxone plays a significant role in both 

the in vivo pharmacodynamic actions of (-)-opioids and in the modulation of chronic pain. 

The exact site of action is unknown, however many studies have demonstrated in vivo 

efficacy at both high and ultra low doses of (+)-naloxone. The present study aims to unmask 

any high or low affinity (+)-naloxone binding sites and assess the binding kinetics of the mu 

opioid receptor using [3H](+)-naloxone. We demonstrate that [3H](+)-naloxone had no 
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detectable binding at sites with nM affinity in mouse brain membrane preparations or HEK 

receptor overexpressing cells. (+)-Naloxone was able to bind µ-opioid receptors in HEK-µ 

overexpressing cells, however the level of specific binding was very low. There was no 

additional binding discovered at nM concentrations. Due to the lipophilicy of (+)-naloxone 

and the subsequent high level of non-specific binding, no specific binding was detectable at 

µM concentrations. These studies demonstrate that classical binding experiments are not 

ideal for the detection of (+)-naloxone binding sites, and that assays that reduce or are not 

hindered by non-saturable binding would be very beneficial in receptor identification. 

 

Introduction 

Classical opioid receptors are considered stereoselective, as they bind the naturally 

occurring (-)-opioid isomers but not synthetic (+)-opioid isomers (Jacquet et al. 1977).  

Intriguingly, the first studies that used synthesized dextrorotary opioid stereoisomers 

demonstrated a potential non-classical opioid site of action (Takagi et al. 1960). Takagi et 

al. (1960) demonstrated that (+)-dihydrocodeine, (+)-dihydromorphinone, and (+)-morphine 

have negligible analgesic activity but significant antitussive actions in mice. Furthermore, (-

)- and (+)- isomers of codeine, morphine, and methadone were all effective at suppressing 

the cough reflex in cats (Chau et al. 1983). These ligands were shown to all have a common 

low nM binding site, suggesting that the antitussive effects of opiates might be mediated by 

a non-classical opioid receptor(s), that do not exhibit a high degree of stereoselectivity. 

Further evidence for nonclassical opioid receptors was established in early opioid binding 

studies conducted by Goldstein et al. (1971) who demonstrated the classical stereoselective 

opioid receptors only made up a small (~2%) portion of total opioid binding. Non-

stereoselective non-classical opioid binding sites and non-specific trapped dissolved binding 
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accounted for 53 and 46 per cent of binding respectively. Despite the possible role in opioid 

pharmacology, (+)-opioid isomers were considered to be of limited use during the early 

stages of opioid research, as they did not possess analgesic activity. Interestingly however, 

co-administration of (+)-morphine with an analgesic dose of (-)-morphine resulted in the 

induction of naïve tolerance, indicating that the dextrorotary opioid binding site is capable 

of opposing opioid analgesia.  

 

Recent evidence has highlighted the potential importance of (+)-isomers, in particular (+)-

naloxone as playing a significant role in the in vivo pharmacodynamic actions of (-)-opioids 

(Hutchinson et al. 2011; Thomas and Hutchinson 2012). In addition, these isomers play a 

role in nociception modulation; for example, in rodent models of neuropathic pain, (+)-

naloxone prevents the development of exaggerated pain states and reverses established 

neuropathic pain. Importantly, this was associated with decreased microglial reactivity 

suggesting a potential site of action of the (+)-isomers (Hutchinson et al. 2008; Lewis et al. 

2012; Ellis et al. 2014). (+)-Naloxone also increased and prolonged (-)-opioid analgesia and 

attenuated the development of analgesic tolerance, hyperalgesia, and withdrawal in mice 

and rats (Wu et al. 2005; Wu et al. 2006; Wu et al. 2007a; Hutchinson et al. 2010; Burns 

and Wang 2010; Ferrini et al. 2013). The actions of (+)-isomers are not limited to the 

analgesic activity of opioids, as (+)-naloxone also suppresses opioid-induced reward 

(Hutchinson et al. 2012; Theberge et al. 2013; Northcutt et al. 2015) and prevents morphine- 

and cocaine-induced dopamine release (Bland et al. 2009; Northcutt et al. 2015). 

Furthermore, it has been reported that (+)-naloxone effectively reduces cocaine- and 

amphetamine-induced hyperactivity in mice (Chatterjie et al. 1996; Chatterjie et al. 1998). 
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Despite the numerous in vivo studies highlighting significant actions of (+)-naloxone, the 

exact site of action still remains to be fully elucidated.  

 

Many studies indicate naloxone may bind TLR4/MD-2 non-stereoselectively. For example, 

Liu and colleagues demonstrated that (+)- and (-)-naloxone both non-stereoselectively 

inhibit [3H]LPS binding in mixed cortical glia cultures (Liu et al. 2000). Treatment of these 

cells with (+)- or (-)-naloxone effectively prevents LPS-induced cytokine release and nitrite 

production whilst preventing LPS-induced damage to dopaminergic neurons (Das et al. 

1995; Kong et al. 1997; Liu et al. 2000). Consistent with this evidence, LPS-induced glial 

activation attenuates morphine analgesia (Johnston and Westbrook 2003; Johnston and 

Westbrook 2005) which is completely reversed by (+)-naloxone (Wu et al. 2006). Further 

downstream, (+)-naloxone significantly reduces LPS-induced IL-1b and IL-6 production in 

microglia, and in HEK293 cells overexpressing TLR4 (Hutchinson et al. 2008; Hutchinson 

et al. 2010; Tsai et al. 2015). More recently, morphine has been shown to bind and activate 

the TLR4 signalling complex via engaging the accessory protein MD-2 (Hutchinson et al. 

2010; Wang et al. 2012b) which is antagonized by both classical TLR4 antagonists, and 

non-stereoselectively by naloxone (Hutchinson et al. 2010). 

 

These recent studies implicate the presence and importance of a non-classical opioid 

receptor responsible for the activation of endogenous counter-regulatory mechanisms (such 

as microglia neuroimmune signalling) that actively potentiate neuropathic pain, oppose 

opioid-induced pain suppression, all of which are effectively reversed by (+)-naloxone. 

However, the precise non-opioid binding site(s) and mechanisms of action remain to be 

determined. 
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Therefore, the objective of this study was to search for the site(s) of action mediating the 

anti-inflammatory and neuroprotective effects of (+)-naloxone using a ligand binding assay. 

As such, we hypothesise that (+)-naloxone will bind to TLR4 and result in a substantial 

difference in binding kinetics in the genetic absence of TLR4. Here, for the first time, we 

use [3H](+)-naloxone to examine novel high (nM) and low (µM) affinity binding sites of 

(+)-naloxone. In both mouse membrane preparations and cell receptor overexpression 

systems, no high affinity binding sites were observed. At much higher concentrations 

however, the high levels of non-specific binding associated with this drug masked the 

detection and exploration of any possible low affinity sites. 

 

Methods 

Chemicals  

Tritiated (+)-naloxone was synthesized by PerkinElmer (Waltham, MA, USA). Endotoxin-

free (+)-naloxone was kindly provided by Dr. Kenner Rice (Chemical Biology Research 

Branch, National Institute on Drug Abuse and National Institute on Alcohol Abuse and 

Alcoholism, National Institutes of Health, Rockville, MD, USA). (-)-Naloxone was 

purchased from Sigma-Aldrich (St. Louis, MO, USA). All other purchased chemicals and 

reagents were of laboratory quality.  

 

In silico docking simulations 

The following receptors were obtained from RCSB Protein Data Bank; μ-opioid receptor 

(PDBID: 4DKL), κ-opioid receptor (PDBID:4DJH), δ-opioid receptor (PDBID:4EJ4), 
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TLR4/MD-2 and iterations (PDBID:3VQ2) to examine the in silico docking of (+)-

naloxone. All ligands, water, and cofactors were removed from the file via Molegro 

Molecular Viewer, thus eliminating exogenous water molecules and artifacts from 

crystallization from future docking simulations. (+)-Naloxone was obtained from PubChem: 

(CID 16395294). Docking was conducted using Vina [version 1.1.2 (Ossipov et al., 2003; 

Trott and Olson, 2010; Williams et al., 2013)] within PyRx [version 0.8 (Wolf, 2009)]. An 

exhaustiveness factor of 8 was used for all simulations, with the Vina search space 

dimensions and center defined for each macromolecule using the auto-maximize function. 

The docking engine calculates the free energy (ΔG: kcal/mol) of binding between a ligand 

and a receptor. The calculation of ΔG is based on estimates of the total energy of 

intermolecular forces of attraction including Van der Waals forces, hydrogen bonding, 

electrostatic, and hydrophobic interactions. Ligands are ranked by the calculated ΔG value 

where lower ΔG values correspond to more favorable ligand binding, while higher ΔG 

values are less favorable (Jacob et al., 2012). The docking was then visualized using UCSF 

Chimera (Pettersen et al., 2004).  

 

Mouse Brain Preparation 

Male wildtype, Toll-like receptor 4 knockout (TLR4-/-), and TLR2 & 4 knockout (TLR2/4-/-) 

mice (balb/c background) were used . After decapitation, whole brains (cerebellum 

removed) were weighed, combined, and homogenized using a gentleMACSÔ dissociator in 

10 volumes of ice cold binding buffer (50 mM Tris HCl pH7.4) with protease inhibitor 

cocktail tablets (Roche, Nutley, NJ, USA). Homogenates were either used fresh or 

processed for membrane preparations as below. Homogenates were centrifuged at 27000 

RCF (Sorvall SS-34 rotor) for 20 minutes at 4 °C. Pellets were resuspended using a polytron 
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in membrane buffer and incubated at 37 °C for 20 minutes. Centrifugation was repeated and 

the final pellet was resuspended in binding buffer and stored at -70 °C. Membrane protein 

concentrations were determined using BCA analysis kit (BDÔ, Franklin Lakes, NJ, USA). 

 

Cell Preparation 

Human embryonic kidney-293 (HEK293) cell lines expressing either µ-opioid receptor, δ-

opioid receptor, or κ-opioid receptor were kindly provided by Dr. Peter Cabot (School of 

Pharmacy, University of Queensland, Brisbane, QLD, AUS).  HEK293-TLR4/MD-2 were 

purchased from InvivoGen (San Diego, CA, USA). HEK293 cells and RAW264.7 cells 

were cultured in Dulbecco’s modified eagle medium (Sigma-Aldrich, St. Louis, MO, USA) 

supplemented with 10%FBS and L-Glutamine in T150 flasks. Cells were grown to 80% 

confluence harvested using a mechanical cell scraper. Cells were subsequently counted 

using an automated cell counter (NanoEnTek, Pleasanton, CA, USA) and homogenized via 

sonication. Cell homogenates were subsequently frozen at -80 °C until use.  

 

Receptor Binding Assay 

Initial saturation binding studies were performed with increasing concentrations of [3H](+)-

naloxone (0.5 nM – 256 nM) in RAW264.7 cells and HEK293 cells overexpressing, µ-, k-, 

d-opioid receptor or TLR4/MD-2 (8x105/ml). Saturation studies were also run on mouse 

brain membrane preparations from wildtype and TLR2/4-/- mice (200 µg/mL). Binding 

reactions were performed in a final volume of 500 µL binding buffer at room temperature 

and were terminated by rapid filtration using a 96-well tissue harvester (Brandel, 

Gaithersburg, MD, USA) on GF/C filter pads presoaked in wash buffer (50 mM Tris with 
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0.1% Tween20 pH 7.4) followed by three filtration washes with 2 mL ice-cold binding 

buffer. Non-specific binding was determined in the presence of 10 µM unlabeled (+)-

naloxone. Specific binding was calculated by subtracting nonspecific binding from total 

values. The ratio of specific to nonspecific binding was determined by dividing total 

specific binding by total nonspecific binding. Filter pads were subsequently dried at 50 °C 

for 1 hour. Thirty microlitre per well scintillation cocktail (BetaScint; PerkinElmer) was 

added and plates were counted in a Packard Top-Count for one minute/well. All binding 

experiments were conducted in duplicate and repeated three times. 

 

Ultra high saturation binding studies were performed with increasing concentrations of 

[3H](+)-naloxone (0.05 µM – 4 µM) in HEK293 cells over expressing, μ or TLR4/MD-2 

receptors ((8x105/ml) and also in wildtype and TLR2/4-/- mouse brain membrane 

preparations (200 µg/mL). Saturation binding was also performed on freshly homogenized 

wildtype brains (10 mg/mL) and spleens (5 mg/mL). Binding was performed in a final 

volume of 500 µL binding buffer at room temperature. Binding reactions were terminated 

by rapid filtration using a 12 well manifold on to GF/B filter pads presoaked in wash buffer 

(50 mM Tris with 0.1% Tween20 pH 7.4) followed by one filtration wash with 10 mL ice-

cold wash buffer. Filter pads were subsequently dried overnight. Four millilitres of 

scintillation cocktail (Ecolite (+) was added to each vial and left for at least 24 hours before 

being counted in a Beckman Coulter LS 6500 (Pasadena, CA, USA).  Non-specific binding 

was determined in the presence of 100 µM unlabeled (+)-naloxone. Specific binding was 

calculated by subtracting nonspecific binding from total values.  
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Mouse Brain Autoradiography 

Wildtype and TLR2/4-/- mice were decapitated and their brains were immersed in OCT and 

frozen in liquid nitrogen over a one to two minute period to avoid cracking. Brains were 

then stored at -20 °C until required for cryosectioning. Three brain regions were selected for 

autoradiography, striatum, hippocampus/hypothalamus, and the ventrolateral periaqueductal 

grey (PAG). Brains were sectioned at a thickness of 20 µM and stored in -20 oC. Upon use, 

slides were rehydrated in binding buffer for five min and then air dried for another five 

minutes. Slides were then incubated with [3H](+)-naloxone (2 µM). Reactions were 

terminated by four sequential 10-second rinses in ice-cold wash buffer. Slides were air dried 

and mounted onto cards using double-sided tape, and placed in dark boxes with 

autoradiography film for 1 week. The film was developed using Kodak carestream 

autoradiography GBX fixer/developer (Sigma-Aldrich, St. Louis, MO, USA).  

 

Statistical analysis 

Graphpad Prism 5.0 (GraphPad Software, La Jolla, USA) was used for all statistical 

analysis. The dissociation constant (Kd) and number of binding sites (Bmax) was determined 

by fitting a one site binding model (Y=Bmax*X/ (Kd + X)) using nonlinear regression to the 

specific binding values. Linearity (r2) of non-specific binding was assessed using a first 

order polynomial linear regression. The binding affinity (Ki) of the tested compounds was 

determined using a one site – fit Ki nonlinear regression:  

logEC50=log(10^logKi*(1+RadioligandnM/HotKdnM))  

Y=Bottom + (Top-Bottom)/(1+10^(X-LogEC50)).  
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If the Ki estimate was greater than the highest concentration of displacer, the Ki was 

excluded, as it could not be calculated with any degree of accuracy. 

 

Results 

Docking simulations 

The non-classical opioid antagonist (+)-naloxone was assessed for docking capabilities to 

the crystal structure of µ-opioid receptor, d-opioid receptor, k-opioid receptor, and 

TLR4/MD-2 in a ligand bound conformational state (figure 1). The ligands (-)-naloxone, 

U69,593, naltrindol, and LPS were used to determine the naïve binding site of the µ-, k-, d-, 

and TLR4/MD-2 receptor respectively. (-)-Naloxone, naltrindol, U69,593, and LPS were all 

predicted to dock to the orthosteric binding site of their cognate receptor, in an orientation 

that overlapped with that found in their published crystal structure. The corresponding 

docking energies can be found in table 1.  (+)-Naloxone was predicted to dock to µ-opioid 

receptor, d-opioid receptor, and TLR4/MD-2 with binding energies of -7.4, -7.1, and -7.3 

kcal/mol, respectively. The binding orientation of (+)-naloxone was notably similar to the 

binding orientation of the test ligands binding to their cognate receptor. (+)-Naloxone 

however, was not predicted to dock to the orthosteric binding site of the k-opioid receptor 

defined by U69,593. 
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Table 1: Predicted Docking energies of the control ligands and (+)-naloxone binding to the 

crystal structure of the µ receptor, k receptor, d receptor, and mouse TLR4/MD-2. 

 
  

 

 

 

 

a Values are predicted docking energies (kcal/mol)  
NA: No docking predicted  

Controls (+)-Naloxone
(-)-Naloxone

-7.6
Naltrindol

-7
U69,593

-10.9
LPS
-5.5

Mu

Kappa

Delta

TLR4/MD-2

Docking Energya

-7.4

NA

-7.1

-7.3
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Figure 1:  Predicted docking orientation of A). (-)-naloxone and (+)-naloxone to the 

µ-opioid receptor, B). U69,593 and (+)-naloxone to the d-opioid receptor, and C). 

LPS and (+)-naloxone to MD-2. (-)-naloxone, U69,593, and LPS all bound to the 

naïve binding pocket of their respective receptors defined in the crystal structure. 

 

A  B 

C D 
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Characterisation of [3H](+)-naloxone Equilibrium Binding 

Mouse Brain Membranes 

 To determine if a (+)-naloxone binding site could be detected, [3H](+)-naloxone 

saturation curves were assessed up to a concentration of 256 nM in both wildtype and 

TLR2/4-/- mouse brain membrane preparations (Figure 2). In both membranes 

preparations, non-specific binding increased linearly with concentration with an r2 of 

0.99 and 0.97 respectively. However, both wildtype and TLR2/4-/- membranes failed 

to show any specific binding at concentrations up to 256 nM (Figure 2). 

 

 

Figure 2: Saturation binding isotherms were generated in A) WT mouse brain 

membranes (200 µg/mL) and B) TLR2/4-/- mouse brain membranes (200 µg/mL) 

using increasing concentrations of [3H](+)-naloxone (0.5-256 nM) with 10 µM (+)-

naloxone for the definition of nonspecific binding. Binding is expressed as fmol/mg 

protein. Bmax and Kd values are shown where applicable in Table 1.  

 

Characterisation of [3H](+)-naloxone Equilibrium Binding at High Concentrations  

Given no specific [3H](+)-naloxone binding was observed at nM concentrations, 

specific binding was assessed in both wildtype and TLR2/4-/- membrane preparations 

up to µM concentrations to determine the presence of a low affinity binding site 
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(Figure 3). In wildtype and TLR2/4-/- mouse brain membranes, non-specific binding 

increased linearly with concentrations (r2 of 0.99). However, both wildtype and 

TLR2/4-/- membrane preparations failed to show any specific binding (Figure 3). 

 

 
Figure 3: Saturation binding isotherms were generated in A) HEK-µ homogenates, 

B) HEK-TLR4/MD-2 homogenates, C) WT mouse brain membranes (200 µg/mL) 

and D) TLR2/4-/- mouse brain membranes (200 µg/mL) using ultra high 

concentrations of [3H](+)naloxone (50 nM - 4 µM) with 100 µM (+)-naloxone for the 

definition of nonspecific binding. Binding is expressed as fmol/mg protein. Bmax and 

Kd values are shown where applicable in Table 1.  

 

 

 

Characterisation of [3H](+)-naloxone Equilibrium Binding in fresh tissue 

homogenates 
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Binding in freshly homogenized wildtype tissue was assessed as key soluble factors 

required for [3H[(+)-naloxone binding may be lost during the membrane preparation 

procedure. [3H](+)-Naloxone binding was assessed in both mouse brain and spleen 

tissue (Figure 4). Non-specific binding increased linearly with concentrations with an 

r2 of 0.97 and 0.96 respectively. However, no specific binding was found in either 

tissue preparation (Figure 4).  

 

 

Figure 4: Saturation binding isotherms were generated in fresh A) WT mouse brain 

homogenate (10 mg/mL) and B) TLR2/4-/- mouse brain homogenate (5 mg/mL) using 

increasing concentrations of [3H](+)naloxone (1 nM-2 µM) with 100 µM (+)-

naloxone for the definition of nonspecific binding. Binding is expressed as fmol/mg 

protein. Bmax and Kd values are shown where applicable in Table 1.  

 

Cell overexpression homogenates 

As no binding in mouse brain preparations was discovered, [3H](+)-Naloxone 

saturation binding was assessed up to a concentration of 256 nM in RAW264.7 and 

HEK overexpressing µ-, k-, d-, or TLR4/MD-2 cell homogenates. In all homogenate 

preparations, nonspecific binding increased linearly with concentration with r2 values 

of 0.99, 0.95, 0.85, 0.99, and 0.83, respectively. In µ cell homogenates, [3H](+)-

naloxone had low levels of specific binding. However, equilibrium was unable to be 
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reached. No specific binding in the k, d, TLR4/MD-2, or RAW264.7 cell 

homogenates was observed.  

Figure 5: Saturation binding isotherms were generated in A) HEK-µ, B) HEK-k, C) 

HEK-d, D) RAW264.7, and E) HEK-TLR4/MD-2, cells using increasing 

concentrations of [3H](+)naloxone (0.5-256 nM) with 10 µM (+)-naloxone for the 

definition of nonspecific binding. Binding is expressed as raw counts/min. Bmax and Kd 

values are shown where applicable in Table 1.  

Specific binding was assessed again in both HEK µ- and TLR4/MD-2 overexpressing 

cell homogenate preparations, up to µM concentrations. In both preparations, non-

specific binding increased linearly with concentration resulting in r2 values of 0.95 
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and 0.93, respectively. However, no specific binding was observed in either 

preparation.  

 

Autoradiography 

[3H](+)-naloxone binding was assessed using autoradiography to determine if there is 

a low abundance region-specific binding site. Three brain regions, the striatum, 

hippocampus/hypothalamus, and the PAG were assessed for [3H](+)-naloxone 

binding in both wildtype and TLR2/4-/- mouse brains. At a concentration of 2 µM, no 

specific binding was detected in any region for both wildtype and TLR2/4-/- mouse 

brains. 

 

Discussion 

The aim of these experiments was to identify (+)-opioid isomer binding sites that play 

a pivotal role modulating pain and opioid analgesia.  However, despite using 

concentrations ranging from 0.5 nM to 4 µM of [3H](+)-naloxone, no specific binding 

site was observed in naïve mouse brain preparations, in RAW264.7 cell homogenates, 

or HEK k-, d-, or TLR4/MD-2 overexpressing cell homogenates.  

 

(+)-Naloxone is pharmacodynamically antagonistic with numerous studies 

demonstrating that the agonistic activity of (+)-morphine, (-)-morphine, M3G, and 

LPS is blocked by (+)-naloxone (Wu et al. 2006; Wu et al. 2007b; Hutchinson et al. 

2010; Wang et al. 2012b; Lewis et al. 2012; Hutchinson et al. 2012; Wang et al. 

2015). However, the affinity of this site of action is a matter of conjecture as separate 
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studies have shown function at ultralow doses, while others have demonstrated 

actions only at higher concentrations. For example, ultralow intrathecal doses (1–30 

ng) of (+)-naloxone reversed LPS and (+)-morphine induced attenuation of (-)-

morphine antinociception (Wu et al. 2005; Wu et al. 2006). In a primary microglial 

cell culture system, pretreatment with 1 nM (+)-naloxone significantly inhibited 

microglial migration, activation, and reduced Iba1 expression (Tsai et al. 2015). 

Conversely, (+)-naloxone has also been shown to be effective at much higher doses, 

acting at a site with potentially much lower, µM affinity. Systemic administration of 

(+)-naloxone at 60 mg/kg significantly potentiates (-)-morphine analgesia 

(Hutchinson et al. 2010) and reduces the onset and severity of neuropathic pain in 

animal models (Lewis et al. 2012). Furthermore, (+)-naloxone has been shown to 

inhibit LPS-induced TLR4 downstream signaling and induction of the pro-

inflammatory factors such as nitric oxide (NO), tumor necrosis factor-α (TNF-α), 

reactive oxygen species (ROS), interferon regulatory factor 3 (IRF3), interferon-β 

(IFN-β) and LPS-induced increase in microglial phagocytosis (Wang et al. 2015). 

This large variation in effective concentration highlights the possibility of multiple 

sites of action of (+)-naloxone. 

 

Various studies have suggested that the effects of (+)-naloxone may be via an 

interaction with TLR4, where (+)-naloxone has been shown to block activation of 

TLR4 signaling by opioids and LPS. To determine whether TLR4 has any (+)-

naloxone binding capabilities, mouse brain membranes from wildtype balb/c and 

TLR2/4-/- (Balb/c background) mice were assessed for [3H](+)-naloxone binding. 

However, no specific binding of [3H](+)-naloxone was observed between 0.5 nM up 

to 4 µM in wildtype and TLR2/4-/- mouse brain membrane preparations. The complete 
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absence of specific binding in wildtype mice is unlikely related to the mouse strain 

used as this strain has previously been shown to be responsive to (+)-naloxone in 

vivo. For example, significant reductions in the duration of alcohol- induced sedation 

and motor impairment (Wu et al. 2012), and a significantly increased level of acute 

morphine analgesia (Hutchinson et al. 2010) were observed following in vivo (+)-

naloxone administration.  

 

[3H](+)-Naloxone binding was also assessed in fresh mouse tissue homogenates to 

determine if soluble factors that may be lost in the generation of membrane 

preparations unmasked specific binding. Further more, the spleen is thought to 

contain high levels of TLR4, which may increase the specific of [3H](+)-naloxone to 

TLR4.  However, in both mouse brain and spleen fresh homogenates, no specific 

binding was observed at concentrations ranging from 1 nM up to 2 µM. Furthermore, 

the autoradiographic visualization of [3H](+)-naloxone binding in both wildtype and 

TLR2/4-/- mouse brains demonstrated a complete absence of specific binding. After 1 

week of exposure, the slides were compromised with very high levels of non-specific 

binding. It is thought that the absence of specific binding in these experiments may be 

associated with the lipophilicity of naloxone. The high lipophilicity of naloxone is 

beneficial for its in vivo actions as it enables rapid translocation across the blood brain 

barrier into the CNS. However, this also allows naloxone to become easily trapped 

and dissolved in lipid bilayers and osmotic membranes. This is problematic in binding 

experiments, as this appears as non-specific non-saturable binding - an effect 

dependent on concentration. As the concentration of naloxone increases, so does the 

ratio of non-specific:specific binding, effectively reducing the level of detectable 

binding. Even at low nM concentrations, the level of [3H](-)-naloxone non-specific 
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binding is very high (Thomas et al. 2015a; Thomas et al. 2015c). If the binding site of 

(+)-naloxone is of µM affinity, the level of non-specific binding seen at this 

concentration will likely be so high, that the saturable binding sites will be 

undetectable. This is further problematic as the binding site of (+)-naloxone may be 

region specific, resulting in a low abundant site - further diminishing the level of 

detectable specific binding.  

 

As the ex vivo binding experiments were hindered by non-specific binding, we used a 

macrophage cell line (spleen) and HEK cells overexpressing either µ-, k-, d-, or 

TLR4/MD-2, to increase the ratio of potential binding sites. These receptors were first 

assessed for (+)-naloxone binding using in silico modeling, which demonstrated that 

(+)-naloxone docks to both the µ-opioid receptor and to the hydrophobic pocket of 

MD-2. These results correspond to that seen in previous in silico studies (Northcutt et 

al. 2015; Thomas et al. 2015a). However, the docking of (+)-naloxone to the k- and d-

opioid receptors have not previously been assessed. The in silico simulations suggest 

that (+)-naloxone may have binding capabilities at the d-opioid receptor. Importantly, 

docking of (+)-naloxone significantly overlapped the binding orientation of naltrindol 

to the binding pocket defined by the naltrindol:d-opioid receptor crystal structure, 

(Granier et al. 2012). 

 

Binding of [3H](+)-naloxone in the RAW264.7 and HEK-overexpression cell lines 

was also associated with high levels of non-specific non-saturable binding, increasing 

linearly with concentration. However, a low level of specific binding was detected in 

the HEK-µ-opioid receptor overexpressing cell line. This corresponds with previous 
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literature demonstrating that (+)-naloxone has binding capabilities at µ-opioid 

receptors. However, with 1000-fold lower affinity compared with (-)-naloxone 

(Jacquet et al. 1977; Thomas et al. 2015c). This binding is not associated with 

functional activation of the receptor and antagonizes (-)-opioid agonists (Thomas et 

al. 2015c). As these binding studies were conducted on cell homogenates, it may be 

possible that the binding of [3H](+)-naloxone was lost during preparation, whereas 

whole cell binding may have increased specific binding. To our knowledge, the 

binding of (+)-naloxone at k-, or d-opioid receptors has not been tested. Despite in 

silico docking suggesting (+)-naloxone can bind to the orthosteric binding site of d-

opioid receptor, and the hydrophobic binding pocket of MD-2, no specific binding 

was observed at these receptors.  

 

Given the number of independent studies demonstrating the involvement of (+)-

naloxone in modulating TLR4/MD-2 activation/signalling in vivo (Wu et al. 2006; 

Hutchinson et al. 2010; Wu et al. 2012; Lewis et al. 2012; Eidson and Murphy 2013; 

Northcutt et al. 2015; Wang et al. 2015), it is surprising that we were unable to 

demonstrate in vitro binding on the TLR4/MD-2 overexpressing cells. However, this 

absence of (+)-naloxone/TLR4 interaction in vitro has been seen by other groups 

(Ferrini et al. 2013; Skolnick et al. 2014), suggesting a potential disconnect between 

in vivo and in vitro TLR4 binding/activation. This disconnect may highlight a 

requirement of (+)-naloxone binding that is not achieved in in vitro systems. For 

example, (+)-naloxone may require a metabolic conversion prior to binding to its 

unknown cognate receptor. Given that M3G, one of the key metabolites of morphine, 

has lower Ki value at TLR4/MD-2 (Grace et al. 2014) compared to its parent molecule 
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(-)-morphine (Wang et al. 2012b) (1.5 +/- 0.3 vs. 4.3 +/- 3.3 µM respectively), this 

suggests that the affinity has significantly increased following metabolism. This may 

be the case for (+)-naloxone, where the parent compound has negligible binding 

affinity for TLR4/MD-2. However, following metabolism to (+)-naloxone-3-

glucuronide (naloxone’s major metabolite), affinity for TLR4/MD-2 may be 

significantly increased. This could explain the disconnect some researchers (including 

us) are seeing in functional antagonism of TLR4 in vivo but not in vitro (Skolnick et 

al. 2014). It has also been hypothesized that following endosomal acidification, the 

TLR4 dimer undergoes a conformational change, adopting a tilted conformation 

similar to TLR3 (Gangloff 2012). This change in dimer structure is thought to 

contribute to the observed functional differences in TLR4 adaptor recruitment, but 

may also allow TLR4 to recognize new antigens such as (+)-naloxone. Hence, in vitro 

binding experiments using traditional binding conditions may not favor this TLR4 

binding conformation.  

 

While current in vivo evidence suggests that (+)-naloxone is specific to TLR4 

receptor activity, additional (+)-naloxone binding sites may mediate various effects. 

Wu et al. have demonstrated that (+)-morphine significantly attenuates (-)-morphine 

analgesia, which is completely reversed by both (+)-naloxone and the s1 receptor 

antagonist BD1047 (Wu et al. 2007b; Wu et al. 2007a). Interestingly, (+)-pentazocine, 

a selective sigma receptor agonist, also attenuates (-)-morphine analgesia, an effect 

completely restored by (+)-naloxone or BD1047. This suggests (+)-naloxone may 

also bind to the naloxone-sensitive s receptor. Further more, (Wang et al. 2012a) 

have shown that (+)-naloxone blocks LPS and PMA superoxide production in neuron-

glial cultures. However, they also provide evidence indicating that NOX2 is the non-
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opioid novel binding site for naloxone, which is critical in mediating its inhibitory 

effect on microglia over activation and superoxide production (Wang et al. 2012a). 

However, we were unable to observe these nM binding sites in our assays.  

 

Conclusion 

 (+)-Opioid antagonists such as (+)-naloxone still offer a novel potential approach to 

separating the beneficial and detrimental effects of opioids and aiding in the possible 

treatment of chronic neuropathic pain via modification of central immune signalling 

(Thomas and Hutchinson 2012; Thomas et al. 2015b). Despite being unable to 

demonstrate this site of action in these experiments, we highlight characteristics 

associated with (+)-naloxone that make traditional binding experiments problematic. 

The use of novel binding techniques such as bioluminescence resonance energy 

transfer (Stoddart et al. 2015) may be much more appropriate when using a drug with 

such high lipophilicity and are currently being pursued. Unmasking this drug’s exact 

site of action would greatly aid future drug development and treatment options for 

pathologies and conditions mediated by central immune signalling. 
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Chapter 5. Conclusion 

This project explored the possibility of classical and non-classical opioid ligands binding to 

a recently hypothesised non-stereoselective binding site (Hutchinson et al. 2010), distinct 

from the opioid (µ-, k-, d-) receptors. Several studies have reported non-classical opioid 

sites of action (Takagi et al. 1960; Goldstein et al. 1971; Liu et al. 2000; Hutchinson et al. 

2010; Wang et al. 2012; Wu et al. 2015) however, very little is know about the kinetics of 

opioids binding to this site of action. As such, the first study assessed the pharmacodynamic 

responses of opioid-induced TLR4 activation and the subsequent binding and kinetics of 

opioids at TLR4. This study demonstrated that genetic removal of TLR4 significantly 

increased the acute analgesic response to morphine and prevents reductions in thermal 

response latencies following chronic morphine administration in mice. The study also 

investigated the involvement of TLR2, a closely related receptor. Genetic removal of TLR2 

significantly reduced the severity of opioid-induced withdrawal but did not appear to 

modify analgesic responses. These behavioural studies are consistent with previous findings 

that implicate TLR2 and TLR4 in opioid pharmacodynamics (Hutchinson et al. 2010; Zhang 

et al. 2011; Hutchinson et al. 2012; Eidson and Murphy 2013). As the behavioural results 

from this study suggest that (-)-opioid responses are modified by TLR4, brain tissue from 

wildtype and TLR4-/- mouse strains were used to assess the binding kinetics of opioid 

ligands to TLR4.  However, at concentrations that facilitate classical opioid receptor 

binding, there was no evidence of direct binding of classical opioid antagonists [3H](-)-

naloxone or [3H]diprenorphine to TLR4. No putative TLR4 ligands were able to displace 

[3H](-)-naloxone or [3H]diprenorphine in wildtype mice. Furthermore, genetic removal of 

TLR4 did not appear to change the rate kinetics of [3H](-)-naloxone. While no direct 

binding of [3H]diprenorphine or [3H](-)-naloxone to TLR4 was observed, it does appear that 
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TLR4 may influence the binding of opioids to classical opioid receptors. In the absence of 

TLR4, the calculated affinity of [3H]diprenorphine was significantly higher, albeit still 

within the range reported in the literature (Pert and Snyder 1973a; Chang et al. 1981; 

Baumhaker et al. 1993).  This could suggest that at these lower concentrations of opioids, 

TLR4 may allosterically influence classical opioid receptor binding via receptor crosstalk. 

 

Given that submaximal in vivo analgesic doses of opioids appear to mediate both µ-opioid 

receptor and TLR4 effects, it is surprising that TLR4 binding of [3H](-)-naloxone or 

[3H]diprenorphine was not observed at concentrations that facilitate µ-opioid receptor 

binding. However, it has been suggested that TLR4 may have a much lower affinity for 

opioids compared with µ-opioid receptors (Wang et al. 2012; Wang et al. 2015), which may 

underpin the absence of TLR4 binding at low nM concentrations. A large difference in 

affinity would likely prevent the activation of TLR4 at concentrations required for µ-opioid 

receptor binding. However, it has been shown that submaximal analgesic systemic doses of 

opioids can reach µM concentrations in serum and similar levels in the brain (Miyamoto et 

al. 1993; Handal et al. 2002). These compartmental µM concentrations of opioids could 

facilitate binding of opioids at sites with low µM affinity. Curiously, the Ki of morphine for 

the µ-opioid receptor is 1.2 nM (Chen et al. 1991), yet in vivo concentrations 100-1000 fold 

higher are required to cause the classic analgesic pharmacodynamic responses (Kissin et al. 

1991; Pacifici et al. 1994; Pacifici et al. 2000).  As such, concentrations of (-)-opioids in the 

µM range could bind and activate the µ-opioid receptor, whilst also being able to facilitate 

interactions with a µM affinity site such as TLR4. However, for this study, using 
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radioligands to unmask sites with µM affinity was not a viable option given the large 

amounts of radioactivity required and the costs associated with the ligand production.   

 

The human µ receptor has been shown to bind more than 5700 (ChEMBL database) ligands 

with researchers and chemists constantly developing new ligands with reduced negative 

adverse effects but retaining analgesic efficacy. Given the extensive evidence to suggest a 

role for immune mediators modulating opioid pharmacodynamics, many of the ligands 

targeting immune activation may have direct action or allosteric modulatory effects at the µ-

opioid receptor or downstream signalling. As such, the second study explored using in silico 

modeling, classical opioid radioligand binding assays, and GTPgS[35S] signalling assays, if a 

selection of key drugs that modulate (-)-opioid pharmacodynamics have any affinity, 

efficacy or modulatory effects at the µ-opioid receptor.  

 

In contrast to study 1 that used only mouse brain membranes to investigate TLR4 binding, 

this study utilised both HEK293 cells overexpressing the human µ-opioid receptor and rat 

brain membranes. Using the HEK293 overexpressing cells allowed the key ligands to be 

screened directly at the µ-opioid receptor without the interference of other opioid receptors 

or the key ligands naïve receptors.  Unlike the HEK293 cells however, rat brain membranes 

facilitated screening of ligands in a binding environment that closely mimics in vivo 

receptor binding. Initial classical opioid radioligand binding experiments demonstrated that 

many of the ligands such as (+)-morphine (Takagi et al. 1960), (+)-naloxone (Hutchinson et 

al. 2010),  (+)-naltrexone (Hutchinson et al. 2010), LPS (Wu et al. 2006a; Hutchinson et al. 

2010), and AMD3100 (Wilson et al. 2011) that significantly modify (-)-opioid analgesia in 
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vivo, have no discernible affinity at the µ-opioid receptor at concentrations that would be 

achieved in vivo. This confirms that any of the modulation of (-)-opioid analgesia seen in 

vivo is not via these ligands binding directly to the µ-opioid receptor.  

 

In addition to classical radioligand binding assays, DAMGO stimulated GTPgS[35S] assays 

were run to assess whether key ligands activate the µ-opioid receptor.  Many of these 

ligands, had no displaceable binding and consequently, had no effect on the activation and 

signalling of the µ-opioid receptor. However, given amitriptyline, WZ811 and LPS 

demonstrated µ-opioid receptor binding, it was important to asses their effect on their ability 

to modify µ-opioid receptor signalling via GTPgS[35S] assays. Contrary to the other ligands, 

amitriptyline, WZ811 and LPS were able to inhibit DAMGO induced µ-opioid receptor 

signalling at high concentrations, suggesting their effect is antagonistic in nature. However, 

the concentrations required to modify µ-opioid signalling are not physiologically achievable 

and thus would have no realistic effect on in vivo (-)-opioid pharmacodynamic responses.  

 

In addition to the classical receptor binding and signalling assays, in silico modeling was 

used to evaluate if binding could have been predicted. The simulations demonstrates that 

this method is quite effective in predicting the binding of ligands with high affinity for the 

µ-opioid receptor. (-)-Methadone, (-)-morphine, codeine, oxycodone, oxymorphone, 

fentanyl, and DAMGO were all predicted with high accuracy to bind in an orientation that 

significantly overlapped the known binding site of b-FNA (the prototypic µ-opioid receptor 

agonist). The simulations are less effective when ligands have significantly lower affinity 

for the receptor site. The (+)-opioid isomers and the non-opioid ligands were predicted to 
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bind within the orthosteric pocket of the µ-opioid receptor, however they were in a different 

orientation and region compared with b-FNA. The energies required were often much lower 

than the known µ-opioid receptor ligands. As such, in silico molecular docking can be a 

useful tool for screening potential ligands for a receptor site, particularly if the ligand has 

high affinity. However this technique cannot replace traditional binding and signalling 

experiments.  

 

A widely accepted mechanism behind modifying signalling outcomes, and hence biological 

responses is via heterologous desensitisation. However, receptor crosstalk, in contrast to 

desensitisation, could lead to co-activation of receptors and/or triggering their signalling 

cascades. Therefore, the immune modulating ligands that modify opioid analgesic outcomes 

could be altering the activation and signalling of µ-opioid receptors via receptor crosstalk. 

To test this hypothesis, ligand displacement and GTPgS[35S] assays were performed in rat 

brain membranes to assess if receptor crosstalk from the cognate receptor of the test ligands 

could modify classical opioid receptor binding and µ-opioid receptor activation. Compared 

with the µ-opioid receptor binding in HEK cells, no changes in ligand displacement, 

radioligand binding, or opioid receptor activation was observed. Overall this study confirms 

that these ligands do not alter in vivo opioid pharmacodynamic responses (increase opioid 

analgesia and reduction of tolerance) via binding to or modifying µ-opioid receptor activity, 

either directly or indirectly. 

 

The third study examined the binding of (+)-naloxone using [3H](+)-naloxone that Purdue 

Pharma had kindly organised to have synthesised for our group. (+)-Naloxone has 
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significant importance in the pharmacodynamic actions of (-)-opioids (Hutchinson et al. 

2011; Thomas and Hutchinson 2012), and a pivotal role in the modulation of nociception 

(Lewis et al. 2012). (+)-Naloxone is thought to block (-)-opioids from binding to a non-

classical non-stereoselective receptor, with many studies indicating this site of action being 

TLR4/MD-2. However, no ligand binding studies have been conducted to directly 

demonstrate this. As such, we document the first use of  [3H](+)-naloxone in order to 

examine any possible non-classical high (nM) and low (µM) affinity binding sites. 

 

Wu and colleagues demonstrated that (+)-naloxone has significant pharmacological action 

in mice at ultralow concentrations (Wu et al. 2006a). However, in our binding experiments 

we were unable to demonstrate any saturable binding sites at low nM concentrations in 

mouse brain membrane preparations or HEK cells overexpressing key receptors thought to 

be involved in mediating (+)-naloxone pharmacodynamic actions. At much higher 

concentrations, (+)-naloxone has been shown to potentiate (-)-morphine analgesia (Wu et al. 

2006b; Hutchinson et al. 2010; Hutchinson et al. 2012) and reduce the onset and severity of 

neuropathic pain (Hutchinson et al. 2008b; Lewis et al. 2010; Lewis et al. 2012; Ellis et al. 

2014).  However, as seen in study 1, study 2, the molecular structure of naloxone, regardless 

of the stereochemistry, the compound appears to be associated with very high levels of non-

specific binding, even at low nM concentrations. This high level of non-specific non-

saturable binding prevented the detection of [3H](+)-naloxone binding sites at much higher 

concentrations in mouse brain preparations. To potentially increase the proportion of 

specific binding sites, this study used cell systems overexpressing key receptors thought to 

bind (+)-naloxone. (+)-Naloxone binding was observed at the µ-opioid receptor at higher 

concentrations which was previously observed in study 2 (in vitro or in vivo). However, no 
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specific binding was detected at the k-, d-, or TLR4/MD-2 receptors. In addition to classical 

binding experiments, [3H](+)-naloxone autoradiography was run concurrently to assess if 

there was any region specific binding of (+)-naloxone. However, as seen in the binding 

experiments, the levels of non-specific binding masked any potential specific binding sites. 

 

Overall this study suggests that within the brain, no (+)-naloxone binding exist with nM 

affinity.  Due to the lipophilic nature of naloxone, no binding sites with µM affinity were 

able to be observed. This study however, does not rule out the possibility of high affinity 

binding sites in region specific areas known to be involved with descending inhibition 

outside of the brain or within the periphery. Recent publications from Wang et al., (2012 & 

2015) suggest that (+)-naloxone has a site of action with µM affinity. In addition, Wang et 

al. suggested that (+)-opioid isomers may not directly bind TLR4/MD-2, but rather inhibit 

one of the downstream signalling cascades. This pattern may explain, the in vivo effects of 

(+)-opioid isomers and the absence of (-)- & (+)- opioid isomer binding to TLR4/MD-2 

observed in study 1 and 3. In addition to assessing the possibility of µM affinity sites of 

action, it would be interesting to investigate the role of the major metabolite of (+)-

naloxone, naloxone-3-glucuronide, as a potential TLR4 agonist. This could provide an 

explanation regarding the disconnect between in vivo and in vitro results, suggests the 

possibility that molecular changes to (+)-naloxone following metabolism significantly 

increase the affinity for TLR4/MD-2. 

 

The results of the studies presented in this thesis further contributes to the growing body of 

literature suggesting that the involvement of a non-classical binding sites (TLR4) are 
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involved in opioid-induced central inflammatory events. The project initially demonstrated 

the behavioural involvement of TLR4 in opioid pharmacodynamics. However, the binding 

studies (radioligand and GTPgS[35S] assays) indicate a complete absence of non-

classical/non-stereoselective opioid binding at the low nM concentrations needed for µ-

opioid receptor binding. This project further highlights the difficulty in developing an in 

vitro model to explain in vivo actions of a drug. However, these results align well with 

recent works from Wang et al. (2012; 2015), that suggest TLR4 has a significantly lower 

affinity for the opioids compared with classical opioid receptor binding, and hence non-

classical non-stereoselective binding was not observed at low nM concentrations. Given the 

inherent floors with higher concentrations of [3H] ligands, these sites should be further 

explored using additional approaches that examine receptor activation and signalling 

techniques such as bioluminescence resonance energy transfer (Stoddart et al. 2015) rather 

than classical binding studies.  

 

TLR4 is well known for its involvement in pain pathologies (Tanga et al. 2005; Hutchinson 

et al. 2008b; Bettoni et al. 2008). As such, the absence of binding could arise from altered 

innate immune microenvironments during pain that could facilitate opioid-TLR4 

interactions that may not be able to be mimicked in vitro. Furthermore, the metabolites of 

opioids may play a large role in TLR4 activation. Work from Juni et al. (2006; 2007),   

Lewis et al. (2010), and Grace et al. (2014) suggest that the morphine metabolite M3G has 

significant in vivo effects via non-opioid sites of action such as TLR4. However, despite 

many groups implicating non-neuronal cells of the CNS in modifying opioid 

pharmacodynamics (Song and Zhao 2001; Johnston et al. 2004; Shavit et al. 2005; Watkins 

et al. 2005; Hutchinson et al. 2007), many classical opioid researchers still consider that 
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both the beneficial and detrimental effects of opioids are inexplicably linked to neuronal 

cells and classical opioid receptors (Ossipov et al. 2004; Bailey and Connor 2005; Corbett 

and Henderson 2006; Christie 2009; Hehn et al. 2012).  

 

The results of the aforementioned studies contribute towards identifying a novel non-

classical opioid binding site that results in opioid induced central inflammatory events. 

Elucidating the key site/s of action will help develop key strategies for the clinical use of 

opioids and significantly aid in the treatment of pathologies requiring both short and long 

term use of opioids. Minimising the negative effects of opioids would have tremendous 

effect on improving the lives of patients suffering from opioid addiction, tolerance, 

withdrawal, and reduce the incidences of opioid associated deaths. Moreover, it is now 

becoming apparent that TLR4 is involved in more that just innate immunity, with major 

links the etiology of conditions such as chronic pain (Hutchinson et al. 2008b; Nicotra et al. 

2012; Lewis et al. 2012), itch (Min et al. 2014; Liu et al. 2015), and depression (Hung et al. 

2014; Strekalova et al. 2015). As such, this work could have a wider application than opioid 

adverse effects.
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