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A b s t r a c t  

ABSTRACT  

The μ opioid receptor (MOP) is the main therapeutic target for the most clinically useful 

class of analgesics for treating severe acute and chronic pain, despite the numerous 

associated side effects that limit their use. The property of G protein-coupled receptors 

(GPCRs) where different ligands stabilise the receptor into unique active conformations, 

which can result in differential activation of cell signalling pathways and, eventually, in 

different physiological outcomes is known as biased agonism. Biased agonism is a 

natural phenomenon that has been observed at other neuropeptide receptors that, like 

the opioid system, have multiple endogenous ligands targeting the same receptor. This 

property of GPCRs can be exploited to design drugs that selectively activate signalling 

pathways that lead to the desired physiological effects whilst minimising side effects that 

are elicited by activation of other signalling pathways. 

Quantification of biased agonism of endogenous opioids at MOP across multiple 

different signalling pathways using the transduction coefficient ratio [ΔΔlog(τ/KA)] 

method was performed in a common cellular background. This has revealed that this 

family of peptides possess a diverse range of signalling profiles. Met-enk-RF, 

endomorphin-1 and α-neoendorphin in particular showed unique bias profiles when 

compared to the synthetic ligand DAMGO, whereas most other endogenous peptides 

showed bias profiles more similar to DAMGO. This diversity in bias among endogenous 

opioids, may enable the endogenous opioid system to have an unprecedented level of 

control to fine-tune MOP mediated physiology.  

There are a number of factors that need to be taken into consideration when quantifying 

biased agonism, such as the spatiotemporal kinetics of the signalling pathways. The 

spatiotemporal kinetics of extracellular signal regulated kinase (ERK) activation by 

morphine and DAMGO was examined in dorsal root ganglia neurons. This showed that 

morphine stimulates sustained activation of cytosolic ERK via a PKC dependent 

pathway, whereas DAMGO stimulates transient activation of cytosolic and nuclear ERK. 

Similarly, examination of the kinetics of cAMP inhibition in CHO-MOP cells revealed that 

the cAMP kinetic profile of Met-enk-RF is distinct from that of DAMGO and other 

endogenous ligands, which results in a significant change in bias of Met-enk-RF 

depending on the time point chosen to measure cAMP inhibition. Additionally, bias 

between activation of different G protein subtypes was quantified at different time 
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points, which showed that the bias of Met-enk-RF and α-neoendorphin changed over 

time. Overall, the spatiotemporal characteristics of the signalling pathways can have a 

significant impact on the observed bias of a ligand. 

The impact of the cellular background on the quantification of bias was also investigated 

by quantifying biased agonism of the same ligands in different cell backgrounds. This 

revealed that even altering the expression level of a single signalling protein can change 

the observed bias of a ligand, where overexpression of GRK2 in CHO-MOP cells 

altered the bias of endomorphin-1 between inhibition of cAMP and β-arrestin 

recruitment. However, when biased agonism was quantified across multiple signalling 

pathways in different cell types, CHO-MOP and AtT20-MOP, despite the fact the overall 

bias profiles changed significantly between cell lines, ligands with unique bias profiles 

retained uniqueness. Thus suggesting that these pluridimensional bias profiles can be 

used to predict in vivo bias indirectly via ligand clustering. 
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1.1 G Protein-Coupled Receptors 

1.1.1 Structural Characteristics and Classification 

G protein-coupled receptors (GPCRs), also known as 7 transmembrane receptors, are 

a superfamily of cell surface receptors that are ubiquitously expressed throughout the 

body. There are over 800 members, and they detect very specific stimuli, or “ligands”, 

and transmit this information into the cell. GPCRs can detect a diverse array of 

extracellular stimuli, including neurotransmitters, metabolites, peptides, hormones, ions 

and photons. This versatility in “ligands” enables GPCRs to be involved in control of 

virtually every physiological process.  

GPCRs are divided into 5 major families based on sequence similarity: A (rhodopsin), B 

(secretin), C (glutamate), F (frizzled) and G (adhesion) [1] (Figure 1.1). All GPCRs have 

the same basic structure: a single peptide that forms a bundle of 7 α-helical 

transmembrane domains (7TMD) joined by alternating intracellular (IL1-3) and 

extracellular loops (EL1-3), with an intracellular C-terminal domain (CT) which, in many 

GPCRs, contains a small α-helix (helix-8) tethered to the plasma membrane via a 

palmitoylation moiety, and an extracellular N-terminal domain (ECD) [2-4] (Figure 1.2). 

The most distinctive difference between families is in the size, structure and function of 

the ECD. Family A GPCRs are the largest group, with the widest variety of ligand types, 

and is further divided into 4 subfamilies and numerous subgroups [1]. They have small 

ECDs which mainly function to assist receptor folding and trafficking to the plasma 

membrane [5, 6], and in the case of the protease activated receptor subfamily, the ECD 

contains the ligand for the receptor [7, 8]. 

All the remaining families of GPCRs have large ECDs. The structures of these large 

ECDs have been determined using crystallography and nuclear magnetic resonance 

spectroscopy (NMR). The structure of family B ECDs is highly conserved between 

members, and is comprised of an N-terminal α-helix and 2 anti-parallel β-sheets which 

are joined together by three disulphide bonds [9, 10]. The ECD acts as the primary 

recognition site for the endogenous peptide ligands in order to facilitate ligand binding 

[9, 11, 12]. Family C have very large and distinctive ECDs containing a “venus flytrap” 

domain, which contains the endogenous ligand binding site [13-15]. Similarly the ECD 

of family F GPCRs contains a cysteine rich “frizzled” domain, which serves as the ligand 

binding site [16]. GPCRs of family G possess a variety of different types of ECDs, which 

are very large and contain various structural domains that facilitate cell interactions [17]. 
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The structure and function of the non-canonical GPCRs of family F and G are very 

different and poorly understood compared to the other GPCR families and will not be 

discussed further. 

 

Figure 1.1: Structural model of the main 3 GPCR families, Family A, B and C. 

Family A GPCRs, which include the opioid receptor family, detect the widest variety of ligands 

and have small extracellular domains (ECDs). Family B GPCRs have large ECDs for 

recognition of peptide hormones. The ECD has a highly conserved structure that is stabilised by 

3 disulfide bonds. Family C GPCRs have very large ECDs which contains the “venus flytrap” 

domain that acts as the ligand binding site for ions and small molecules, and forms a disulphide 

bond within dimers. 

 

The arrangement of the 7TMD is more similar between the different families. Advances 

in crystallography techniques have enabled the generation of high resolution structures 

of the 7TMD  of a wide variety of GPCRs, including members of family A, B, C and F [3, 

18-20]. The 7TMD is ordered in a circular arrangement, anticlockwise when observed 

from the extracellular surface, forming a core which is impermeable to ions [21-23]. The 

7TMD is held together by the plasma membrane surrounding the hydrophobic residue 

core, as well as by a network of polar interactions and hydrogen bonds within the core 

[3, 4, 23]. The extracellular ends of the TM domains along with the ELs of the receptor 

form a cavity that, in the majority of GPCRs, serves as the binding site for the 

endogenous ligand, also known as the orthosteric binding site [24-26]. The main 

exception is the family C receptors, where the orthosteric binding site is within the ECD 

[15]. The distinct physical and chemical properties of this binding cavity in each GPCR 

determine the ligand specificity of the receptor. The arrangement of the TM domains, 

Family A Family B Family C 
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the residues that form the binding site and ELs in different receptors is highly variable, 

forming binding sites of a range of sizes and properties to accommodate ligands of any 

size from small molecules to whole proteins. TM domains have different lengths and 

can be arranged at different angles, and some contain proline residues which bend the 

α-helix [27]. The ELs form secondary structures using salt bridges and disulphide 

bonds, and in some cases form a lid over the orthosteric binding pocket [28]. The 

arrangement of the 7TMD and the residues that make up the orthosteric binding pocket 

determine the shape and electrostatic properties of the cavity, ensuring the GPCR only 

detects its specific endogenous ligands.  

 

 

Figure 1.2: Crystal structure of the µ-opioid 

receptor (MOP) from Manglik, Kruse, Kobilka, 

Thian, Mathiesen, Sunahara, Pardo, Weis, 

Kobilka and Granier [29]. 

View of MOP crystal structure (blue) bound to an 

antagonist β-funaltrexamine (β-FNA) (green) from within 

the membrane plane. TM – transmembrane domain, ECL – 

extracellular loop. 

 

 

 

 

Similarly, an intracellular cavity formed by the intracellular ends of the TMDs, the ILs 

and the CT serve as the site of interaction with intracellular signalling proteins. GPCRs 

“transduce” the extracellular signals they receive in the form of ligands, into intracellular 

signals by interacting with these intracellular proteins. The family of heterotrimeric 

Guanine nucleotide binding proteins known as G proteins, which give the receptors their 

name, are the main family of intracellular signalling effectors activated by GPCRs. The 

major interaction site between a GPCR and the G protein is IL-2 and intracellular ends 

of TM-V and TM-IV [30-33]. However, IL-3 has been shown to be involved in control of 

G protein subtype specificity [26, 34]. Additionally, initial recognition of the active 

receptor by the G protein is thought to involve changes in conformation of Helix-8 [35-

38].  
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The structural changes behind how ligand binding to a GPCR leads to activation of the 

G protein are complex. GPCRs do not simply switch between the inactive and active 

state upon ligand binding; they are highly flexible and can adopt a range of different 

conformations. Unbound receptors, before ligand or G protein binding, exist in 

equilibrium between multiple conformations by switching between several low energy 

states [39-43]. Some GPCRs are even known to have “constitutive activity” by 

spontaneously adopting active conformations in the absence of ligand [44-46]. Ligand 

binding changes the energy landscape of the receptor, resulting in stabilisation of the 

receptor into a different range of conformations, depending on the type of ligand. 

Inverse agonists stabilise the receptor into the inactive conformation, preventing 

constitutive activity. Conversely, full agonists and partial agonists, which activate 

intracellular signalling maximally and sub-maximally respectively, shift the equilibrium 

towards intermediate and active states of the receptor [41, 43, 47].  

Biophysical studies [48] and comparison of active conformations of rhodopsin, β2 

adrenergic receptor (β2AR), muscarinic acetylcholine receptor 2 (M2) and µ opioid 

receptor (MOP) [32, 49-51] bound to an agonist and a G protein and or a G protein 

mimetic nanobody have revealed several conserved structural changes upon receptor 

activation. Changes in the structural arrangement of the ligand binding site are relatively 

small and different for each receptor and ligand [52-55]. These small rearrangements 

disrupt the forces holding the GPCR in the inactive conformation, triggering much larger 

structural changes at the intracellular regions of the receptors. GPCR activation requires 

disruption of the salt bridges, hydrophobic interactions and hydrogen bonds that exist in 

the basal state to enable the GPCR to adopt the active state conformation [3, 4, 23]. 

GPCR activation universally involves disruption of a number of interactions between 

TM-III and TM-VI which lock the receptor in its inactive conformation [56-58]. These 

disrupted interactions include rearrangement of the hydrophobic core residues to allow 

movement between TM-II and TM-VI [59], and similarly restructuring of a “polar 

network” formed by water molecules hydrogen-bonded to TM-III, TM-VI and TM-VII [49, 

59, 60]. Receptor activation also typically involves reorganisation of several highly 

conserved motifs known as “microswitches”. One such mircoswitch is the “ionic lock”, 

which is a highly conserved ionic interaction between a Glu residue in TM-VI  and the 

Asp-Arg-Tyr motif (E/DRY) located on the intracellular end of TM-III of most family A 

GPCRs [61]. The Arg on TM-III forms a salt bridge with a Glu/Asp on TM-VI, or in some 

cases a hydrogen bond with a polar residue on TM-VI [49]. Other conserved 
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microswitches include the NPxxY motif on TM-VII [62] and the CWxP motif on TM-VI 

[40, 42, 53]. Disruption of all these forces holding the receptor in its inactive state, 

allows movement of the TM domains. The most highly conserved intracellular TM 

domain movements are the large outward movement of TM-VI, with smaller 

displacements of TM-III,  TM-V and TM-VII [32, 49-51, 55, 56]. In the active β2AR 

structure TM-V and TM-VI interact directly with the co-crystallised G protein [32]. As 

these rearrangements of TM-V and TM-VI are so highly conserved among the active 

receptor structures described to date, they are considered essential for G protein 

activation. 

However, agonist binding alone is not enough to achieve stabilisation of the active 

conformation [52-55, 63], as the intracellular regions of the receptor, in particular TM-V 

and TM-VI, continue to shift between inactive and active states [35, 55, 64-66]. To 

achieve stabilisation the active conformation the receptor must form a ternary complex 

with its cognate G protein, which increases the affinity of the receptor for its ligand [67]. 

Upon G protein binding, the equilibrium between receptor states shifts further towards 

the active conformations, stabilising the receptor in the active state [35, 68, 69].  

The range of conformations of the receptor is not only dependent on the presence of 

ligand and G proteins. Virtually everything that interacts with the receptor will influence 

the conformations and activity of the receptor. Molecules that modulate receptor activity 

via interactions with the receptor at “allosteric sites”, which are spatially distinct from the 

orthosteric binding site, are known as “allosteric modulators”. There are numerous 

endogenous allosteric modulators in the cellular environment which have been shown to 

modulate GPCR activity, including ions [70-72], amino acids [73, 74], membrane lipids 

and cholesterols [75-77] and intracellular signalling proteins [69, 78]. The plasma 

membrane is composed of a mixture of lipids, cholesterol and other proteins and 

molecules, which may alter the conformation of the GPCR within different membrane 

compartments. For instance GPCR activity has been shown to be highly dependent on 

the presence of cholesterol, which is important for the formation of lipid rafts [75, 79, 

80]. Crystal structures have shown that cholesterol interacts directly with the receptor [4, 

70, 76], potentially modulating receptor conformational dynamics and activity [77, 81, 

82]. The receptor conformation is also dependent on the concentration of Na2+ ions in 

the extracellular environment. In the inactive conformation, a Na2+ ion binds within the 

central polar network of water molecules, which inhibits agonist binding and receptor 

activation and enhances antagonist affinity [70, 72]. 
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GPCRs were originally thought to function exclusively as monomers. However, there is 

now substantial evidence that GPCRs can function as dimers or even higher order 

oligomers. Dimerisation is essential for family C GPCRs, as only dimerised receptors 

are fully functional and trafficked to the cell surface [83-85]. They form homodimers and 

heterodimers via interactions between the ECDs (usually by formation of a disulphide 

bond) and the CT [86, 87]. Whilst monomers of family C GPCRs have been shown to be 

capable of activating G proteins, only the dimer is capable of stimulating intracellular 

signalling in response to an orthosteric ligand [88]. Evidence for dimerisation of family A 

and B GPCRs is less clear [89]. These receptors can fully function as monomers [90, 

91], however they are clearly capable of forming homo and heterodimers [29, 92-98]. 

Unlike family C receptors however, they do not form a covalent bond between the 

receptors, hence the dimers most likely form transiently [97, 99-101]. The functional 

purpose of GPCR dimerisation in family A receptors is also uncertain, however several 

explanations have been proposed. GPCR oligomerisation may be a requirement for 

successful folding and trafficking of the receptor [102]. Additionally, there is substantial 

evidence that dimerised GPCRs act as allosteric modulators of one another, where 

ligand binding to the first receptor modulates the binding affinity and or the intrinsic 

efficacy of the ligand for the second receptor [103-107]. 
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1.1.2 Signalling Mechanisms 

GPCRs transduce the extracellular signals they receive in the form of ligands into 

intracellular signals via activation of “signalling pathways” involving a plethora of 

intracellular proteins known as “signalling effectors”. The initial step in activation of most 

known GPCR signalling pathways is the activation of G proteins, which are formed by 

the heterotrimer of 3 different subunits, Gα, Gβ and Gγ. In its inactive state the Gα 

subunit is bound to a guanosine diphosphate (GDP) nucleotide, which is exchanged for 

guanosine triphosphate (GTP) when the G protein is activated [108, 109]. The GDP is 

bound to the Ras-like GTPase domain, and held in place by the other half of the Gα, the 

helical domain [110, 111]. When the G protein binds to the agonist bound receptor, the 

two halves of the protein open, changing the conformation of the Ras domain to release 

the GDP and allow GTP to bind [111, 112]. This triggers separation of the Gα subunit 

from the Gβγ dimer [113], and the two parts of the G protein subsequently activate other 

intracellular signalling effectors. The Gα is inactivated when the GTP is hydrolysed into 

GDP by the Gα Ras domain [109], which can be assisted by GTPase activating proteins 

(GAPs) such as regulators of G protein signalling (RGS) and other GTPases [114, 115], 

allowing reassembly of the heterotrimeric G protein. 

Gα subunits are divided into four classes, Gαs, Gαq/11 (Gαq, Gα11, Gα14 and Gα16), Gαi/o 

(Gαi, Gαo, Gαz, Gαg and Gαt) and Gα12/13 (Gα12 and Gα13) [116]. GαS, Gαq/11, Gαi/o and 

Gα12/13 are ubiquitously expressed, whereas the other subtypes have tissue specific 

expression and functions and will not be discussed further. Most GPCRs predominantly 

couple selectively to a subset of Gα subunits, often within a single class, however many 

can couple G proteins belonging to multiple classes. Each Gα class is associated with 

activation of different signalling pathways (Figure 1.3). The characteristic signalling 

pathway activated by Gαs is 3,5-Cyclic adenosine monophosphate (cAMP) signalling. 

Gαs activates adenylyl cyclase (AC) which generates the second messenger cAMP 

from ATP [117, 118]. Likewise the defining signalling pathway of Gαi coupled receptors 

is the inhibition of cAMP signalling through inhibition of AC [119]. cAMP signalling is 

tightly controlled and compartmentalised in a cell and receptor specific manner by 

phosphodiesterases (PDE) and A-kinase anchoring proteins (AKAP) [120, 121]. There 

are a number of downstream targets of cAMP including cyclic nucleotide-gated ion 

channels and the small G protein guanine nucleotide exchange factor (Epac) [122, 123], 

however the most notable target is protein kinase A (PKA), also known as the cAMP-

dependent protein kinase [124]. PKA executes the cellular effects of cAMP by 



Introduction 

 

9 

phosphorylating numerous targets, including GPCRs, Ca2+ channels and other kinases 

[125, 126]. 

 

Figure 1.3: Classical GPCR signalling pathways. 

Canonical Gαi/o, Gαs, Gαq, and Gβγ signalling pathways. Gαs and Gαi/o stimulate and inhibit 

cAMP signalling respectively, Gαq activates phospholipid and Ca2+ signalling, and Gβγ stimulate 

GIRKs and inhibit VGCCs. ERK activation can be mediated by Gβγ and all Gα subtypes via 

multiple different pathways.  

 

Gαq coupled receptors typically activate phosphoinositide signalling. Gαq activates 

phospholipase Cβ (PLCβ), which hydrolyses a plasma membrane lipid, 

phosphatidylinositol 4,5-bisphosphate (PIP2), generating two second messengers, 

inositol 1,4,5-trisphosphate (IP3) and 1,2-diacylglycerol (DAG) [127]. IP3 stimulates 

release of Ca2+ from intracellular stores in the endoplasmic reticulum (ER) via IP3 

receptors [128], and can be further converted into other inositol phosphates by various 

kinases, which participate in other signalling pathways [129, 130]. Ca2+ is important for 

the control of an enormous number of cellular processes through regulating the activity 

of a myriad of enzymes, channels, receptors and other cellular proteins [131]. Similarly 
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DAG activates protein kinase C (PKC), a Ser/Thr protein kinase which also has 

numerous downstream targets including various cation channels, cytoskeletal proteins, 

enzymes and even the GPCRs themselves [132-135]. Many Gαq coupled receptors are 

also coupled to Gα12/13, which regulate Rho signalling. Gα12/13 directly activates guanine 

nucleotide exchange factors for Rho (RhoGEF), which facilitate exchange of GDP for 

GTP on Rho GTPases [136]. The most well characterised function of Rho signalling is 

the regulation of cytoskeletal changes required for cell growth, differentiation and 

migration, through activation of a number of downstream targets including Rho kinase 

[137, 138]. 

G protein mediated signalling is not limited to the signalling pathways described here, 

Gα subunits and their downstream effectors can activate a multitude of different cell-

dependent and receptor specific signalling pathways in order to generate a particular 

cellular response. Additionally, many other signalling pathways are stimulated by the 

free Gβγ dimer that is released when it dissociates from the Gα. There are 5 Gβ 

subtypes and 12 subtypes of Gγ which can form heterotrimers of nearly every 

combination of Gαβγ [116]. Only small differences in coupling to downstream effectors 

between the various Gβγ combinations have been observed to date [139-141]. Gβγ 

activates inwardly rectifying K+ channels (GIRKs) through direct interaction with the 

channel [142] and similarly Gβγ directly inhibits N and P/Q type voltage gated Ca2+ 

channels (VGCCs) [143, 144]. These actions are most often associated with activation 

of Gαi/o-coupled receptors [145, 146]. Several canonical Gα signalling pathways can 

also be modulated by Gβγ, including inositol phosphate signalling, via stimulation of 

PLCβ, primarily via Gαi/o-coupled receptors [147], and activation phosphoinositide-3 

kinase (PI3K) [148], as well as modulate cAMP signalling by direct inhibition of certain 

AC isoforms [149]. Additionally, Gβγ is involved in activation of G protein-coupled 

receptor kinases (GRK) [150], which play an important role in receptor regulation as 

described later. 

Gβγ is also known to mediate activation of mitogen activated protein kinases (MAPK), 

such as extracellular signal regulated kinase (ERK). There are numerous complex and 

intertwined signalling pathways which lead to ERK1/2 activation in a cell specific and 

receptor-dependent manner [151, 152]. However, the classical signalling pathway that 

leads to activation of ERK involves transactivation of receptor tyrosine kinase (RTK) 

growth factor receptors. Gβγ and Gαq have been shown to activate non-receptor 

tyrosine kinases (non-RTK) such as Src either directly or via PI3K (Gβγ), and PLC 
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and/or PKC (Gαq) [153-158] which then stimulates phosphorylation and activation of the 

RTK, either directly or via stimulation of matrix metalloproteases (MMP), which 

proteolytically cleaves and releases a tethered growth factor, which stimulates auto 

phosphorylation of the RTK [159-161]. The activated RTK, in complex with a number of 

adaptor proteins and a guanine nucleotide exchange factor, SOS, stimulates activation 

of the small GTPase Ras, which in turn triggers activation of the MAPK cascade Raf-

Mek-ERK [162, 163]. Gβγ and Gα subunits can also stimulate ERK activation via many 

other pathways that do not require transactivation of RTKs [164-166], including non G 

protein-mediated pathways as described later. 

Termination of these signalling pathways is achieved by many processes, including 

specific feedback mechanisms within signalling pathways as well as switching off G 

protein activity by GTP hydrolysis and reassembly of the heterotrimer [109, 112]. 

However, the primary mechanism for regulation of signalling at the receptor level, 

occurs through phosphorylation of the receptor and subsequent uncoupling from the G 

protein and binding of arrestins [167]. This process, known as desensitisation, was 

originally shown with rhodopsin and β2AR, but has since been shown to be widely 

applicable among GPCRs. Desensitisation renders the GPCR unable to respond to 

further stimulation by the agonist, preventing further activation of G protein-mediated 

signalling [168-170]. Residues within the ILs and CT of GPCRs can be basally 

phosphorylated or undergo agonist-induced phosphorylation [168, 171]. There are 

numerous kinases that have been shown to be capable of phosphorylating GPCRs 

including PKC, PKA, CaMIIK and ERK, usually associated with heterologous 

desensitisation of receptors [172, 173], however it is the GRK family that is most 

commonly associated with agonist-induced phosphorylation and homologous 

desensitisation [174]. There are 7 GRKs divided into 3 subfamilies, visual GRKs (GRK1 

and 7), GRK2 (GRK2 and 3), and GRK4 (GRK4, 5 and 6), of which GRK2, 3, 5 and 6 

are expressed ubiquitously [174-178]. Most GRKs are localised at the membrane, 

except for GRK2 and 3, which interact with free Gβγ subunits to stimulate translocation 

from the cytoplasm to the plasma membrane upon receptor activation [150, 179, 180]. 

Binding of the GRK to the receptor inhibits further interaction of G proteins with their 

intracellular targets [180-182], and activates the Ser/Thr kinase domain of the GRK 

which phosphorylates specific residues of the GPCR, particularly on the CT and IL-3 

[183-185]. 



Introduction 12 

The final step in this desensitisation process is the recruitment of arrestins to the 

receptor. There are 4 members of the arrestin family, 2 visual arrestins (arrestin-1 and 

arrestin-4), and 2 non visual arrestins (β-arrs) β-arrestin 1 (β-arr1) and β-arrestin 2 (β-

arr2). The phosphorylated form of the receptor has an enhanced affinity for arrestins, 

which compete with the G protein for binding to the receptor, preventing further 

activation of the G protein [186-190]. However, the role of arrestins in receptor 

regulation and signalling extends beyond decoupling of G proteins from the receptor. 

Arrestins act as scaffolds for numerous other proteins to form complexes, which when 

recruited to the receptor trigger activation of other receptor regulatory processes and 

signalling pathways [191]. Receptor activity can be regulated by removal from the 

plasma membrane and sequestration into endosomes [192]. Arrestins target GPCRs for 

internalisation into clathrin coated pits by forming a complex with components of the 

clathrin/dynamin-dependent internalisation machinery including clathrin and AP-2 [193-

197]. Once internalised, GPCRs can be downregulated by targeting for degradation in 

lysosomes, in which case restoration of activity requires synthesis of new receptors 

[198]. Alternatively, receptors can be resensitised by dephosphorylation of the receptor, 

and returned to the plasma membrane [192, 199].  

β-Arrs are also known to mediate activation of numerous G protein-independent 

signalling pathways. The most well-known β-arr mediated signalling pathway is ERK 

activation [200-202]. β-arrs have been shown to mediate ERK activation from clathrin 

coated pits and endosomes [203, 204] by forming a complex with ERK signalling 

pathway components including Src and Raf [201, 202, 205]. ERK activated via this 

pathway shows a different spatiotemporal profile to that of ERK activated via G protein-

dependent signalling pathways. β-arr-dependent ERK activation typically shows a 

delayed onset and is more sustained [206, 207], shows differential localisation within 

the cell [205, 206, 208] and is associated with different downstream targets of ERK 

[208, 209].  β-arrs  are also involved in activation of a myriad of other signalling 

pathways including JNK [210, 211], p38 MAP kinase [212-214], RhoA [215], Akt [216-

218] and NF-κB [219, 220]. Additionally, other signalling pathways such as cAMP, can 

also be activated from receptors located in endosomes resulting in differential 

downstream effects when compared to activation of the same signalling pathways at the 

plasma membrane [221-223].  
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1.1.3 Biased Agonism at G Protein-Coupled Receptors 

GPCRs were traditionally thought of as simple on/off switches, where the receptor 

exists in equilibrium between an inactive and an active conformation. Agonists shift the 

equilibrium towards the single active conformation, and inverse agonists shift the 

equilibrium towards the inactive conformation whereas neutral antagonists have no 

effect on the receptor conformation but simply block the binding site [67, 224, 225]. In 

this 2-state model, agonists simply vary in their ability to shift the equilibrium towards 

the active state. However, over the last two decades it has been shown that the efficacy 

of a ligand can vary between different signalling pathways [226-230]. In the most 

extreme cases, a ligand can effectively have no activity at some signalling pathways 

while activating other atypical signalling pathways [231, 232]. In such cases the 2-state 

model of receptor activation is not sufficient to explain this flexibility in signalling 

responses. Instead, it has been proposed that GPCRs can adopt multiple active states, 

where different ligands stabilise the receptor in distinct active conformations. This 

phenomenon is known as “biased agonism”, and is also referred to as “functional 

selectivity”, “ligand-biased signalling” or “stimulus trafficking” [233]. Biased agonism is a 

natural phenomenon that has been observed at receptors that possess multiple 

endogenous ligands, including β2AR [234], the somatostatin receptor 2A (SSTR2A) 

[235], chemokine receptors [236-238] and the melanocortin MC4 receptor [239]. As a 

result, biased agonism has been suggested to play an important role in the control of 

the physiological effects mediated by the receptor. This is because activation of 

particular signalling pathways is linked to specific physiological effects [240-246]. For 

example, at the M3 muscarinic acetylcholine receptor (M3R) receptor phosphorylation 

and β-arr recruitment have been shown to be important for learning and memory 

function [245]. Therefore, biased ligands that selectively activate certain signalling 

pathways would be expected to induce different physiological effects, and this has been 

widely observed with biased ligands for multiple GPCRs [237, 247-252]. 

There is a wealth of evidence in support of the multi-state theory of GPCR activation. 

The structural changes that are observed upon agonist stimulation have been shown to 

be ligand-dependent at numerous GPCRs including the cannabinoid CB1 receptor [253],  

δ opioid receptor (DOP) [47], ghrelin receptor [69], α2A adrenergic receptor (α2AR) [43], 

β1-adrenergic receptor (β1AR) [254], β2AR [68, 234, 255, 256] and the parathyroid 

hormone type 1 receptor (PTH1R) [257] to name a few. Furthermore, it is becoming 

increasingly apparent that the ligand-induced conformations of the receptor are unique 
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for every ligand. Comprehensive analysis of the structural movements induced by a 

large range of ligands at the β2AR showed that even among ligands with similar 

structure and activity, there were several conformational rearrangements that were 

highly ligand specific, showing that the overall conformation of the receptor is unique for 

each ligand [255]. Each distinct conformation of the receptor will have varying 

propensities for activation of particular signalling effectors, potentially resulting in 

activation of a unique signalling pattern. 

Specific structural rearrangements have been shown to be associated with activation of 

particular signalling effectors. The ability of a ligand to stabilise these conformations of 

the G protein coupling domains of the receptor is separate from its ability to stimulate β-

arr recruitment [256-262], hence different ligands will have differing efficacies for 

activation of G proteins and recruitment of β-arrs. For instance, efficacy for G protein 

activation has been linked to stabilisation of the G protein coupling domain on IL-3 of 

the receptor [65, 263]. At the α2AR, partial agonists have been shown to stabilise the 

IL-3 into a partially active conformation at a different rate compared to full agonists [43, 

263]. Similarly, at the β2AR, highly conserved structural rearrangements around the 

NPxxY motif, which are required for G protein coupling, have been shown to correlate 

with the efficacy of the ligand for activation of G proteins [62, 255]. Overall, this shows 

that the efficacy of a ligand for activation of G proteins depends on the ability of the 

ligand to induce the active conformation of these particular regions of the receptor. In 

contrast, conformational rearrangements of the receptor that are associated with 

recruitment of β-arrs are distinct from those connected with G protein activation [69, 

256-258, 260, 261, 264-267]. This has been clearly demonstrated by studies at the 

angiotensin type 1A (AT1A) receptor [265], β2AR [207] and PTH1R [258], which have 

shown that certain mutations can selectively inhibit G protein activation but not 

recruitment of β-arrs, and also by the discovery of ligands that stimulate β-arr 

recruitment and receptor internalisation but not G protein activation [268-270]. The 

conformational requirements for recruitment of β-arrs have been less well defined than 

those required for G protein activation. However, enhanced β-arr recruitment has been 

frequently associated with conformational changes in TM-VII [260, 271, 272]. For 

example, at the vasopressin V2 receptor (V2R), the degree of conformational change 

around TM-VII and helix 8 has been shown to correspond with the efficacy of the ligand 

for recruitment of β-arrs. Conformational changes around EL-3 [255], TM-III [259, 264] 
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and the sodium binding site [273] have also been implicated in regulation of β-arr 

recruitment.  

Biased agonism between G protein activation and β-arr recruitment is the most widely 

known form of bias that was first observed at MOP [274] and has since been observed 

at numerous GPCRs [206, 234, 269, 275-279]. Several ligands have been discovered 

which do not stimulate β-arr recruitment [257, 274, 280] and others that stimulate β-arr 

recruitment in the absence of G protein activation [247, 265, 266, 270, 280]. Biased 

agonism between G proteins and β-arrs has also been shown to result in differential 

activation of β-arr-dependent regulation and signalling pathways including receptor 

desensitisation, trafficking and MAP kinase activation [266, 274, 276, 277, 280-282]. 

Recruitment of β-arr is not only dependent on the conformation of the receptor, it is also 

dependent on the activation of GRKs and subsequent phosphorylation of the CT of the 

receptor [187, 189]. However, ligands activating the same receptor have been shown to 

induce different phosphorylation patterns via activation of different GRKs [34, 236, 276, 

283-286]. For example, at the chemokine receptor CCR7, the chemokines CCL19 and 

CCL21 both stimulate CCR7 phosphorylation via GRK6, however only CCL19 

stimulates CCR7 phosphorylation via GRK2 [285]. The combination of unique receptor 

conformations and phosphorylation patterns results in stabilisation of different active 

states of the β-arr that have been linked to activation of distinct functional outcomes 

[262, 284, 285, 287-289]. Specific receptor phosphorylation patterns have frequently 

been associated with the ability of a ligand to stimulate desensitisation, internalisation of 

the receptor and ERK activation [284, 285, 290-292]. In addition to this, recently Yang, 

Yu, Liu, Qu, Gong, Liu, Li, Wang, He, Yi, Song, Tian, Xiao, Wang and Sun [288], 

showed that the V2R is able to stabilise β-arr1 in a distinct active conformation that was 

able interact with clathrin when phosphorylated by GRK2 but not GRK6 [288]. 

Consequently, the phosphorylation pattern plays a vital role in determining the functions 

of the β-arrs recruited to the GPCR [207, 284, 285, 293-298]. Furthermore, this means 

that even though multiple ligands may stimulate β-arr recruitment, they may show 

divergent activation of subsequent β-arr-dependent signalling pathways [299, 300]. 

A similar principle applies to activation of G proteins. Most GPCRs can couple to 

multiple G protein subtypes [301-305], and different ligands can preferentially activate 

particular G protein subtypes [286, 301, 306-310]. For example, at the β2AR, most 

agonists are able to activate both Gαs and Gαi/o, whereas another β2AR agonist, 
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fenoterol, only activates Gαs [309]. Additionally, agonists for receptors that primarily 

couple to Gαi/o, such as the relaxin family peptide receptor 3 (RXFP3) [311], DOP [63], 

the serotonin 5-HT1A receptor [312] and the dopamine D2 receptor (D2) [310], have 

shown differential coupling to specific Gαi/o subtypes. Such differential G protein 

coupling is associated with divergent activation of downstream signalling pathways 

[249, 301, 309, 313]. This has been clearly demonstrated at the 5-HT2A receptor, where 

PLC activation and arachidonic acid release are mediated by Gαq and Gαi/o or Gα12/13 

respectively [314, 315]. In addition to bias between G protein subtypes, there is also the 

potential for bias between Gα and Gβγ signalling. This has been observed at the 

oxoeicosanoid receptor (OXE-R), where an allosteric modulator Gue1654 inhibited 5-

oxo-ETE stimulation of Gβγ but not Gαi/o signalling [316]. Overall, this differential 

activation of different G protein subunits means that ligands which induce similar levels 

of overall G protein activation, may stimulate activation of distinct G protein-mediated 

signalling pathways. 

Biased agonism is not necessarily limited to differential activation of G protein and β-arr-

dependent signalling pathways. GPCRs are known to directly interact with numerous 

other intracellular proteins including GRKs and other kinases, phosphatases, regulators 

of G protein signalling (RGS), receptor activity modifying proteins (RAMPS), scaffolding 

proteins, calmodulin and more [317-322]. The activity of many of these receptor 

interacting proteins is agonist-induced, and they are known to modulate the activity of G 

protein and or β-arr-dependent signalling pathways, and in some cases, can actually 

activate other signalling pathways which are independent of G protein and β-arrs [323-

326]. For instance, at the AT1AR, agonist-induced phosphorylation and activation of 

janus kinase 2 (JAK2) requires direct interaction between JAK2 and the CT of the 

receptor, and occurs even in the absence of G protein activation [325, 327, 328]. 

Therefore, since GPCRs can directly modulate the activity of such signalling proteins, 

biased agonism may also be applicable to activation of these signalling effectors. 

Altogether, the diverse range of signalling pathways which are subject to differential 

activation implies that there is a multitude of potential signalling patterns which can be 

activated by each unique conformation of the ligand-receptor complex. 
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1.1.4 Quantification of Biased Agonism 

For a review of quantification of bias at GPCRs please refer to Chapter 1.3 Novel 

GPCR Paradigms at the µ-Opioid Receptor  
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1.2 Opioid Receptors 

1.2.1 The Endogenous Opioid System 

Opioid receptors are members of the large family of G protein-coupled receptors 

(GPCRs). There are 3 classical subtypes of opioid receptor; δ-opioid receptor (DOR, 

DOP, or OP1), κ-opioid receptor (KOR, KOP, OP2) and μ-opioid receptor (MOR, MOP, 

OP3). The fourth member of the opioid subfamily, the nociception receptor (orphanin 

FQ peptide receptor, NOP), has high sequence similarity to the other opioid receptors 

and some similar physiological roles. Despite these similarities, the binding site of NOP 

is structurally very different from the other opioid receptors [329, 330] and as a result 

recognises different endogenous and synthetic ligands [331], hence will not be further 

discussed. The classical opioid receptors are expressed widely throughout the nervous 

system as well as in numerous other tissues. They have a number of physiological roles 

that include control of respiration, modulation of addiction and reward pathways, control 

of bowel motility and modulation of nociception. 

The endogenous ligands for opioid receptors are small peptides that are synthesised by 

cleavage of precursor proteins; pro-enkephalin (pENK), pro-dynorphin (pDYN) and pro-

opiomelanocortin (pOMC). These peptides all have the same N-terminal tetrapeptide 

sequence Tyr-Gly-Gly-Phe, and have varying affinities for all three opioid receptors, but 

none are significantly selective for one receptor subtype Table 1.1 [332, 333]. There are 

also two additional putative endogenous peptides; endomorphin-1 (endo-1) and endo-2. 

These are structurally unrelated to the typical opioid peptides and are the most selective 

and potent for MOP [334]. The gene or genes encoding the precursor proteins of these 

peptides are unknown [335], although a de novo synthesis mechanism has been 

proposed as an alternative source [336]. 
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Table 1.1: Endogenous opioid peptide sequences 

Peptide Sequence 

pENK derived opioids 

Leu-enkephalin (Leu-enk) Tyr-Gly-Gly-Phe-Leu 

Met-enkephalin (Met-enk) Tyr-Gly-Gly-Phe-Met 

Met-enkephalin-RF (Met-enk-RF) Tyr-Gly-Gly-Phe-Met-Arg-Phe 

Met-enkephalin-RGL (Met-enk-RGL) Tyr-Gly-Gly-Phe-Met-Arg-Gly-Leu 

Metorphamide Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val 

BAM 12 Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu 

BAM 18 
Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu-Trp-Trp-Met-
Asp-Tyr-Gln 

BAM 22 
Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu-Trp-Trp-Met-
Asp-Tyr-Gln-Lys-Arg-Tyr-Gly 

Peptide E 
Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-Pro-Glu-Trp-Trp-Met-
Asp-Tyr-Gln-Lys-Arg-Tyr-Gly-Gly-Phe-Leu 

Peptide F 
Tyr-Gly-Gly-Phe-Met-Lys-Lys-Met-Asp-Glu-Leu-Tyr-Pro-Leu-Glu-
Val-Glu-Glu-Glu-Ala-Asn-Gly-Gly-Glu-Val-Leu-Gly-Lys-Arg-Tyr-Gly-
Gly-Phe-Met 

pDYN derived opioids 

Dynorphin A (DynA) 
Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-Trp-Asp-
Asn-Gln 

Dynorphin B Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-Lys-Val-Val-Thr 

Big Dynorphin 
(Dyn A/B 1-32) 

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-Trp-Asp-
Asn-Gln-Lys-Arg-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-Lys-Val-
Val-Thr 

Dynorphin A 1-13 (DynA 1-13) Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys 

Dynorphin A 1-8 (DynA 1-8) Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile 

Dynorphin A 1-6 (DynA 1-6) Tyr-Gly-Gly-Phe-Leu-Arg 

Leumorphin 
Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-Lys-Val-Val-Thr-Arg-Ser-
Gln-Glu-Asp-Pro-Asn-Ala-Tyr-Tyr-Glu-Glu-Leu-Phe-Asp-Val 

α-Neoendorphin (α-Neo) Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro-Lys 

β-Neoendorphin Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro 

pOMC derived opioids 

α-Endorphin Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-Gln-Thr-Pro-Val-Thr-Leu 

β-Endorphin (β-Endo) 
Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-Gln-Thr-Pro-Val-Thr-
Leu-Phe-Lys-Asn-Ile-Ile-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-Glu 

Unknown precursor 

Endomorphin 1 (Endo-1) Tyr-Pro-Trp-Phe 

Endomorphin 2 (Endo-2) Tyr-Pro-Phe-Phe 
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1.2.3 Opioid physiology of nociception and gastrointestinal motility 

The endogenous opioid system is an integral component of the nociceptive system, 

which acts throughout the entire nociception network to provide analgesia by inhibiting 

transmission of pain signals [337, 338]. All opioid receptors play important roles in the 

control of nociception, however this review is focussed on MOP, as MOP is the main 

target of the most effective and widely used analgesics that are currently available, as 

shown by the lack of effects in MOP-/- mice [339]. The analgesic effects of MOP are 

naturally mediated via stimulation by the endogenous opioids. Identifying regions where 

endogenous opioids are expressed and released under normal physiological conditions 

is challenging due to the high susceptibility of the peptides to degradation, and also the 

high similarity between different peptides. Nonetheless, endogenous opioids have been 

shown to be expressed and released from many different tissues, including throughout 

nociceptive pathways. 

Opioid-induced analgesia is predominantly mediated via receptors in the central 

nervous system (CNS), both at the level of the spinal cord (spinal analgesia) and in the 

brain (supraspinal analgesia). MOP receptor expression in the spinal cord is highest in 

presynaptic C fibre primary afferents (dorsal root ganglia neurons, DRGs) [340-343] and 

postsynaptic terminals in laminae I and II of the dorsal horn (DH) [344-346]. MOP 

activation in the DH neurons inhibits spinal withdrawal reflexes, typically measured in 

rodents using tail-flick assays [347-349], and modulates transmission of ascending and 

descending nociceptive signals to the brain [350-355]. Endogenous opioids including 

Dynorphin A (DynA), α-neoendorphin (α-neo), β-endorphin (β-endo) and enkephalins 

show overlapping expression with MOP in the DH, and are released in response to 

painful stimuli [344, 356-360]. A number of studies have also shown release of 

endogenous opioids in the spinal cord indirectly by observing MOP internalisation 

induced by endogenous opioids in response to noxious stimuli [361-363]. Endo-1 and 

Endo-2 have also been detected in the spinal cord by both immunohistochemical 

methods [364-367] and by electrochemical HPLC [368], and is possibly generated 

extracellularly [336]. 

MOP is also involved in supraspinal control of analgesia. MOP is highly expressed in in 

numerous areas of the brain [345, 346, 369-371]. These include several regions 

involved in descending nociception inhibition pathways, such as the periaqueductal gray 

area (PAG) [372-374], the nucleus raphe magnus (NRM) in the rostral ventral medulla 

(RVM) [375, 376] and the locus coeruleus (LC) [377, 378] among others [379], which 
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have been shown to specifically mediate opioid-induced analgesia. Activation of these 

brain regions, which is simulated by MOP via inhibition of inhibitory interneurons in 

these regions (disinhibition), results in stimulation of neurons projecting to the DH, 

which triggers release of endogenous opioids and inhibition of DH neurons [338, 355, 

380, 381]. Similar to the DH, the expression of endogenous opioids overlaps the 

expression of MOP in descending inhibition pathways. Enk containing neurons project 

between the PAG, NRM, LC and other descending inhibition nuclei as well as neurons 

projecting to the spinal cord [344, 358, 382-385]. Enkephalins appear to be the most 

highly expressed endogenous peptides in these regions [370, 386], and microinjection 

of enkephalins in these areas produces strong analgesia [387], suggesting they are the 

predominant peptides mediating opioid-induced descending inhibition. However, both β-

endo and dynorphin derived peptides also play important and distinct roles in 

descending control of analgesia [388-390]. There are high levels of β-endo in the PAG 

and the LC in terminals of neurons originating the hypothalamus [391, 392]. Similarly 

endo-1 and endo-2 are also found in the PAG, as well as neurons of the RVM that 

project to the DH of the spinal cord [364, 393, 394]. Furthermore, dynorphins are found 

in many of the same regions as the enkephalins, predominantly in neurons distinct from 

those expressing enkephalins, however it is unknown if MOP is involved in dynorphin 

mediated analgesia [386, 395-397].  

MOP is also believed to provide analgesia via direct actions on sensory neurons in the 

peripheral nervous system. MOP is expressed on the peripheral terminals of primary 

afferent neurons [341, 398-400], and endogenous opioids are released from the 

peripheral terminals of primary afferent neurons in tissues in response to noxious stimuli 

[399, 401-403]. Endogenous opioids appear to play a particularly important role in 

peripheral analgesia for inflammatory, neuropathic and cancer pain, as MOP expression 

on the terminals is increased in response to inflammation [404-409] and the large 

molecular weight opioid peptides also have better access to the nerve terminals under 

these conditions [410, 411]. Additionally, immune cells including macrophages, 

leukocytes and lymphocytes, synthesise enkephalins, endomorphins and β-endo [412-

415], which when recruited in response to inflammation, release the peptides to provide 

natural analgesia [398, 416-418]. For example, T lymphocytes have been shown to be 

important in control of visceral pain by releasing β-endo in the gastrointestinal tract 

(GIT), and increasing β-endo expression in the myenteric plexus [419, 420] . Surgery 
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has also been shown to increase dynorphin expression in DRGs of mice [421], and 

elevate levels of opioid peptides after abdominal surgery in guinea pigs [422]. 

The involvement of the MOP at every level of nociceptive control is what endows MOP 

agonists with such powerful analgesic properties. Unfortunately, the use of opioids as 

analgesics is associated with a large number of side effects that limit their usefulness. A 

major issue is the development of tolerance to the analgesic effects after prolonged or 

repeated exposure to opioids limits their long term use. Additionally, there are other 

undesirable side effects elicited by activation of opioid receptors in other tissues 

including respiratory depression, nausea, euphoria, addiction, itch and constipation. The 

constipating effects of opioids are the most common and debilitating side effects [423, 

424], and unlike most other side effects of opioids, tolerance does not develop to opioid-

induced constipation [425-427]. MOP expression in the GIT varies between species, but 

in humans is expressed by both myenteric and submucosal neurons throughout the 

small and large intestine [428]. Activation of these receptors inhibits GIT motility by 

suppressing longitudinal muscle contractions and fluid secretion from the submucosa 

[429-431]. 

The following is an excerpt from Thompson, Canals and Poole [432] “Biological 

redundancy of the endogenous GPCR ligands in the gut and the potential for 

endogenous functional selectivity” Front Pharmacol. 5:262 For full article see 

Appendix B. 

The enkephalins have been the most widely studied opioid peptides in the GIT. Pro-enk 

contains four copies of Met-enk and one each of Leu-enk, Met-enk-RF and Met-enk-

RGL, and several additional opioid peptides may be formed by partial processing of the 

precursor protein (see Table 1.1) [433]. Expression of at least four enk peptides (Leu-

enk, Met-enk, Met-enk-RF and Met-enk-RGL) in the GIT has been confirmed [434-437]. 

Immunohistochemical studies demonstrate expression throughout the human GIT, with 

highest levels detected in the muscularis externa [438-440]. A similar expression pattern 

has been observed in rodents [441]. PENK-derived peptides are mainly found in the cell 

bodies of myenteric neurons and in nerve fibers within the myenteric plexus and circular 

muscle [358, 442-444]. There is evidence that immunoreactivities for Leu-enk and Met-

enk are expressed by distinct neuronal populations within the enteric nervous system 

[435, 445, 446]. The morphology and distribution of Enk-containing myenteric neurons 

has been examined in detail. Approximately 23% of myenteric neurons express Enk-

immunoreactivity [442]. These are morphologically Dogiel Type I inhibitory or excitatory 
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motor neurons and are also immunoreactive for ChAT and/ or substance P [442, 447-

449]. Leu-enk-positive myenteric neurons of the human intestine have been described 

morphologically as ‘stubby neurons’ and are proposed to represent motor neurons or 

ascending interneurons [450]. Examples of opioid receptor and enkephalin labeling in 

the intestine are presented in Figure 1.4. 

Figure 1.4: Expression of opioid 

receptors and enkephalin in the 

enteric nervous system. 

(A-B) Distribution of DOP (green), Met-

enk (mENK, red), nitric oxide synthase 

(NOS, blue) and the pan-neuronal 

marker HuC/D (Hu, magenta) in the 

myenteric plexus (arrows) and circular 

muscle nerve fibers (arrowheads) of the 

mouse distal colon. (C) Example of a 

DOP-positive submucosal neuron 

(arrow) and association with mENK-

immunoreactive nerve varicosities 

(arrowheads) in the mouse distal colon. 

(D) Overlap between immunoreactivities 

for MOP (red) and pENK (proENK, 

green) in myenteric neurons of the 

guinea pig ileum. Images have been 

modified using Imaris 7.4.2 software 

(Bitplane). Scale bars are as indicated.  

There are a small number of neurons that express enkephalin-immunoreactivity in the 

submucosal plexus and fibers in the mucosa [441, 449, 451], and in enteroendocrine 

cells [452]. However, it is possible that the enkephalin detected in these regions is due 

to detection of dynorphins or dynorphin derived Leu-enk which is highly expressed in 

these regions as discussed later in this review. Expression of other enkephalin 

derivatives including Met-enk-RF [453] and Met-enk-RGL [454] by enteric neurons has 

also been demonstrated. Other sites where proENK and its derivatives are expressed 

include enteroendocrine cells [453, 455, 456], extrinsic afferents [457] and immune cells 

including CD4+ T cells [458]. 

There is good evidence that opioid peptides derived from pro-dynorphin (dynorphins), 

are present in the GIT. Pre-pro-dynorphin mRNA is expressed in the myenteric and 

mucosal layers to varying levels throughout the GIT [459]. Prodynorphin contains three 

opioid peptides, dynA, dynB and α-neo, which can all be further processed to shorter 

opioid peptides including Leu-Enk (Table 1.1) [460]. Dynorphins have been detected in 
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the GIT of various species, including the full length dynA 1-17, dynA 1-13, dynA 1-8), 

dynB and α-neo [461-465]. Dynorphins are present in all layers of the GIT wall 

throughout the entire human GIT, although information regarding cellular sites of 

expression is lacking [466]. Immunohistochemistry studies performed mainly in guinea 

pigs indicate that dynorphins are widely expressed by submucosal and myenteric 

neurons [457, 461, 462]. Dynorphins are co-expressed with enkephalins in a 

subpopulation of Dogiel type I myenteric neurons [448, 451, 457]. It is possible that this 

may reflect conversion of dynorphin to Leu-enk in these neurons rather than co-

expression of pro-ENK. There are also reports of pro-DYN expression by 

enterochromaffin cells [467]. 

The endorphins are formed from the precursor peptide POMC, which also contains 

several other non-opioid peptide hormones [468]. POMC contains only one opioid 

peptide, β-endo, which can be cleaved to form α-endo. Although β-endo has been 

detected in the GIT [469, 470], the localisation of β-endo expression still remains 

uncertain. There is some evidence of β-endo expression, and of other POMC peptides, 

by myenteric neurons, nerve fibers within the circular muscle and enteroendocrine cells 

[430, 444, 456, 471, 472]. Another major source of β-endo in the GIT are immune cells, 

particularly those associated with inflammatory bowel disease or irritable bowel 

syndrome [473, 474]. It should be noted that the distribution of β-endo in the GIT is 

controversial, as the specificity of the antisera used in many of these studies has been 

questioned [475]. Hence whilst there is certainly β-endo present in the GIT, the question 

of its origin remains unresolved.  

Even though the distribution of the different classes of endogenous opioids in the GIT 

has been fairly well established, there is very little known about individual levels of the 

different peptides within each class. The expression of proteases that synthesize and 

degrade endogenous opioids may have varying levels of expression in different cell 

types, which would result in different production and degradation rates. As such, the 

mixture of opioid peptides derived from the same precursor will be variable in different 

cell populations. Differential proteolytic processing of proENK and proDYN peptides 

occurs in various regions of the brain and other tissues, leading to variations in the 

relative proportions of peptides derived from the same precursors [476-478]. Differential 

processing of precursors may also occur in the different cell populations within the GIT. 

In rat duodenum, specific antisera against DynA 1-17 and DynA 1-8 stain two distinct 

populations of neurons, one which contains both peptides and one with only DynA 1-8, 
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indicating that DynA 1-8 may be synthesized via distinct proteases or at varying rates in 

distinct neuronal populations [479]. 

Endogenous opioids play an important regulatory role in normal GIT physiology, 

primarily through activation of opioid receptors on enteric neurons [480]. When applied 

exogenously, the physiological effects of endogenous opioids are the same as the 

effects of other opioids, they hyperpolarize enteric neurons leading to inhibition of GIT 

motility and secretion and ultimately cause constipation [430]. On the other hand, the 

effects of endogenous peptides when released intrinsically under normal physiological 

conditions are unclear. Release of enkephalin- and dynorphin-derived peptides has 

been detected in intestinal tissue preparations during peristalsis or after electrical 

stimulation. These include Leu-enk, Met-enk, Met-enk-RF, Met-enk-RGL, metorphamide 

[481, 482], α-neo [483] and DynA [484, 485]. In addition, studies using opioid 

antagonists, mainly naloxone, have shown that inhibition of opioid activity increases 

non-propagating intestinal motility [486]. Altogether, this shows that endogenous opioids 

play a subtle but important role in control of GIT motility by suppressing activity. There is 

also evidence that the endogenous peptides either contribute to, or protect against, the 

development of pathophysiological conditions. Levels of endogenous opioids in the GIT 

have been shown to increase under pathological conditions, including inflammatory 

bowel disease, and not only inhibit gastrointestinal motility, but also provide visceral 

antinociception. β-endo levels have been shown to increase in a model of chronic 

inflammatory bowel disease in mice, suppressing inflammation-associated 

hyperexcitability of colonic primary spinal afferents [420, 474]. In addition, T 

lymphocytes can release β-endo and induce expression of β-endo in the myenteric 

plexus in mice with immunodeficiency-related visceral hyperalgesia [419, 473]. Surgical 

intervention has also been shown to increase dynorphin expression in the dorsal root 

ganglia of mice [421], and stimulate release of opioid peptides from enteric neurons 

after abdominal surgery in guinea pigs [422]. This may contribute in part to post-

operative ileus, although sympathetic pathways are likely to play a more significant role. 

A greater understanding of the involvement of endogenous opioids in GIT 

pathophysiology is important as the opioid system is not only a potential target for 

treatment, but the enhanced production and release of endogenous opioids may also 

alter the effectiveness of opioid-based therapeutics. 
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End of excerpt from Thompson et al. (2014) “Biological redundancy of the 

endogenous GPCR ligands in the gut and the potential for endogenous functional 

selectivity” Front Pharmacol. 5:262  
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1.2.4 µ-Opioid Receptor Signalling 

MOP is known to couple to a wide range of intracellular signalling effectors, a summary 

of the classical MOP signalling pathways is shown in Figure 1.5. MOPs  primarily couple 

to most members of the Gαi/o class (Gαi1-3, Gαo1-2 and Gαz) [302, 487-490], thereby 

inhibiting AC [491]. Additionally, the released Gβγ subunit stimulates K+ conductance 

predominantly via GIRKs [146] and inhibits Ca2+ conductance via N and P/Q type 

VGCCs [492-494], resulting in hyperpolarisation of the cell and inhibition of 

synaptosomal release of neurotransmitters [495-499]. 

 

Figure 1.5: Classical opioid signalling pathways. 

MOP activates G protein-gated inward rectifying K+ channels (GIRKs, K+) inhibits voltage-gated 

Ca2+ channels (VGCCs, Ca2+) and inhibits adenylyl cyclase (AC). MOP regulation involves 

phosphorylation by GPCR kinases (GRKs), recruitment of β-Arr1/2 and internalisation of the 

receptor. MOP can also activate MAP kinases (JNK, ERK and p38) via both G protein and β-arr-

mediated signalling pathways. 

 

MOP can stimulate the activation of MAP kinases including ERK [500] [501], JNK [502-

505] and p38 [506-508]. MOP mediated ERK activation has been studied in the most 

detail, but there are only a few examples of ERK activation by MOP in endogenously 

expressing cells or tissue [509-512]. However it has been shown in heterologous cell 

lines that like other Gαi/o coupled receptors, MOP mediates ERK activation primarily via 

Gβγ, and PKC-dependent transactivation of RTKs [512-514]. Belcheva et al have found 
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in HEK293 and astrocytes that MOP mediated ERK phosphorylation requires PLC, 

PKCε and calmodulin [515, 516], whereas other groups have found in CHOs that ERK 

phosphorylation is via a PKC independent pathway that requires PI3K [154, 517]. MOP 

has been shown to stimulate β-arr-dependent ERK activation in heterologous cell lines, 

striatal neurons and astrocytes, and in some cases this pathway has been shown to 

require MOP internalisation [518], but not in others [501, 519, 520]. More recently, it has 

been shown that ERK activation is actually dependent on translocation of MOP from 

lipid rafts [520] into clathrin coated pits, where β-arrs mediate ERK activation from the 

clathrin coated pits and not endosomes [203]. JNK has also been shown to be activated 

by MOP via several different pathways. MOP stimulated JNK activation has been shown 

to be by a β-arr2-dependent pathway, which requires activation of Gβγ, GRK3, Src 

kinase and PI3K [502, 521]. However, MOP has also been shown to activate JNK via a 

β-arr independent pathway, which requires PKC activation and Src [503, 504, 521]. 

Finally, very little is known about MOP-induced p38 activation. However p38 activation 

appears to be β-arr2-dependent [508], and has been shown to be activated by chronic 

treatment with morphine in DRGs [506], and to mediate morphine-induced apoptosis in 

macrophages [507, 508, 522, 523]. Finally, MOP internalisation and resensitisation has 

been shown to be dependent on PLD activation, production of DAG and p38 activation 

[507, 523, 524]. 

Similar to most GPCRs, MOP desensitisation typically involves phosphorylation of the 

CT and ILs by GRKs and or second messenger kinases [171, 525-529], which facilitates 

recruitment of β-arr1 and 2 [274, 530, 531], preventing further signalling by G proteins. 

Subsequently MOPs can undergo clathrin/dynamin-dependent internalisation [532-535]. 

Internalised receptors are then either resensitised (i.e. dephosphorylated ) and returned 

to the surface, or downregulated by degradation in lysosomes [536]. Recruitment of 

different β-arrs can have differential downstream effects, as they can act as scaffolds for 

different signalling complexes. β-arr1 has been shown to promote MOP 

dephosphorylation more rapidly than β-arr2, and has also been shown to be required for 

MOP ubiquitination [536], which is in turn required for trafficking of MOP to lysosomes 

[537]. 

Receptor phosphorylation patterns play a vital role in receptor desensitisation, 

internalisation, trafficking and resensitisation, as well as activation of β-arr-dependent 

signalling pathways [283, 284, 538]. There are numerous phosphorylation sites located 

on the intracellular loops and the CT of MOP which have been implicated in control of 



Introduction 30 

these regulatory and signalling functions (Figure 1.6). Early investigations into MOP 

phosphorylation used mutagenesis studies to identify 3 key resides in the CT of mouse 

MOP; S363, T370 and S375, which are involved in MOP desensitisation [292]. S375 

phosphorylation, in particular, has been shown to be vital for receptor desensitisation 

and β-arr recruitment, as it has been shown to undergo agonist-induced 

phosphorylation, and mutation of this residue to alanine reduces [D-Ala2, NMe-Phe4, 

Gly-ol5]-enkephalin (DAMGO) -induced desensitisation and MOP internalisation [292, 

539-541]. More recently, phosphorylation of CT residues has been examined in more 

detail by several groups, confirming previous findings in vivo [542], and revealing 

numerous other residues in the intracellular regions which are involved in MOP 

regulation [184, 543-546]. Apart from the three residues above, these include several 

motifs in the CT such as S375TANT [184, 545], T354SST [544, 547-549] and T394 [550-

552], most of which have shown agonist-induced phosphorylation and/or constitutive 

phosphorylation, and have also been implicated in MOP desensitisation. Lau, Trester-

Zedlitz, Trinidad, Kotowski, Krutchinsky, Burlingame and von Zastrow [545] used 

quantitative mass spectrometry to examine phosphorylation of CT residues, and 

concluded that it is not just S375 phosphorylation, but rather overall phosphorylation of 

the S375TANT motif that is required for recruitment of β-arrs and MOP internalisation. 

Subsequently, Just, Illing, Trester-Zedlitz, Lau, Kotowski, Miess, Mann, Doll, Trinidad, 

Burlingame, von Zastrow and Schulz [184], showed that MOP internalisation requires 

sequential phosphorylation of the S375TANT motif and T370, firstly S375 is 

phosphorylated, which is required for successive phosphorylation of T370, T376 and T379. 

In contrast, phosphorylation of the T354SST motif does not appear to facilitate 

desensitisation via β-arrs, but rather this motif has been shown to promote 

desensitisation by altering ligand affinity and binding kinetics [549, 553]. Additionally, it 

is still uncertain whether T394 undergoes agonist-induced or constitutive 

phosphorylation. Nonetheless this residue and the surrounding glutamate residues are 

clearly vital for desensitisation [527, 550-552], and this region of the CT also been 

shown to be involved in delaying receptor internalisation and resensitisation [552]. 

 

Figure 1.6: Mouse MOP CT phosphorylation sites. 

There are 11 Ser and Thr residues on the CT of MOP which can be phosphorylated, and are 

known to be involved in MOP regulatory processes. 
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Most agonist-induced phosphorylation of MOP has been attributed to the activity of 

GRKs. GRK2 and 3, and to a lesser extent GRK5 and 6, have been shown to 

phosphorylate S375 [184, 541, 544, 546], whereas only GRK2 and 3 can phosphorylate 

T370 [184]. However, other kinases such as PKC, PKA, calcium/calmodulin kinase 

(CaMKII) and ERK have also been shown to be capable of phosphorylating the receptor 

either constitutively or in an agonist-induced manner [529, 530, 543, 544, 546, 554-

556]. PKC can stimulate both constitutive and agonist-induced phosphorylation of MOP 

[546, 554, 557], as well as phorbol ester-dependent phosphorylation of T370 [557]. 

Additionally, CaMIIK, which is believed to be involved in desensitisation and the 

development of opioid tolerance [558, 559], has also been shown to phosphorylate T370 

[544], and also two Ser residues on IL3 [529]. There is also substantial evidence that 

suggests that whilst receptor phosphorylation and β-arr recruitment are clearly involved 

in MOP desensitisation, they are not necessarily essential for MOP desensitisation [527, 

560-562]. MOP desensitisation has been shown to occur via alternative pathways. 

These mechanisms include possible desensitisation via direct interaction of GRKs with 

Gβγ [563], inactivation of Gαi via phosphorylation by PKC [564] as well as an ERK-

dependent desensitisation pathway [517, 556, 562].  

MOP has also been shown to activate numerous other, less well characterised, 

signalling pathways under certain conditions. Prolonged agonist exposure has been 

shown to increase cAMP above basal levels, known as AC superactivation [565]. MOPs 

are also known to stimulate PLC activity and inositol phosphate turnover via Gβγ or 

Gα15/16, potentiating Gαq mediated Ca2+ release from intracellular stores and PKC 

activation [566-569]. Additionally, MOP has been shown to stimulate PLA2 and 

arachidonic acid release [514], and activate Akt signalling [570].  

  



Introduction 32 

1.2.5 Biased Agonism at the µ-Opioid Receptor 

Opioid receptors have a large binding site [29] and hence different ligands potentially 

interact with different components of the binding site, stabilising unique conformations of 

the receptor. This has been shown by mutagenesis studies of binding site residues  that 

identified residues that disrupt binding of some ligands but not others [571-575]. 

However, it is yet to be shown if these unique ligand-receptor interactions result in 

stabilisation of unique receptor conformations and biased agonism. Whilst there is 

limited direct evidence of agonist-dependent receptor conformations at the MOP to 

date, there is an abundance of indirect evidence to show ligand-dependent signalling at 

the MOP. Ligand directed signalling of MOPs was first observed in experiments that 

demonstrated agonist-dependent phosphorylation and internalisation of MOP, where 

DAMGO, but not morphine, stimulated robust MOP phosphorylation and internalisation 

[171, 533]. This was subsequently demonstrated in vivo [535, 576]. Since this 

discovery, research in the opioid field has largely focussed on understanding the 

mechanisms behind agonist-dependent MOP regulation and its role in desensitisation 

and development of opioid tolerance. In addition to agonist-dependent MOP 

phosphorylation and internalisation, differential activation of numerous other signalling 

events has been observed including β-arr recruitment, receptor trafficking and 

resensitisation, MAP kinase activation, receptor movement between plasma membrane 

domains, as well as activation of several other second messenger kinases. Whilst there 

is increasing evidence that shows that biased agonism at the MOP is pluridimensional, 

most descriptions of bias at the MOP to date have been limited to ligands which show a 

preference between activation of either G protein-mediated or β-arr-mediated signalling. 

It is now widely accepted that morphine, under most conditions, stimulates little to no 

internalisation of MOP, whereas most other agonists including DAMGO and 

endogenous opioids promote robust receptor internalisation  [533, 535, 577, 578]. 

Similarly, differential activation of other related cellular events has also been observed 

between “internalising” and “non-internalising” agonists. Translocation of MOP from lipid 

rafts to non-raft domains has only been observed with internalising ligands such as 

DAMGO and etorphine [520]. Furthermore, since p38 MAPK and PLD activation are 

required for MOP internalisation, morphine would be expected to induce little p38 MAPK 

phosphorylation. In agreement with this, Tan, Walwyn, Evans and Xie [508] have shown 

that in mouse DRG neurons β-arr2-dependent p38 MAPK activation is required for 

DAMGO but not morphine-induced receptor internalisation and desensitisation of VGCC 
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inhibition [508]. Similarly, PLD activation in HEK293 cells has been observed in 

response to DAMGO but not morphine [524]. Internalisation is also dependent on the 

recruitment of β-arrs, hence internalising ligands such as DAMGO stimulate robust 

recruitment of β-arr1 and 2. Conversely, non-internalising agonists promote very little β-

arr recruitment [579-581]; there is very little β-arr2 recruitment in response to morphine 

and β-arr1 recruitment is undetectable [579]. More recently, several novel ligands have 

been discovered which stimulate little to no β-arr recruitment or MOP internalisation. 

These include herkinorin, an analogue of the potent KOP agonist salvinorin A, which 

does not promote any β-arr recruitment or receptor internalisation [580], and TRV130, 

which stimulates less β-arr2 recruitment compared to morphine [581]. Overall there is a 

clear distinction between the ability of internalising and non-internalising ligands to 

activate several signalling processes, however even among ligands with a similar ability 

to internalise MOP, there are differences in the subsequent trafficking and 

resensitisation of the receptor. DAMGO desensitised receptors are readily internalised, 

dephosphorylated and recycled back to the surface, whereas etonitazene treated 

receptors are readily internalised, but are not dephosphorylated nor returned to the 

surface [541, 543]. Even though receptors desensitised to morphine remain at the 

surface, they are still dephosphorylated efficiently at the plasma membrane [543]. 

Altogether, differential activation of these regulatory events; receptor phosphorylation, 

β-arr recruitment and receptor internalisation and trafficking, can have significant effects 

on the activation of downstream signalling pathways as well as desensitisation and the 

development of tolerance. 

Differential β-arr recruitment and MOP internalisation has been linked to stimulation of 

different phosphorylation patterns on the CT of the receptor. Agonists that robustly 

stimulate receptor internalisation, DAMGO, etonitazene and fentanyl, strongly stimulate 

multi-site phosphorylation of the CT motif required for MOP internalisation (T370 and the 

S375TANT motif), whereas the weakly internalising morphine only stimulates weak 

phosphorylation of S375 and little to no phosphorylation of T370, T376 and T379 [184, 543, 

544]. In line with this, mutation of these residues inhibits agonist-induced β-arr2 

recruitment to clathrin coated pits and MOP internalisation [184, 545]. Differences in 

agonist-induced receptor phosphorylation are mainly a result of selective engagement 

of different kinases. MOP phosphorylation on the S375TANT motif stimulated by 

DAMGO, etonitazene and fentanyl is mediated by GRK2 and 3 but not GRK5 [184, 530, 

546]. Conversely morphine appears to poorly stimulate MOP phosphorylation by GRK2 
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or 3, and instead induces S375 phosphorylation via GRK5 [546]. The lack of morphine-

induced GRK2 activation appears to underlie the inability of morphine to stimulate β-

arr1 recruitment and MOP internalisation, as overexpression of GRK2 enables 

morphine to stimulate β-arr1 recruitment and MOP internalisation [274, 525, 579, 582]. 

There is also the potential for differential receptor phosphorylation to be mediated by 

activation of second messenger kinases. This has been observed in membrane 

preparations, where morphine and β-endo stimulated MOP phosphorylation in the 

presence of PKA whereas DAMGO and Met-enk did not [555]. Altogether, the 

differential activation of multiple kinases by MOP ligands results in stimulation of 

different receptor phosphorylation patterns, which regulates internalisation and 

potentially regulates activation of other signalling pathways. 

In addition to differential receptor phosphorylation, numerous studies have shown that 

desensitisation and the development of tolerance to DAMGO, morphine and other 

agonists is also dependent on activation of different kinases [503, 583, 584]. For 

instance, tolerance to fentanyl but not morphine appears to be GRK3-dependent, as 

acute analgesic tolerance to fentanyl is attenuated in GRK3 -/- mice, whereas tolerance 

to morphine is unaffected [503, 585], except in the hippocampus where tolerance to 

morphine is attenuated [585]. Similarly, DAMGO and Met-enk utilise a GRK2/β-arr2-

dependent desensitisation pathway in LC neurons [562, 583, 584, 586], and other cell 

types [526, 531]. However, activation of GRK2/β-arr2 in response to morphine is only 

associated with the development of tolerance in response to chronic treatment, but not 

acute desensitisation in LC neurons [584, 587]. Instead, desensitisation and tolerance 

induced by morphine have been shown to be dependent on activation of PKC [503, 530, 

588-592]. Morphine stimulates activation of PKC [564, 593], which phosphorylates Gαi2 

to prevent further G protein mediated signalling [564]. Numerous studies have shown 

that morphine-induced desensitisation and tolerance is attenuated by inhibition of PKC 

activity in LC neurons and HEK293 cells, and is enhanced by PKC activation [530, 590]. 

Surprisingly, not all ligands which normally induce GRK2/β-arr2-dependent 

desensitisation show the same propensity for activation of the PKC-dependent pathway. 

Fentanyl has been shown to activate PKC, and stimulate desensitisation simultaneously 

via both PKC and GRK2/β-arr2-dependent mechanisms. However, desensitisation to 

Met-enk is unaffected by PKC inhibition but is enhanced by PKC activation [590]. 

MAP kinases ERK and JNK have also been implicated in agonist-dependent 

mechanisms of MOP desensitisation and tolerance. DAMGO, but not fentanyl-induced 
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nociceptive tolerance has been shown to be dependent on ERK activation [594]. MOP 

agonists have been shown to preferentially activate ERK via different pathways. 

DAMGO, fentanyl and etorphine have been shown to stimulate ERK activation via a 

GRK2/3 and β-arr2-dependent pathway, [208, 511, 593], whereas morphine and 

methadone activate ERK via a G protein mediated pathway that is dependent on PKC 

[208]. ERK activated via these different pathways was also shown to target different 

substrates. ERK activated via the G protein-dependent pathway remained in the cytosol 

and activated 90RSK and CREB, whereas ERK activated via the β-arr-dependent 

pathway translocated to the nucleus where it activated ELK-1 [208]. DAMGO has been 

shown to activate JNK via the Gβγ/PI3K pathway [502], whereas morphine activation of 

JNK is PKC-dependent [503, 504]. However, only JNK activated in response to 

morphine appears to contribute to desensitisation, as JNK inhibition prevents 

desensitisation and the development of tolerance to morphine, but not to fentanyl or 

DAMGO [503, 504, 589]. Furthermore, this JNK-mediated desensitisation mechanism is 

also potentially dependent on β-arr2, as JNK-mediated desensitisation to morphine is 

absent in β-arr2-/- mice [504]. Overall, MOP ligands differentially activate multiple 

desensitisation pathways, including both receptor phosphorylation-dependent and -

independent mechanisms, via activation of various kinases and other signalling 

effectors. 

Most biased agonism at the MOP receptor observed so far has been between G protein 

and β-arr mediated signalling, or in some cases differential activation of various β-arr-

dependent events. The potential for bias between activation of multiple G protein-

mediated signalling pathways has remained largely unexplored. This is due to the fact 

that the G protein activation efficacy of a ligand has always been assumed to equate to 

its efficacy for activation of G protein-mediated signalling. However this is not 

necessarily the case, as changes in the rank order of efficacy between G protein 

activation and G protein-mediated signalling in different studies has been observed 

[595-601], although these have not yet been confirmed by quantification of bias. 

Additionally, agonists have been shown to display different profiles of intracellular Ca2+ 

flux  in HEK293 cells [602], which most likely occurs via G protein-dependent 

mechanisms [566]. Furthermore, differential activation of Gαi/o subtypes at MOP has 

also been examined by several groups, and several MOP agonists have shown 

preferences, albeit small, for activation of specific subtypes [603-606], which may lead 

to differential activation of G protein mediated signalling pathways. 
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Altogether, studies of biased agonism at the MOP have shown that MOP ligands display 

an assorted array of signalling patterns. However, up till now, all studies examining 

biased agonism at the MOP have been limited to examination of a small number of 

signalling endpoints and only a handful of synthetic opioids, and have predominantly 

based their conclusions on the responses of ligands at a single concentration. 

Extending biased agonism studies to include a more diverse range of MOP ligands will 

likely uncover even more variety in MOP signalling patterns. One class of opioids that 

has been largely omitted from biased agonism studies is the endogenous peptides. All 

endogenous opioids possess an identical pharmacophore, the Tyr-Gly-Gly-Phe 

tetrapeptide, which is essential for opioid receptor binding and activation [332, 607]. 

Similarly the putatively endogenous ligands, endo-1 and endo-2 have tripeptide 

pharmacophores, Tyr-Pro-Trp and Tyr-Pro-Phe respectively [332]. Ligands with 

identical pharmacophores would normally be expected to stabilise the receptor into 

similar conformations, however this is not necessarily the case. The highly variable C-

terminal residues of the endogenous opioids, which determine the selectivity between 

opioid receptor subtypes [607], may also enable endogenous opioids to stabilise unique 

conformations of the receptor. The CT residues may achieve this either via unique 

interactions with other residues in the orthosteric binding site or other extracellular 

regions of the receptor, and/or by altering the conformation of the tetrapeptide 

pharmacophore. Interactions with the extracellular loops have been shown to be 

particularly important for binding and selectivity of peptide ligands but not other ligands 

[608-610], however unique interactions between particular endogenous opioids are yet 

to be discovered. The potential for the tetrapeptide to adopt multiple conformations at 

the same receptor has been shown recently. The potential binding pose of Leu-enk has 

been determined by docking Leu-enk into the recently published crystal structures of 

MOP and DOP in the inactive state [29, 611]. This revealed two potential conformations 

of Leu-enk when bound to DOP. Thus it is clear that the endogenous opioid 

pharmacophore is capable of adopting multiple conformations, which, if they can be 

differentially adopted by different endogenous opioids, could each stabilise the receptor 

in unique active conformations resulting in biased agonism. With the exception of Met-

enk, relatively very little is known about the signalling pathways activated by 

endogenous opioids at the MOP. Not surprisingly however, endogenous opioid 

signalling tends to mimic that of the Met-enk analog DAMGO, rather than that of 

morphine [597]. Only a handful of studies have examined biased agonism of a small 

number of endogenous opioids [596, 612-614], and so far have observed very little 
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diversity in biased agonism. The only exception is endo-2 which has been shown to be 

biased towards recruitment of β-arr2 over G protein activation and stimulate stronger 

MOP phosphorylation [596, 615, 616]. In addition to this, Yu, Zhang, Yin, Sun, Uhl and 

Wang [597] discovered that α-neo does not stimulate detectable MOP phosphorylation, 

which is in contrast to most other endogenous ligands that stimulate robust MOP 

phosphorylation and internalisation [576, 596, 597, 617, 618]. 

To enable design of a novel biased opioid that selectively activates signalling pathways 

that produce analgesia with minimal activation of pathways responsible for producing 

side effects, the contribution of each signalling pathway to specific physiological effects 

needs to be established. It is well established that the MOP exerts its acute analgesic 

effects primarily through the inhibition of neurotransmitter release, which, depending on 

the cell type, is achieved via G protein-mediated effects on AC, K+ and Ca2+ channels 

[123, 498, 619, 620]. For instance, in LC neurons MOP is predominantly coupled to 

GIRKs and VGCCs [620-623], whereas as in DRGs MOP couples to VGCCs and AC 

[123, 624-627]. In line with this, the efficacy of an agonist to activate G proteins 

correlates well with its analgesic efficacy [601]. However, there is evidence that MOP 

ligands produce analgesia at least partly via divergent signalling pathways [628-631]. 

For example, the analgesic effects of morphine, levorphanol and buprenorphine, but not 

fentanyl or methadone, have been shown to be dependent on stimulation of Na+,K+-

ATPase activity, possibly via inhibition of AC which results in less PKA phosphorylation 

of Na+,K+-ATPase [629]. This indicates that there may be the potential for increasing 

analgesic efficacy by tweaking ligand bias towards particular G protein-mediated 

signalling pathways. Precise determination of the physiological roles of other signalling 

pathways activated by MOP has proved to be difficult. Since MAP kinases have so 

many potential downstream targets, they appear to have multiple physiological roles. 

Apart from their involvement in the development of tolerance already described, MAP 

kinase activation has also been associated with reduced analgesia in response to 

morphine [632, 633], but also enhanced analgesia in response to DAMGO [594]. 

Unfortunately, most side effects to MOP analgesics, including respiratory depression 

and inhibition of GIT motility, are also mediated via activation of the same G protein-

mediated signalling pathways in different tissues [429, 634, 635], so simply designing 

ligands that are biased towards G protein activation may not result in generation of 

fewer side effects. However, this is not necessarily the case with activation of signalling 

pathways that are involved in desensitisation and the development of tolerance. This is 
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in part because these signalling events appear to be highly tissue specific. Some MOP 

ligands have been shown to stimulate MOP desensitisation via different mechanisms in 

some cell types. For instance morphine, which does not stimulate GRK2/3 or MOP 

internalisation, does stimulate MOP internalisation in dendrites of neurons of the 

nucleus accumbens (NA) [636], and morphine-induced tolerance is reduced in the 

hippocampus of GRK3-/- mice [585]. Oxycodone has also been shown to stimulate 

MOP internalisation in HEK293 cells [503] but not in LC neurons [618]. Furthermore, the 

development of tolerance to morphine appears to be independent of ERK activation 

[503, 637], except tolerance is inhibited in the PAG [638] and enhanced in the spinal 

cord and DRGs by ERK activation [639]. Additionally, increased expression or activity of 

kinases involved in MOP desensitisation, have also been shown to alter desensitisation 

mechanism induced by some ligands. Overexpression of GRK2 enhances the ability of 

morphine to stimulate recruitment of β-arrs and internalise the receptor and reduces AC 

inhibition [525]. Likewise, increased PKC activity induced by phorbol esters or 

concomitant activation of a Gαq coupled receptor, enhances desensitisation to Met-enk 

[590]. Overall this suggests that the natural variations in expression and activity of these 

kinases in different cell types will alter the mechanisms of desensitisation used by these 

ligands. 

Tissue specific regulation induced by morphine has been demonstrated by the effects of 

morphine in β-arr2-/- mice [640]. These mice are more resistant to morphine-induced 

respiratory depression and constipation, but conversely morphine-induced analgesia is 

enhanced and analgesic tolerance is reduced [579, 640-643]. Interestingly, the 

attenuation of analgesic tolerance was greater for supraspinal analgesia than for spinal 

analgesia [643]. Overall this suggests that β-arr2 may play differential roles in 

desensitisation and the development of tolerance to morphine in different tissues. 

Additionally, these effects are not observed with other agonists such as methadone, 

fentanyl, etorphine and oxycodone [579, 640-642], which shows that activation of the 

same signalling effector by different ligands may not necessarily result in activation of 

the same downstream signalling events. Nonetheless, several groups have begun 

searching for ligands which stimulate less β-arr2 recruitment compared to morphine in 

the hope that they will mimic the effects of morphine in β-arr2-/- mice and produce 

enhanced analgesia with reduced side effects. This has led to the development of a G 

protein biased compound TRV130, which has been shown to produce less respiratory 
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and gastrointestinal side effects, and is currently in phase III clinical trials [581, 644, 

645]. 

For a review on quantification of bias at MOP please refer to chapter 1.3 Novel 

GPCR Paradigms at the µ-Opioid Receptor 
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1.3.1 Abstract 

Opioids, such as morphine, are the most clinically useful class of analgesic drugs for the 

treatment of acute and chronic pain. However, the use of opioids is greatly limited by 

the development of severe adverse side effects. Consequently, drug discovery efforts 

have been directed towards improving the therapeutic profile of opioid-based 

treatments. Opioid receptors are members of the family of GPCRs. As such, the recent 

GPCR paradigms of biased agonism and allosterism may provide novel avenues for 

more effective analgesics. Biased agonism (or functional selectivity) has been described 

for all the opioid receptor family members. Furthermore, the first allosteric modulators of 

opioid receptors have very recently been described. However, identification and 

quantification of biased agonism in a manner that is informative to medicinal chemists 

and drug discovery programmes still remains a challenge. In this review, we examine 

the progress, to date, towards identification and quantification of biased agonism and 

allosterism at the μ-opioid receptor in the context of its implications for the discovery of 

better and safer analgesics. 
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1.3.2 Introduction 

GPCRs can mediate a spectrum of acute signalling and longer-term regulatory 

behaviours that can be modulated in a ligand-specific manner. Such functional 

versatility cannot be explained by a simple ‘on–off’ switch model of receptor activation, 

and is more compatible with dynamic and flexible structures. Indeed, during the last 

decade, we have witnessed the experimental confirmation of previously theoretical 

concepts demonstrating that GPCRs exist in many, temporally related, micro-

conformations [646, 647]. Approaches such as NMR spectroscopy have provided 

evidence that GPCRs are highly dynamic proteins that exist in several functionally 

relevant conformational states [52, 647]. Two paradigms that are fundamentally linked 

to such inherent plasticity of GPCRs are biased agonism (or functional selectivity) and 

allosterism. 

Biased agonism describes the phenomenon whereby the binding of different ligands to 

the same receptor in an identical cellular background results in differential activation of 

cell signalling pathways and, eventually, in different physiological outcomes [233]. At a 

molecular level, this is a consequence of the fact that different agonists do not activate 

receptors through stabilisation of the same active state; rather, they can stabilise 

different functionally active states that lead to the engagement of a limited subset of 

intracellular effectors, and in turn, the activation of specific signalling pathways. The 

ability of distinct GPCR-agonist complexes to differentially activate intracellular signals 

provides new avenues for the development of drugs that are not only receptor-specific, 

but also ‘pathway-specific’, and has opened the way to the discovery of ligands that 

selectively activate signalling pathways mediating the desired physiological effects while 

minimizing ‘on-target’ side effects that are elicited by activation of other signalling 

pathways via the same receptor. However, although this concept is very attractive, there 

are significant challenges to its translation from the field of medicinal chemistry into 

effective therapies. On the one hand, the identification of the signalling pathways 

responsible for therapeutic effects and of those responsible for the deleterious side 

effects is not straightforward; on the other hand, analytical tools for the detection and 

quantification of biased agonism are becoming available for drug development efforts 

aimed in this direction [648]. 

The phenomenon of allosterism is also a consequence of the conformational plasticity 

of GPCRs. Allosteric ligands influence receptor activity by binding to sites that are 

topographically distinct from the site where the endogenous (orthosteric) ligand binds. 
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Classical models of allosterism already postulated the need for multiple conformational 

states in the absence of ligand as a fundamental characteristic of allosteric proteins 

[649]. These states exist in a dynamic equilibrium, and the binding of a ligand to an 

allosteric protein stabilises some states at the expense of others [650]. As such, 

allosteric ligands mediate their effects by promoting conformational changes in the 

GPCR protein that are transmitted from the allosteric binding pocket to the orthosteric 

site, or directly to the effector sites. In terms of drug development, allosteric GPCR 

ligands offer significant advantages over targeting of the orthosteric site. First, because 

of the lack of evolutionary pressure on sites other than that where the endogenous 

ligand binds, allosteric sites have not necessarily been conserved and therefore offer 

greater potential for receptor subtype selectivity. Second, in the absence of intrinsic 

efficacy, allosteric modulators will only exert their effect when and where the 

endogenous ligand is present, therefore tuning cellular responses and maintaining the 

temporal and spatial characteristics of endogenous signals. Furthermore, as the effect 

of an allosteric ligand is limited by its cooperativity, such class of ligands may become 

safer therapies with fewer on-target overdosing risks. 

Studies on opioid receptors have provided prototypical examples of ligand-dependent 

signalling and regulation [651], and recently, allosteric modulators of the MOP have 

been described [652]. In this review, we examine the progress, to date, towards 

identification and quantification of biased agonism and allosterism at the MOP, in the 

context of its implications for the discovery of better and safer analgesics. 

1.3.3 Ligand-Dependent Effects at the µ-Opioid Receptor 

Opioids have been used for millennia for the treatment of moderate to severe pain, and 

remain the most effective and widely used analgesics to date. Of the four subtypes of 

opioid receptors, the MOP subtype is the therapeutic target for most currently used 

opioids as the analgesic effects of morphine were abolished in a MOP knockout mouse 

[339]. However, it is well known that opioid analgesics, including morphine, oxycodone 

and fentanyl, suffer from very limiting side effects such as tolerance, dependence and 

addiction, respiratory depression, and constipation, which severely limit their clinical 

use. Therefore, there is a need for new compounds that provide effective analgesia, but 

without the serious side effects. 

As mentioned previously, biased agonism offers such potential, and there are clear 

indications of the existence of ligand-specific effects on MOP signalling and regulation 
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[see 651, 653]. Two key observations on the actions of morphine triggered most of the 

studies on biased agonism at the MOP. First, morphine induces relatively less MOP 

internalisation, in spite of its efficacy in mediating G-protein activation [533, 535]. 

Second, morphine-induced respiratory depression and constipation are dramatically 

attenuated in a β-arr2 knockout mouse while analgesia is enhanced [640]. This latter 

result also provided clear evidence of the tissue-specific mechanisms of receptor 

activity and regulation. Taken together, these reports have sparked the search for the 

potentially different signalling mechanisms that mediate the diverse physiological 

actions of MOP agonists as well as for ligands that exploit such mechanisms. However, 

most descriptions of biased agonism at the MOP have been based on qualitative 

comparisons between ligands. The number of studies quantifying bias is still very low 

(see later). Yet, in order to apply biased agonism therapeutically and effectively, it is 

necessary to incorporate parameters that describe the degree of bias in a manner that 

can inform future drug development. 

1.3.4 Quantifying Biased Agonism 

Although biased agonism is now widely accepted, the majority of studies to date on 

biased agonism have used largely qualitative observations, such as reversals in agonist 

potency orders or maximal agonist effects between different pathways, as indicators of 

biased agonism. However, such approaches are not optimal. The observed response of 

an agonist at a given pathway is not only the result of unique ligand-induced receptor 

conformations, but is also affected by ‘system bias’, which reflects the differing coupling 

efficiencies of the receptor to a given signalling pathway, and by ‘observation bias’, 

which results from differing assay sensitivity and conditions [648]. It is the bias imposed 

by the ligand on the receptor that is the only source of bias that can be chemically 

optimised to improve the therapeutic profile of a drug. It is therefore important to 

quantify signalling bias in such a way that it excludes system and observation bias, in 

order to reveal the unique signalling profile that is induced by the ligand. 

The potency of a ligand is determined by both its affinity for the receptor state coupled 

to that particular pathway, as well as its intrinsic efficacy for generating a response in 

that pathway. In contrast, the maximal effect of a ligand at saturating concentrations is 

only determined by intrinsic efficacy. In addition, contributors to system bias, signal 

amplification and receptor expression need to be taken into account as they have 

markedly different effects on potencies and efficacies of differently efficacious ligands. 
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Therefore, a rigorous and useful analysis of bias should take into account both potency 

and maximal effect of a ligand, eliminate the effects of system and observation bias, 

and should be broadly applicable to routinely derived concentration–response data. 

Such analysis would not only allow the signalling bias profiles of ligands in different cell 

types to be compared, but would also aid the efforts of medicinal chemists to discover 

new biased ligands. 

 

Figure 1.7: Quantification of biased agonism using relative transduction ratios. 

In order to quantify the signalling bias of a set of ligands, it is necessary to measure bias in an 

identical cellular background across several signalling end points. Full concentration–response 

curves for each pathway are fitted to the Black–Leff operational model to estimate a 

transduction coefficient (log[τ/KA] ) for each agonist (in the example, solid lines for pathway 1 

and dotted lines for pathway 2). Next, the effects of system and observation bias are removed 

by adjusting these values to a reference ligand to yield the Δlog[τ/KA]. Finally, the relative 

transduction ratio (ΔΔlog[τ/KA] ) is obtained by subtraction of the Δlog[τ/KA] value of two 

pathways one from another. The ΔΔlog[τ/KA] values represent ligand bias on a linear scale, 

which is amenable to statistical analysis. [A], agonist concentration; KA, operational affinity; τ, 

efficacy; n, slope of the fitting parameter; Em, maximal response of the system. For a step-by-

step method to measure bias, see van der Westhuizen, Breton, Christopoulos and Bouvier 

[654]. 

 

Several analytical approaches have been described to quantify biased agonism [see 

648]. Of these, the relative transduction ratio [ΔΔlog(τ/KA) ] is one of the most robust 

A 

A 
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and widely applicable method for bias quantification. This method applies the 

operational model of agonism first derived by Black and Leff [655]. Application of this 

model to concentration–response curves estimates a ‘transduction coefficient’ log(τ/KA) 

which is comprised of the functional equilibrium dissociation constant (operational 

affinity, KA), a measure of the affinity for the receptor coupled to a particular effector 

protein or signalling pathway, which is different from the affinity of the ligand for the bare 

receptor determined in radioligand binding experiments (see later); and τ which 

encompasses both the intrinsic efficacy of the agonist in activating a particular signalling 

response and receptor density. The log(τ/KA) is thus an overall measure of the relative 

‘power’ of an agonist to induce a response. In order to eliminate the effects of system 

and observation bias, the log(τ/KA) is normalised to a reference agonist, yielding values 

of Δlog(τ/KA). Finally, these values can be compared across two signalling pathways for 

a given agonist to obtain the relative transduction ratio ΔΔlog(τ/KA) as measures of 

agonist bias (Figure 1.7). 

1.3.5 Quantification of Biased Agonism at the µ-Opioid Receptor 

The effects of morphine in the β-arr2 knockout mice [640] together with the substantial 

evidence of the distinct effects of morphine in MOP desensitisation and internalisation 

[530, 587] suggest that ligands that display bias towards G-protein-mediated pathways 

and away from β-arr2 recruitment, may have improved therapeutic profiles as 

analgesics. Such ligands offer the potential to provide pain relief with less adverse 

effects normally associated with the opioid agonists, including tolerance, dependence 

and addiction, constipation, nausea, and respiratory depression. For this reason, most 

of the studies focused on detection and quantification of biased agonism have utilised 

these two pathways, G-protein activation and β-arr2 recruitment, albeit using different 

approaches for such determinations [596, 598, 612, 615, 656]. 

Using bioluminescence resonance energy transfer (BRET) approaches, Molinari, Vezzi, 

Sbraccia, Gr, Riitano, Ambrosio, Casella and Costa [612] investigated the ability of 

MOP and DOP to activate G proteins and recruit β-arrs [612]. G protein activation by a 

wide range of opioid ligands was measured as changes in the BRET signal in between 

the receptor and the β1 subunit of the G protein in cell membranes while arrestin 

recruitment to the receptor was performed in whole cells. Plotting the relative intrinsic 

activities (i.e. the maximal response of a given ligand relative to the maximal response 

of a reference agonist) of all ligands in the two signalling endpoints revealed a 
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hyperbolic relationship between the two. This is in line with the fact that most of the 

tested ligands displayed full agonism for G protein activation and intrinsic activities fail 

to differentiate between full agonists [657]. A number of ligands including morphine, 

oxymorphone and ethylketocyclazocine clustered as ligands with low intrinsic activities 

for β-arr2 recruitment and high intrinsic activities for G protein activation. Indeed, this 

result is also expected when the coupling efficiency of different pathways is taken into 

consideration, as the response of partial agonists will be lower in less efficiently coupled 

signalling pathways such as β-arr2 recruitment. Estimation of the bias factor ΔΔlog(τ/KA) 

relative to etorphine of the corresponding concentration–response curves reveals that 

different intrinsic activities (such as oxymorphone vs. etorphine, endo-2 or lofentanyl) do 

not necessarily translate into significant ligand bias (Figure 1.8A). 

As bias is an intrinsic characteristic of a ligand, it follows that metabolites of a given 

ligand do not necessarily have to mimic the bias of the original compound. Interestingly, 

this has been evaluated in vitro for morphine and its metabolites [656] using Förster 

Resonance Energy Transfer (FRET) approaches to detect Gαi1 activation and β-arr2 

recruitment. Comparison of relative efficacies of all the metabolites to morphine, 

suggested that only 3 metabolites (normorphine, 6-acetylmorphine, morphine-6-

glucuronide) showed bias towards β-arr2 recruitment. However, when using morphine 

as the reference ligand to estimate ΔΔlog(τ/KA) values, nearly all the metabolites are 

significantly biased towards β-arr2 compared with morphine (Figure 1.8B). This 

illustrates additional information that can be obtained by application of the operational 

model of agonism to detect and quantify bias because, as mentioned previously, 

comparison of relative efficacies fails to distinguish between full agonists as their activity 

is limited by the system. In this case, the signalling bias of higher-efficacy agonists may 

be overlooked or may be mistakenly considered as biased when they are in fact not. 

Therefore, in the case of the higher-efficacy agonists, a scale that incorporates both the 

maximal response and potency, such as the transduction coefficient, is required. Such 

results also suggest that morphine metabolites possess divergent signalling bias, an 

aspect that will need to be taken into consideration when interpreting the effects of 

morphine signalling in vivo. Finally, it should be noted that in these experiments, GRK2 

was only overexpressed when measuring β-arr2 recruitment, and as described later, the 

cellular content of relevant proteins or other agents can also play a role in the direction 

of bias. It would therefore be very informative to quantify bias of morphine metabolites 

under similar conditions across different signalling pathways. 
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Figure 1.8: Quantification of signalling bias between G protein and β-arr interactions at 

MOP. 

(A) Relative transduction ratios estimated for data from Molinari, Vezzi, Sbraccia, Gr, Riitano, 

Ambrosio, Casella and Costa [612] between assays for Gβ1 and β-arr2 interactions using 

etorphine as the reference ligand showed no significant bias between ligands (B) Relative 

transduction ratios between Gαi1 and β-arr2 recruitment estimated using data from Frolich, 

Dees, Paetz, Ren, Lohse, Nikolaev and Zenk [656] using morphine as the reference ligand 

shows that most morphine metabolites are significantly biased towards recruitment of β-arr2 

compared with morphine (C) Relative transduction ratios between GTPγS binding and β-arr2 

recruitment from McPherson, Rivero, Baptist, Llorente, Al-Sabah, Krasel, Dewey, Bailey, 

Rosethorne, Charlton, Henderson and Kelly [596] estimated using Leu-enk as the reference 

ligand show that in addition to endo-2, endo-1, etorphine and several other ligands are biased 

towards β-arr2 recruitment. The two-tailed t-test was used to determine whether transduction 

ratios were statistically different from the reference ligand * P≤0.05, **P≤0.01, ***P≤0.001, 

∧P≤0.05. 

In a systematic approach to evaluate biased agonism at the MOP, McPherson, Rivero, 

Baptist, Llorente, Al-Sabah, Krasel, Dewey, Bailey, Rosethorne, Charlton, Henderson 

and Kelly [596] examined the signalling bias of a wide range of ligands including 

endogenous opioid peptides and synthetic opioids [596, 615]. As in the previous 

reports, G-protein activation and β-arr2 recruitment were measured by [35S]GTPγS 

binding, and an enzymatic complementation assay respectively. In these studies, endo-

2 was the only ligand that showed statistically significant bias towards β-arr2 

recruitment. Agonist bias was determined by fitting concentration–response curves to 

the Black–Leff operational model to estimate the efficacy parameter τ. However, instead 

of estimating the functional affinity of the ligand-bound receptor in each particular 

pathway, the affinity parameter in these calculations remained constant across 

pathways and was determined from radioligand binding experiments [658]. Given that a 

ligand can have differing affinities for distinct receptor states (e.g., for the G-protein-

bound and unbound states), such differing affinities have to be taken into account when 

measuring biased agonism. Although in some situations, the binding affinity and the 

functional affinity can be very similar, this will not always be the case [see 648, 659]. 

When the dissociation constant is obtained from concentration–response curves using 
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the Black–Leff operational model and bias factors are estimated, it becomes apparent 

that other ligands, apart from endo-2 also show significant bias towards β-arr2 

recruitment when compared with Leu-enk as a reference ligand (Figure 1.8C). 

Interestingly, some ligands used in this analysis had previously been used in other 

studies. However, the relative transduction ratio analysis suggests that morphine-6-

glucuronide, 6-acetyl-morphine and normorphine did not show significant bias towards 

β-arr2 recruitment when compared with morphine in contrast to previous reports Frolich, 

Dees, Paetz, Ren, Lohse, Nikolaev and Zenk [656]. Similarly, this analysis also 

revealed a significant difference between etorphine and endo-2 that had not been 

detected by Molinari, Vezzi, Sbraccia, Gr, Riitano, Ambrosio, Casella and Costa [612] 

(Figure 1.8). 

Finally, the ability of different ligands to mediate G-protein activation, receptor 

desensitisation and receptor internalisation has been examined using inhibition of 

calcium channel currents (ICa) and immunocytochemistry, respectively, as functional 

readouts [598]. The relative efficacies of DAMGO, morphine, methadone and 

pentazocine were measured for acute inhibition of calcium currents, for homologous 

desensitisation of these currents and for receptor endocytosis. Importantly, relative 

efficacies were calculated using functional affinity constants determined experimentally 

from receptor depletion experiments. These experiments revealed that the efficacy for 

ICa inhibition did not correlate with the efficacy of desensitisation or receptor 

internalisation, suggesting that morphine and, potentially, pentazocine are biased, 

relative to DAMGO, and that acute desensitisation is not dependent on receptor 

internalisation. 

Overall, these studies have provided valuable insight into biased signalling of opioids at 

MOP although it still remains to be seen whether they are able to predict differential 

responses in vivo. These studies also illustrate the importance of a number of factors 

that influence the identification and quantification of biased agonism such as cellular 

content, the pluridimensionality of efficacy and the choice of a reference agonist. It is 

important to consider these key aspects when interpreting information obtained from 

studying biased signalling in vitro. 
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1.3.6 Effect of Cellular Content on Biased Agonism 

The content of signalling effectors among different cells is not identical. As a 

consequence, biased agonism across different cellular systems is likely to change. This 

has important implications in vivo as, for instance, the effect of the same ligand in 

primary cells isolated from different tissues can show opposite bias. One relevant 

example in the case of the MOP-biased agonism is the effect of the levels of GRK2 

expression. Overexpression of GRK2 has sometimes been used as a strategy to 

increase the sensitivity of the detection of β-arr2 recruitment to several GPCRs 

including the MOP [656, 660, 661]. However, there is substantial evidence to 

demonstrate that receptor phosphorylation is also subject to bias (ligand-dependent) 

and that this phosphorylation can have downstream consequences such as differential 

engagement of signalling kinases or differential receptor regulation [184, 283, 538, 546]. 

Thus, overexpressing a particular kinase may have differential effects on the efficacy of 

distinct ligands, thus changing the bias profile of the entire set of ligands. One approach 

to minimize such artificial introduction of bias is to evaluate all the signalling end points 

under exactly the same cellular conditions and content, for example overexpressing 

GRK2 when investigating all the pathways in addition to β-arr2 recruitment. 

However, the issue of differential contents of effector and regulatory proteins in different 

tissues still remains. For example, high levels of GRK2 are found in brain, leukocytes, 

heart and spleen, followed by lung and kidney [662]. Thus, quantification of signalling 

bias in recombinant cells can be used to reveal ligands with unique signalling profiles 

that can then be used as pharmacological tools for studying the consequences of 

biased agonism in vivo. It is therefore important to adopt a global perspective on the 

concept of bias, that is as an indicator of differential behaviours, fingerprints or activity 

profiles across ligands at the same receptor that can ultimately translate to different 

physiological outcomes.  

1.3.7 Efficacy is Pluridimensional  

Most of the descriptions of biased agonism to date have focused on the differential 

activation of G-protein-mediated events and β-arr2 recruitment. However, it is evident 

that most GPCRs pleiotropically couple to a myriad of signalling effectors. The ability of 

compounds to promote unique, ligand-selective conformations of GPCRs that are able 

to engage different transduction pathways or regulatory events underlies the 

mechanism for the pluridimensionality of efficacy [663]. As such, the detection of bias 
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should be extended beyond differences between G protein activation and β-arr2 

recruitment. Additionally, it is now clear that signalling efficacy through GPCRs is not 

linear, and that multiple mechanisms control the responsiveness of receptor systems 

such as desensitisation and internalisation, resulting from receptor phosphorylation 

[664]. It is now established in several GPCR models, including the MOP, that not all 

ligands with similar apparent efficacy towards a given signalling pathway display a 

similar propensity to trigger these regulatory events [535]. 

The MOP has been shown to couple to many signalling effectors via G proteins and β-

arrs [see 319, 651, 665]. Furthermore, the MOP has also been shown to directly interact 

with phospholipase D2 [666], and with proteins that control its localisation in lipid raft 

microdomains [667]. As such, limiting bias studies to these two proximal events directly 

limits the detection of biased agonism. In addition, there is now evidence of biased 

activation of G protein subunits by the MOP, which is not detected in proximal G protein 

activation assays (such as cAMP inhibition), but may differentially affect downstream 

signalling [603-605]. Similarly, biased effects on β-arr activity are not completely 

captured in β-arr recruitment assays. β-arrs have a diverse range of functions that affect 

signalling and receptor regulation, which are dependent on both cellular content and the 

ligand itself. The strength of interaction between the receptor and β-arr, as measured in 

a β-arr recruitment assay, is not necessarily indicative of the subsequent effects on 

downstream signalling and receptor regulation. 

The systematic analysis of many signalling end points will maximize the information 

obtained from biased signalling studies in vitro as such approaches will provide 

‘textures’ of ligands in cellular models. Different ‘textures’ in vitro may be indicative of 

distinct physiological fingerprints when translating bias into physiologically relevant 

systems. 

1.3.8 Relevance of the Reference Ligand 

As mentioned earlier, signalling bias is a relative measure; it is always in comparison 

with another ligand. As such, choosing a reference ligand is a key aspect of the 

quantification. The reference ligand itself is not unbiased (there is no such thing), but 

ideally, the reference ligand should show activity in most pathways as well as possess a 

signalling profile similar to the endogenous ligand or to most ligands that target that 

particular GPCR. It can be misleading to use a reference agonist such as morphine, 

which is known to exhibit differential signalling when compared with most endogenous 
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opioid peptides. Under most conditions, morphine will be biased towards G-protein-

mediated signalling, so if it is used as a reference agonist, most other ligands will be 

clustered as β-arr biased. This is illustrated in Figure 1.9 where bias between G-protein 

activation and β-arr2 recruitment measured by [656], is quantified using two different 

reference ligands. As shown earlier, when morphine is used as the reference ligand to 

estimate values of ΔΔlog(τ/KA), nearly all the morphine metabolites are biased towards 

β-arr2 recruitment. However, when an agonist with higher efficacy in the β-arr2 

recruitment assay, such as normorphine, is used as the reference agonist, the 

calculated bias for many of the metabolites appears to change. This shows that the 

majority of the metabolites are similar to normorphine, whereas morphine becomes 

significantly G-protein-biased and there are now only three metabolites that are biased 

towards β-arr2 recruitment. However, it is important to note that while the absolute bias 

factors ascribed to an agonist will change depending upon the ligand designated as 

reference, whether or not a significant difference exists between any ligand pair will not 

change regardless of which ligand is designated as reference. In order to make direct 

comparisons of signalling bias among different studies, it is important that the same 

ligand is used as a reference for quantification. The reference ligand is also very 

important when attempting to predict bias in vivo. As mentioned earlier, ligand bias is 

cell-dependent, making predictions of in vivo bias difficult. However, extensive 

knowledge of the physiological activity and signalling by the reference ligand, will allow 

links between signalling profiles and physiological effects to be made. Hence, the 

reference should ideally be a ligand that has been very widely studied. The obvious 

choice in most cases would be to use the endogenous ligand however, that is not 

straightforward with opioid receptors because of the existence of many endogenous 

opioid peptides. As DAMGO and Met-enk have been the ligands most widely studied in 

MOP biology, these two ligands would potentially be ideal ‘universal’ candidates. 

However, the choice of reference ligands will always depend on the question that a 

particular study is trying to address. 
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Figure 1.9: Quantification of bias using different reference ligands. 

Concentration–response curves from Frolich, Dees, Paetz, Ren, Lohse, Nikolaev and Zenk 

[656] for G-protein activation and β-arr2 recruitment were fitted to the operational model to 

estimate values of ΔΔlog(τ/KA) between the two pathways using either morphine or normorphine 

as the reference ligand. When morphine is used as the reference ligand most morphine 

metabolites are biased towards β-arr2 recruitment. When normorphine is used as the reference, 

morphine becomes G-protein-biased and its derivatives, 6-acetyl-morphine (6-acetyl-Mo), Mo-3-

sulfate and Mo-6-sulfate are β-arr2-biased. The two-tailed t test was used to determine whether 

transduction ratios were statistically different from the reference ligand, morphine *P ≤ 0.05, **P 

≤ 0.01, ***P ≤ 0.001 or normorphine ∧P ≤ 0.05, ∧∧P ≤ 0.01. 

1.3.9 Use of Biased Agonism in Drug Discovery to Improve Pharmacological Profiles of 

Analgesics 

Quantification and determination of bias in vitro can guide medicinal chemists towards 

the design of biased GPCR ligands for those receptors where the signalling cascades 

responsible for therapeutic versus side effects are known. Structure–activity relationship 

(SAR) studies at the angiotensin AT1 receptor have resulted in a β-arr2-biased ligand 

(TRV120027) that is currently in clinical trials for acute decompensated heart failure 

[668]. Similarly, at the dopamine D2 receptor, biased partial agonists have been 

identified by exploring the structure of the antipsychotic aripiprazole through a 

combinatorial chemistry approach [661] and, more recently, by classical SAR studies 

supplemented with parameters of bias and functional affinity determined using the 

transduction coefficient method [659]. 

Given the phenotype of the β-arr2 knockout mouse and the accumulated evidence of 

ligand-directed signalling at the MOP, SAR approaches for the biased activation of this 

receptor have also been developed and have yielded promising compounds with 

analgesic function and improved side effect profile [581, 669]. Recently, new MOP 
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ligands (low MW compounds and endo-1 derivatives) that produce analgesia with less 

gastrointestinal dysfunction and respiratory depression have been reported. One of 

these compounds, TRV130, is the result of SAR screening studies by Trevena, Inc. 

focused on the discovery of G-protein-biased (as opposed to β-arr2 biased) ligands at 

the MOP [670]. In vitro, and compared with morphine, TRV130 displayed markedly 

different responses when assessed by two different signalling end points – inhibition of 

forskolin-induced cAMP and β-arr2 recruitment. Additionally, TRV130 showed 

decreased phosphorylation of the receptor at Ser375 and failed to internalise receptors. 

The authors examined bias between adenylate cyclase inhibition and β-arr2 recruitment 

by comparison of relative intrinsic activities [658] of TRV130 and morphine, and showed 

that TRV130 was biased towards adenylate cyclase inhibition. However, statistical 

comparison of bias using this method was hampered by the low efficacy of TRV130 in 

β-arr2 recruitment. As an alternative approach, the authors constructed a ‘bias plot’, 

where the normalised responses as changes in cAMP were shown as a function of the 

corresponding response in β-arr recruitment [648, 671]. Bias plots are useful graphical 

tools for visualizing bias of ligands between two pathways, but they incorporate all three 

types of bias, observation, system bias and ligand bias. This means ligand bias can only 

be observed when there are extreme differences between ligands, and also makes bias 

plots unsuitable for quantifying bias. Estimation of the bias factor using the operational 

model of agonism described above showed that the relative transduction ratio of 

TRV130 was not statistically different from morphine. The reduced β-arr2 recruitment 

observed with TRV130 in HEK cells could be attributed to the fact that it is a low-

efficacy agonist and hence, poorly stimulates signalling pathways with low coupling 

efficiency. However, this moderate difference in the bias factors is very likely to be more 

relevant in vivo, which accounts for the improved pharmacological profile of TRV130. A 

more comprehensive analysis of bias of TRV130 across many signalling pathways, and 

compared with other opioid ligands will reveal more information about its unique bias 

profile, and provide insight into how TRV130 exerts its effects in vivo. 

Finally, it is worth noting that most of the SAR studies performed so far that were 

focused on the discovery of biased ligands, have utilised differences between G-protein 

and β-arr-mediated pathways. However, it is tempting to anticipate that, in the coming 

years, there will be an increase in the number of studies that investigate a more diverse 

array of signalling end points that will reveal differential ‘textures’ of GPCR ligands. 
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1.3.10 Allosterism at the µ-Opioid Receptor 

Although topographically distinct, druggable, allosteric sites have been postulated to be 

present in all GPCRs [672, 673], the discovery of allosteric ligands that bind to the 

opioid receptors has remained a challenge until recently. Allosteric ligands induce 

conformational changes that are transmitted from the allosteric binding pocket to the 

orthosteric binding site. They offer the potential of improved subtype selectivity, 

decreased risk of overdose and maintained spatial and temporal activity of the target 

receptor [674]. All these pharmacological characteristics are of particular relevance for 

opioid-based therapies, as they may offer the potential to overcome the tolerance and 

dependence developed upon chronic/prolonged receptor activation. However, several 

considerations need to be taken into account regarding the effects of allosteric 

modulators on GPCRs. 

The classical view of GPCR allosterism has focused on the change elicited on the 

properties of the orthosteric ligand; however, the conformational changes induced by 

the binding of an allosteric modulator can have similar consequences when considering 

the cytosolic proteins that interact with the receptor and mediate signal transduction. 

More importantly, this effect can vary depending on the different intracellular effectors. 

Macroscopically, this translates in some pathways being modulated, in either a positive 

or negative direction, at the expense of others. Finally, allosteric ligands can also 

display efficacy in their own right, and as such, they can potentially activate signalling 

pathways that are distinct from those activated by the orthosteric ligands. It is therefore 

important that the characterisation of allosteric ligands includes the assessment of many 

relevant signalling pathways as well as the intrinsic efficacy of allosteric ligands on their 

own. 

Interestingly, compared with other family A GPCRs, there have been significantly fewer 

allosteric ligands discovered for the opioid receptors. This is in contrast with the several 

descriptions of ‘allosteric interactions’ across opioid receptor dimers, whether 

homodimers or heterodimers [675-678]. With regards to the MOP subtype, the crystal 

structure of the MOP already suggests an oligomeric arrangement of this receptor [29], 

and allosteric interactions have been described between MOP and mGluR5, CB1, DOP 

and KOP [678-681]. 

In terms of – low MW allosteric modulators, Burford et al 2013 [652] recently discovered 

the first allosteric modulators of the MOP using high throughput screening with a 
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complementation approach to measure β-arr2 recruitment. This screening resulted in 

the identification of two positive allosteric modulators (PAMs) and two silent allosteric 

modulators (which bind to the allosteric site of the receptor but have neutral 

cooperativity with the orthosteric ligand). BMS-986121 and BMS-986122 positively 

modulated the binding of DAMGO to the MOP and potentiated the effects of endo-1, 

DAMGO and morphine in β-arr2 recruitment, G-protein activation and cAMP inhibition. 

This exciting discovery has provided the tools to investigate the effects of allosterism on 

ligand-dependent effects at the MOP. For example, how do PAMs affect MOP 

regulation by different agonist? Do PAMs differently affect synthetic versus endogenous 

opioid ligands? It will also be extremely interesting to investigate whether PAMs can 

potentiate the analgesic effects of current opioid drugs or endogenous opioids, without 

potentiation of the side effects. 

1.3.11 Concluding Comments 

Although GPCRs are coupled to a plethora of signalling pathways, most descriptions of 

biased agonism have been based on the comparison of two signalling events across 

different ligands. It is therefore quite likely that the ‘relevant’ signalling event has been 

omitted by the initial selection of signalling end points. Additionally, it is unlikely that a 

response derives from the activation of a very distinct signalling pathway. Rather, 

physiological responses are likely to reflect complex outputs from a tightly controlled 

and selective activation of a particular group of intracellular signals. Such a holistic view 

represents a major challenge for pharmacologists and medicinal chemists. One 

potential approach to predict physiological outcomes is the thorough investigation of 

many signalling end points in simple cellular models to generate ligand activity profiles. 

Subsequently these specific fingerprints can be related to more complex physiological 

responses. This approach requires not only a robust and systematic quantification 

method, but also the validation of signalling profiles in more relevant systems. However, 

once obtained, these fingerprints will represent a framework that will offer the potential 

to predict the physiological outcome from a novel drug. 

Parallel with the discovery of new biased MOP ligands with improved therapeutic 

windows, the discovery of opioid receptor allosteric modulators will also open new 

avenues to overcome the current limitations of opioid ligands as analgesics. As such, 

the evaluation of this new class of compounds in vivo will be extremely informative in 

terms of whether allosterism can be exploited to generate better and safer analgesics. 
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1.4 Summary and Aims 

The MOP receptor remains one of the key targets for management of pain, despite the 

numerous side effects associated with their use. The therapeutic profile of MOP 

agonists could be improved by optimisation of their biased agonism profile, enabling 

maximisation of the analgesic effects with minimal the side effects. The improved side 

effect profile of the recently described biased MOP ligand TRV130 as well as the 

reduced side effects of morphine in β-arr2 knockout mice certainly indicates that this is 

possible. However, despite extensive research into biased signalling at MOP both in 

recombinant cell lines and primary cells using predominantly synthetic opioids, clear 

links between activation of particular signalling pathways and specific physiological 

effects are yet to be established, hence the bias profile required to produce analgesia 

with reduced side effects is unknown. Whilst there is evidence that the therapeutic 

profile of opioids can be improved by optimising ligand bias towards G protein activation 

over β-arr2 recruitment, there is also clear evidence of the existence of multiple 

mechanisms of desensitisation and tolerance which are both ligand and tissue specific. 

Futhermore, there is also a number of discrepancies between studies examining bias of 

the same ligands between the same or similar signalling pathways. This has raised the 

question whether in vitro studies of biased agonism can truly predict bias in vivo. 

Consequently, a more comprehensive, and quantitative, approach to bias optimisation 

is required. To date, studies of biased agonism at MOP have been predominantly 

qualitative assessments of biased agonism by small number of synthetic ligands, the 

endogenous opioids have been largely overlooked. As a receptor with multiple 

endogenous ligands, bias is highly likely to play an important role in the normal control 

of MOP-mediated physiological processes. Additionally, the endogenous opioids have 

been shown to be able to produce analgesia with fewer side effects. Hence these 

peptides are ideal candidates for studies of biased signalling at MOP, as they are likely 

to possess novel biased agonism profiles which may assist in establishing the ideal bias 

profile required for optimisation of the therapeutic profile of opioid analgesics. 

Accordingly, the aims of the work described in this thesis are: 

1. Characterise the biased agonism profile of endogenous ligands at MOP across 

multiple different signalling pathways 

 

2. Determine the factors that affect the quantification of biased agonism at MOP 
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2.1 Abstract 

Biased agonism is having a major impact on modern drug discovery and describes the 

ability of distinct GPCR ligands to activate different cell signalling pathways, and to 

result in different physiological outcomes. To date, most studies of biased agonism have 

focussed on synthetic molecules targeting various GPCRs, however many of these 

receptors have multiple endogenous ligands, suggesting that “natural” bias may be an 

unappreciated feature of these GPCRs. MOP is activated by numerous endogenous 

opioid peptides, remains an attractive therapeutic target for the treatment of pain, and 

exhibits biased agonism in response to synthetic opiates.  The aim of this study was to 

rigorously assess the potential for biased agonism in the actions of endogenous opioids 

at MOP in a common cellular background, and compare these to the effects of the 

agonist DAMGO. We investigated activation of G proteins, inhibition of cAMP 

production, ERK1/2 phosphorylation, β-arr1/-2 recruitment and MOP trafficking, and 

applied a novel analytical method to quantify biased agonism. Whilst many endogenous 

opioids displayed signalling profiles similar to that of DAMGO, α-neo, Met-enk-RF and 

the putatively endogenous peptide, endo-1, displayed particularly distinct bias profiles. 

These may represent examples of natural bias if it can be shown that they have 

different signalling properties and physiological effects in vivo compared to other 

endogenous opioids. Understanding of how endogenous opioids control physiological 

processes through biased agonism can reveal vital information required to enable 

design of biased opioids with improved pharmacological profiles and treat diseases 

involving dysfunction of the endogenous opioid system. 
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2.2 Introduction 

Opioids are the most widely used and most effective analgesics available. However, 

their use is associated with a large array of side effects [682]. Opioids that are currently 

used as therapeutics, such as morphine, predominantly exert both their analgesic 

effects and undesirable effects through activation of MOP [683, 684]. It is now accepted 

that chemically distinct ligands binding to the same GPCR can stabilise the receptor in 

multiple active conformations, which result in differential activation of cell signalling 

pathways and, eventually, in different physiological outcomes, a phenomenon known as 

biased agonism [685]. Biased agonism can be exploited to design drugs that selectively 

activate signalling pathways leading to the desired physiological effects whilst 

minimising on-target side effects elicited by activation of other signalling pathways via 

the same receptor subtype [248, 686, 687]. 

Biased agonism at the MOP has been extensively studied [596, 615, 616, 651, 653, 

688-690]. However, evidence of biased agonism at the MOP is mostly limited to 

qualitative analyses of two signalling events with a limited number of ligands. Evidence 

of the involvement of β-arr2 in the mediation of the adverse effects of morphine has 

prompted the search for opioids that do not induce β-arr2 recruitment. Indeed, 

enhanced morphine analgesia with reduced respiratory and gastrointestinal side effects 

was reported in β-arr2 knockout mice [640, 641, 691]. Recently, ligands with impaired β-

arr2 recruitment have been reported to provide potent analgesia with less severe side 

effects [580, 581, 644]. However, the improved pharmacological profiles of these 

ligands may still be due to their partial agonism, with lower overall efficacy than 

morphine, rather than true “bias” away from β-arr2 recruitment [616]. 

In order to guide discovery efforts to generate drugs with therapeutically relevant biased 

agonism profiles, it is necessary to quantify this phenomenon. In any system, the 

observed biased agonism can be confounded by  “system bias”, which reflects the 

differing coupling efficiencies of the receptor for each signalling pathway, and by 

“observational bias”, which results from differing assay sensitivities and conditions [648]. 

Bias imposed by the ligand on the conformation of the receptor is the only source of 

bias that can be chemically optimised to improve its therapeutic profile. Therefore, it is 

important to quantify biased agonism in such a way that excludes system and 

observational bias, to reveal the unique signalling profile that is induced by the ligand. 

Several analytical methods to quantify biased agonism have been developed. The 

method recently described by Kenakin, Watson, Muniz-Medina, Christopoulos and 
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Novick [685], based on the Black and Leff (1983) operational model can be applied to 

concentration-response curves to obtain a single parameter that describes bias 

between signalling pathways in a system independent manner. 

 

Several studies have quantified biased agonism at the MOP, but these have been 

limited to comparison of efficacies for G protein activation versus β-arr2 recruitment 

[596, 612, 615, 656]. However, differential activation of other signalling events including 

receptor internalisation, MAP kinase and PKC activation has been reported [653], but 

these signalling events are rarely considered when describing bias of the MOP, or when 

attempting to link biased agonism with physiological effects. Moreover, bias between G 

protein activation and β-arr recruitment may not necessarily predict differential activation 

of such downstream signalling events. Therefore, it is important to study biased 

agonism at multiple signalling pathways in order to encompass multiple aspects of the 

signalling properties of a ligand. 

 

To date, descriptions of biased agonism have mainly focused upon the actions of 

synthetic ligands. However, the existence of multiple endogenous ligands targeting the 

same GPCR suggests the potential for “endogenous” biased agonism. Indeed, biased 

agonism by endogenous peptide ligands has been observed at several GPCRs [235, 

237, 692]. Such observations may explain, in part, the apparent redundancy of such 

systems. However, the potential for bias within the endogenous opioid system has not 

been explored extensively. The endogenous ligands for opioid receptors are small 

peptides generated by cleavage of precursor proteins; pENK, pOMC and pDYN. PENK 

and pOMC derived peptides, enkephalins and endorphins respectively, are generally 

localised to regions with MOP or DOP expression and are involved in the numerous 

physiological processes mediated by these receptors. Similarly, the pDYN-derived 

peptides, the dynorphins and neoendorphins, are generally localised to similar regions 

as the KOP, however it is likely that in some regions dynorphins may also activate 

MOP. All the opioid peptides have varying affinities for all three opioid receptors, and 

none are significantly selective for one receptor subtype [332, 333]. Finally, the 

precursor genes for endo-1 and endo-2 are still unknown and therefore these two 

ligands remain “putatively endogenous”, however, they are the most selective and 

potent opioid peptides for MOP [334]. Such diversity in the endogenous opioid system 

suggests that biased agonism may play a role in control of normal MOP mediated 
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physiological processes. The understanding of the fundamental basis for ligand bias at 

the MOP and determining whether differences in the expression and release of 

endogenous opioids can underlie the development and maintenance of disease may 

offer promising avenues to address and to provide mechanistic insight for the 

development of safer opioid-based therapies. 

 

In the current study we investigated the existence of biased agonism at the MOP by 

endogenous and putatively endogenous opioids. The ability to activate several signal 

transduction pathways for a range of opioid peptides and three reference ligands was 

assessed. Bias between each signalling pathway was quantified to obtain unique biased 

agonism profiles for these ligands. The results show that whilst most endogenous 

opioids possess similar biased agonism profiles to one another, α-neo and the putative 

endogenous opioid endo-1 display unique biased agonism profiles. Our studies also 

provide a foundation for future studies aimed at linking these profiles to physiology of 

the opioid system.  
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2.3 Materials and Methods 

2.3.1 Materials 

Chinese hamster ovary (CHO) FlpIn cells and Dulbecco's modified Eagle's medium 

(DMEM) were purchased from Invitrogen (Mulgrave, VIC, Australia). Foetal bovine 

serum (FBS) was purchased from ThermoTrace (Melbourne, Australia). Hygromycin-B 

was purchased from Roche Applied Science (Dee Why, NSW, Australia). Sure-Fire 

cellular ERK1/2 assay kits were a generous gift from TGR BioSciences (Adelaide, SA, 

Australia). AlphaScreen reagents for ERK1/2 assays, [35S]Guanosine 5′-O-[γ-

thio]triphosphate ([35S]GTPγS; >1000 Ci/mmol), [3H] Diprenorphine and Ultima Gold 

scintillation cocktail were purchased from PerkinElmer Life Sciences (Melbourne, 

Australia). All endogenous opioid peptides were purchased from Mimotopes 

(Melbourne, Australia). All other chemicals were purchased from SigmaAldrich. 

Morphine HCl was from GlaxoSmithKline (Boronia, Victoria, Australia). Renilla 

luciferase tagged MOP (MOP-RLuc) was a kind gift of Prof. Laura Bohn (Scripps 

Research Institute, Florida, USA). 

2.3.2 Cell Culture and Generation of Stable Cell Line 

Cells were maintained and cultured in high-glucose DMEM containing 10% FBS and 

600 μg/ml hygromycin B at 37°C under a humidified atmosphere containing 5% CO2. 

cDNA encoding the wild-type human MOP was obtained from the Missouri University of 

Science and Technology (http://www.cdna.org) and was provided in pcDNA3.1+. 

Sequence of the human MOP was amplified by polymerase chain reaction and cloned 

into the Gateway entry vector pENTR/D-TOPO, using the pENTR directional TOPO 

cloning kit, according to the manufacturer’s instructions (Mulgrave, VIC, Australia). The 

construct was subsequently transferred into the Gateway destination vector 

pEF5/frt/V5/dest using the LR Clonase enzyme mix (Invitrogen), and the constructs 

were used to transfect FlpIn CHO cells (Invitrogen) which ensure constant expression of 

MOP across a cell population  Cells were selected using 600 μg/ml hygromycin B to 

generate cell lines stably expressing MOP. 

2.3.3 Membrane Preparation 

Cells from 10 175cm2 flasks were grown until approximately 90% confluence and 

harvested using 2mM EDTA in phosphate-buffered saline (PBS, 137mM NaCl, 2.7mM 
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KCl, 4.3mM Na2HPO4, and 1.5mM KH2PO4). Cells were pelleted by centrifugation for 10 

minutes at 1200g, and the pellets resuspended in 20ml of PBS containing 20mM 

HEPES and 10mM EDTA at pH 7.4. All subsequent steps were performed at 4°C. The 

cell suspension was homogenized using a Polytron homogenizer (PT 1200 CL; 

Kinematica, Basel, Switzerland), with three 10-second bursts separated by cooling on 

ice. The cell homogenate was centrifuged for 5 minutes at 1700g, and the supernatant 

was transferred to new tubes and further centrifuged (90 minutes, 38000g). The pellet 

was resuspended in 5ml of buffer (20mM HEPES and 0.1mM EDTA, pH 7.4) and briefly 

homogenized to ensure uniform consistency. Membranes were aliquoted and stored at -

80°C. The protein concentration was determined using a Bradford assay and bovine 

serum albumin as a standard. 

2.3.4 Saturation Radioligand Binding Assay 

Cell membranes (20μg) were incubated in buffer (50mM Tris, 100mM NaCl, 3mM 

MgCl2, pH7.4) containing increasing concentrations of [3H] Diprenorphine (0.01-10nM), 

at 25°C for 60min. The reaction was terminated by rapid filtration through glass fibre 

filters (GF/B) with a Brandel cell harvester and washing with cold saline. Non-specific 

binding was determined using 1mM naloxone and radioactivity was determined by liquid 

scintillation counting using Ultima Gold scintillation cocktail, and a Tri-Carb 2900TR 

liquid scintillation counter (Perkin Elmer). 

2.3.5 [35S]GTPγS Binding Assay 

Cell membranes (10μg) were incubated in buffer (20 mM HEPES, 100 mM NaCl, 4 mM 

MgCl2, pH7.4) containing 1μm GDP, 0.01% bovine serum albumin (BSA), protease 

inhibitors (1μM captopril, 1μM phosphoramidon and 1μM amastatin) and increasing 

concentrations of agonist for 30min at 30°C. A 100μl volume of [35S]GTPγS (0.1nM final 

concentration) was then added, and the incubation was continued for a further 30min. 

The reaction was terminated by rapid filtration through glass fibre filters (GF/B) with a 

Brandel cell harvester and washing with cold saline. Radioactivity was determined by 

liquid scintillation counting using Ultima Gold scintillation cocktail, and a Tri-Carb 

2900TR liquid scintillation counter (Perkin Elmer). All experiments were performed in 

triplicate. 

2.3.6 Inhibition of Forskolin-Induced cAMP Levels 
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The ability of ligands to inhibit forskolin-induced cAMP production was assessed in FlpIn 

CHO-MOP cells transiently transfected to express the CAMYEL cAMP bioluminescence 

resonance energy transfer (BRET) biosensor [693]. FlpIn CHO-MOP cells were grown 

overnight in 10cm dishes. Transient transfection was performed using polyethylenimine 

(PEI) at a 6:1 ratio of DNA. 24h after transfection FlpIn CHO-MOP cells were seeded in 

white 96-well plates (Culturplates, Perkin Elmer) and incubated overnight. The following 

day cells were rinsed and pre-incubated in Hank’s Balanced Saline Solution (HBSS) 

with 0.01% BSA and protease inhibitors (1μM captopril, 1μM phosphoramidon and 1μM 

amastatin) for 30min at 37°C. Cells were then incubated with the RLuc substrate 

coelenterazine-h, final concentration 5µM, for 5min, followed by a further 5min 

incubation with increasing concentrations of agonists. Forskolin was added to a final 

concentration of 10µM. After 5min the YFP and the RLuc emissions were measured 

using a LumiSTAR Omega instrument (BMG Labtech, Ortenberg, Germany) that allows 

for sequential integration of the signals detected at 475 ± 30 and 535 ± 30nm, using 

filters with the appropriate band pass. Data are presented as a BRET ratio, calculated 

as the ratio of YFP to RLuc signals, and expressed as the percentage of the forskolin-

induced signal.  

2.3.7 Bioluminescence Resonance Energy Transfer Assays 

Agonist-induced recruitment of β-arrs to the MOP and MOP proximity to the plasma 

membrane maker KRas were examined using a BRET-based method. Parental FlpIn 

CHO cells were transfected to co-express MOP C-terminally tagged with RLuc, and β-

arr1-, β-arr2-YFP or KRas-Venus at a 1:4 DNA ratio. The assay was performed as 

described above for the cAMP BRET-based assay. For β-arr recruitment assays, 

agonists were added after 5min of pre-incubation with coelenterazine-h, and then 

incubated for an additional 5min and the BRET ratio was determined. For receptor 

trafficking (KRas BRET) assays, cells were incubated with agonists for 60mins in the 

presence of protease inhibitors, and coelenterazine h added 10mins prior to detection of 

BRET. Data is expressed as DAMGO response for β-arr assays, and % vehicle 

response for KRas assays. 

2.3.8 ERK 1/2 Phosphorylation Assay 

Cells were seeded at 4x104 cells/well in clear 96 well plates and grown for 5hr. Cells 

were washed twice with 200μl of phosphate-buffered saline and incubated in serum-free 

DMEM overnight at 37°C in 5% CO2. ERK1/2 phosphorylation (pERK) was detected 
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using the AlphaScreen ERK1/2 SureFire protocol (TGR Biosciences). The assay was 

performed at 37°C, cells were preincubated with 0.01% BSA and protease inhibitors 

(1μM captopril, 1μM phosphoramidon and 1μM amastatin) followed by addition of 

ligands to a final volume of 200 μl. Time course experiments were initially performed to 

determine the time at which maximal pERK was detected following agonist stimulation 

(5min). Ligand-stimulated pERK was terminated by removal of media and drugs, 

followed by the addition of 100μl of SureFire lysis buffer per well and agitation of lysates 

for 5min at room temperature. 5μl of lysate were added in a 384-well white ProxiPlate 

(PerkinElmer). A mixture of SureFire activation buffer, SureFire reaction buffer, and 

AlphaScreen beads was prepared in a ratio of 100:600:3 (v/v/v) and added to the lysate 

for a lysate:mixture ratio of 5:8 (v/v). Plates were incubated for 1–1.5 hr. at 37°C before 

the florescence signal was measured on a Fusion-α plate reader (PerkinElmer) using 

standard AlphaScreen settings. For all experiments, 10µM DAMGO (100%) and vehicle 

(0%) were used to normalise pERK curves.  

2.3.9 Data Analysis 

Agonist concentration−response curves were fitted empirically to a three-parameter 

logistic equation using Prism 6.0 (GraphPad Software Inc.) where bottom and top are 

the lower and upper plateaus, respectively, of the concentration−response curve, [A] is 

the molar concentration of agonist, and EC50 is the molar concentration of agonist 

required to generate a response halfway between the top and the bottom. 

                         (1) 

To compare agonist profiles and to quantify stimulus bias, agonist 

concentration−response data were fitted to the following form of the operational model 

of agonism  [655] 

         (2) 

where Em is the maximal possible response of the system, basal is the basal level of 

response, KA denotes the functional equilibrium dissociation constant of the agonist (A) 

for the receptor , τ is an index of the signalling efficacy of the agonist and is defined as 

RT/KE, where RT is the total number of receptors and KE is the coupling efficiency of 
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each agonist-occupied receptor, and n is the slope of the transducer function that links 

occupancy to response. The analysis assumes that the maximal system 

responsiveness (Em) and the transduction machinery utilised for a given cellular 

pathway are the same for all agonists, such that the Em and transducer slope (n) are 

shared between agonists. Data for all compounds for each pathway were fit globally to 

determine values of KA and τ. 

The ratio τ/KA was determined as a logarithm (i.e., log(τ/KA)) and is referred to herein as 

the transduction coefficient which represents a single fitted parameter sufficient to 

describe agonism and bias for a given pathway (i.e., biased agonism can result from 

either a selective affinity (KA) of an agonist for a given receptor state(s) and/or a 

differential coupling efficacy (τ) toward certain pathways). 

To cancel the impact of cell-dependent effects on the observed agonism at each 

pathway, the log(τ/KA) values were then normalised to that determined for DAMGO at 

each pathway to yield a normalised transduction coefficient, Δlog(τ/KA), which was 

calculated as follows 

  

(3) 

 

Finally, to determine the actual bias of each agonist between different signalling 

pathways, the Δlog(τ/KA) values were evaluated statistically between the pathways. The 

ligand bias of an agonist for one pathway, j1, over another, j2, is given as 

       (4)

 

 

 

A lack of biased agonism as compared to the reference agonist DAMGO will result in 

values of ΔΔlog(τ/KA ) not significantly different from 0 between pathways. To account 

for the propagation of error associated with the determination of composite parameters 

using eqs 3 and 4, the following equation was used 

         (5) 

All potency (pEC50) and transduction ratio (ΔΔlog(τ/KA)) parameters were estimated as 

logarithms. When fold-changes in bias are described, this was calculated by first 
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           (6) 

The distribution of antilog values does not conform to a normal (Gaussian) distribution, 

whereas the logarithm of the measure is approximately Gaussian [694-696]. Thus, as 

the application of t tests and analyses of variance assume Gaussian distribution, 

estimating the parameters as logarithms allows valid statistical comparison. All results 

are expressed as the mean ± SEM. Statistical analysis was performed using a two-way 

unpaired Student’s t test to make pairwise comparisons between bias factors for a given 

ligand and DAMGO, where P<0.05 was considered to be statistically significant. 

 

To visualise bias between multiple pathways at once, webs of bias were constructed. 

ΔΔτ/KA values between a reference pathway, cAMP, and all other pathways were 

obtained using DAMGO as the reference ligand as follows 

 

Δ𝜏/𝐾𝐴  =  
𝜏/𝐾𝐴    𝑡𝑒𝑠𝑡 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑  

𝜏/𝐾𝐴    𝐷𝐴𝑀𝐺𝑂
          (7) 

 

ΔΔ𝜏/𝐾𝐴  =  
𝛥𝜏/𝐾𝐴𝑗1

 

𝛥𝜏/𝐾𝐴𝑗2

           (8) 

2.3.10 Principal Component Analysis 

Principal component analysis (PCA) is a dimensionality reduction method that uses 

transformations to project a high-dimensional set of data into a lower dimensional set of 

variables called principal components (PCs). The PCs extract the important information 

from the data, revealing its internal structure in a way that best explains its variance 

[697]. PCs are ranked according to the percentage of total variance in the data they 

explain. The first PC explains a maximal amount of total variance in the data. Each 

succeeding PC explains a maximal amount of the remaining variation, without being 

correlated with the preceding components. PCA was applied using singular value 

decomposition as implemented in the package scikit-learn [698], the script used for the 

analysis and plotting can be found at https://github.com/thomas-coudrat/pca_analysis.  
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2.4 Results 

The ability of MOP to activate several signal transduction pathways in response to ten 

endogenous opioid peptides, endo-1, endo-2 and three synthetic ligands was assessed 

in FlpIn CHO cells stably expressing the human MOP. Receptor expression levels were 

determined by saturation binding assays with [3H]diprenorphine (Bmax 0.72 ±0.04 

pmol/mg protein, Figure A.1). The selected opioid peptides included members of all 3 of 

the main classes of endogenous opioids; enkephalins, dynorphins and endorphins, as 

well as the putative endogenous ligands the endomorphins (Table 2.1). Quantification of 

bias between each pathway was performed using DAMGO as the reference ligand. 

Morphine was included as an additional control ligand, as the literature suggests that it 

may be a biased agonist at MOP compared to DAMGO [651, 653, 690] and, finally, the 

signalling profile of the peripherally restricted MOP agonist, loperamide, was also 

investigated. All incubations in the different signalling assays were performed in the 

presence of endopeptidase inhibitors (see Materials and Methods), to prevent peptide 

degradation. 

Table 2.1: Endogenous peptides used in this study 

Peptide Sequence 

Enkephalins   

Leu-enk Tyr-Gly-Gly-Phe-Leu 

Met-enk Tyr-Gly-Gly-Phe-Met 

Met-enk-RF Tyr-Gly-Gly-Phe-Met-Arg-Phe 

Dynorphins   

DynA  Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln 

DynB Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-Lys-Val-Val-Thr 

DynA 1-13 Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys 

DynA 1-8 Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile 

DynA 1-6 Tyr-Gly-Gly-Phe-Leu-Arg 

α-neoendorphin Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro-Lys 

Endorphins   

β-endorphin 
Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-Gln-Thr-Pro-Val-Thr-Leu-Phe-
Lys-Asn-Ile-Ile-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-Glu 

Endomorphins   

Endo-1 Tyr-Pro-Trp-Phe 

Endo-2 Tyr-Pro-Phe-Phe 
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2.4.1 Endogenous Opioids Differentially Inhibit AC and Recruit β-Arrestin 2 

MOPs are primarily coupled to Gαi G proteins that mediate inhibition of adenylyl cyclase 

(AC), resulting in a decrease in the levels of intracellular cAMP. The ability of ligands to 

inhibit forskolin-induced cAMP production was assessed in FlpIn CHO-MOP cells 

transiently transfected to express the CAMYEL cAMP BRET-based biosensor (Figure 

2.1A-B, Table A.1). All ligands inhibited forskolin-induced cAMP stimulation. Such 

inhibition was abolished by incubation of the cells with pertussis toxin (data not shown) 

demonstrating the Gαi-dependence of this effect. However, concentration-response 

curves could not be obtained for dynA and dynA 1-13. Although these two peptides 

stimulated the production of cAMP at high concentrations (Figure 2.1B), this effect was 

not mediated by MOP as it was not blocked by the MOP antagonist naloxone, and was 

still observed in untransfected FlpIn CHO cells (Figure A.2). We then examined 

recruitment of β-arr2 to MOP using a BRET assay. CHO FlpIn cells were co-transfected 

with MOP-RLuc and YFP-tagged β-arr2 (β-arr2-YFP). All endogenous opioids as well as 

DAMGO and loperamide stimulated recruitment of β-arr2. In contrast, morphine 

displayed partial agonism by only stimulating 28% of the DAMGO-mediated response 

(Figure 2.1C-D, Table A.1). In order to quantify biased agonism at these two signalling 

pathways, bias factors were calculated as described in Materials and Methods (Figure 

2.1E,Table A.2). Both loperamide and the endogenous opioid, α-neo, showed 

significant bias towards inhibition of AC over recruitment of β-arr2 compared to the 

reference ligand DAMGO. Morphine and all the other opioid peptides tested were not 

significantly biased compared to DAMGO. 
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Figure 2.1: Biased agonism of endogenous opioids between inhibition of forskolin-

induced cAMP and β-arr2 recruitment. 

(A-B) Inhibition of forskolin-induced cAMP in CHO-MOP cells. (C-D) Recruitment of β-arr2 in 

FlpIn CHO cells. Data normalised to the 10μM DAMGO response. Data expressed as mean ± 

SEM of at least 3 separate experiments. (E) Bias factors for all agonists between cAMP and β-

arr2 recruitment (Table A.2). *p≤0.05 **p≤0.005, different from DAMGO, as determined by two-

tailed t-test. Bias factors for dynA and dynA 1-13 not shown as log[τ/KA] values could not be 

calculated for the cAMP assay (NC= not calculable) 
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2.4.2 Differential Recruitment of β-Arrestin Isoforms by Opioid Ligands 

Morphine has previously been shown to preferentially stimulate recruitment of β-arr2 

over β-arr1 [579]. Differential recruitment of arrestins may have significant effects on 

downstream signalling as different β-arr isoforms have different functions [284, 699]. We 

examined the potential for endogenous opioids to stimulate differential recruitment of β-

arr isoforms to MOP. For this, β-arr recruitment assays were repeated using YFP-

tagged β-arr1. All the ligands tested stimulated recruitment of β-arr1, with the exception 

of morphine, which did not stimulate any detectable recruitment (Figure 2.2A-B, Table 

A.1). Of note, the BRET signal was much lower for the β-arr1 assays compared to the 

BRET signal obtained for β-arr2. Although this could be interpreted as a compromised 

recruitment of β-arr1 for all the ligands, we cannot exclude the possibility that this is due 

to lower BRET efficiency between the different arrestin isoforms and MOP-RLuc. Bias 

factors between recruitment of β-arr1 and β-arr2 showed that in addition to morphine, 

endo-1 differentially recruits β-arrs in comparison to the reference ligand DAMGO 

(Figure 2.2C,). Endo-1 showed significant bias towards recruitment of β-arr2 over β-

arr1. Since morphine did not stimulate any detectable β-arr1 recruitment, a bias factor 

could not be calculated. However, this does not necessarily indicate that morphine is 

biased towards β-arr2 recruitment. Since all the ligands showed a lower response in the 

β-arr1 assay than for β-arr2, a partial agonist such as morphine is expected to stimulate 

little to no response in the β-arr1 assay. Hence our results suggest that bias between β-

arr isoforms can be due to the lower sensitivity of β-arr1 assays and/or lower coupling 

efficiency of β-arr1 recruitment to MOP.  
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Figure 2.2: Bias between β-arr1 and β-arr2 recruitment. 

(A-B) Recruitment of β-arr1 in FlpIn CHO cells. Data normalised to the 10μM DAMGO response 

and expressed as means ± SEM of 3 separate experiments. (C) Bias factors for all agonists 

between β-arr1 and β-arr2. *p ≤0.05 **p≤0.005, different from DAMGO as determined by two-

tailed t-test. NC = not calculable 
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2.4.3 Biased ERK1/2 Phosphorylation Correlates with Bias Between cAMP and β-

Arrestin Recruitment  

Next, we examined activation of extracellular regulated kinases 1 and 2 (ERK1/2). 

Agonist-induced stimulation of ERK1/2 phosphorylation (pERK) was measured in FlpIn 

CHO-MOP cells using the Alpha-Screen phospho ERK1/2 assay. All agonists strongly 

stimulated pERK in CHO-MOP cells (Figure 2.3, A and B,Table A.1). This effect was 

blocked by naloxone and was absent in untransfected CHO cells (data not shown). Bias 

factors between pERK and all the previous signalling pathways (inhibition of cAMP 

production, β-arr1 and β-arr2 recruitment) were calculated (Figure 2.3, C and D, Table 

A.2). There were several ligands that displayed biased agonism towards cAMP 

inhibition over pERK compared to DAMGO, including morphine, loperamide, endo-1, α-

neo and dynB. In line with this result, there was also a strong correlation between bias 

towards cAMP inhibition over pERK and the bias toward cAMP inhibition over β-arr2 

recruitment (Pearson r = 0.893, p< 0.0001; Figure 2.3E). However, β-arr-dependent 

pERK may not be specifically mediated via β-arr2 only, as a similar correlation was 

observed for bias between pERK and β-arr1 recruitment (Figure A.3). The lack of bias 

between pERK and β-arr1 or 2 recruitment for nearly all of the ligands suggests that a 

component of pERK in CHO cells is β-arr-dependent. The only exception to this was 

morphine, which was biased towards β-arr2 and cAMP and away from pERK. 
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Figure 2.3: Bias towards β-arr recruitment determines pERK bias. 

(A-B) pERK in FlpIn CHO-MOP cells. Data normalised to the 10% FBS response and expressed 

as means ± SEM of at least 3 separate experiments. Bias factors between pERK and cAMP (C) 

and β-arr2 (D). *p≤0.05 **p≤0.005, as determined by two-tailed t-test compared to DAMGO. (E) 

Two-tailed Pearson correlation was calculated between bias factors for cAMP-β-arr2 in Figure 

1E and cAMP-pERK excluding morphine. NC = not calculable  
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2.4.4 Differential Activation of G Protein-Mediated Signalling 

Although we used the inhibition of AC as a measure of G protein-mediated signalling, 

AC activity is regulated by numerous other signalling effectors in addition to Gαi 

subunits. These include Ca2+, Gβγ subunits and A-kinase anchoring protein (AKAP). In 

addition to this, AC is differentially regulated by various Gα subunits [700], which in turn 

are differentially modified by regulators of G protein signalling (RGS) [701]. We 

measured direct G protein activation in FlpIn CHO-MOP membrane preparations using 

[35S]GTPγS binding assays and quantified bias between [35S]GTPγS binding and 

inhibition of forskolin-induced cAMP (Figure 2.4). Several ligands showed bias towards 

cAMP over [35S]GTPγS binding in comparison to DAMGO, including morphine, Met-enk, 

endo-1, endo-2 and α-neo. Interestingly some of these, endo-1 and α-neo, consistently 

showed bias towards cAMP over all other signalling pathways, whereas Met-enk and 

endo-2 did not. This suggests that bias towards cAMP by these two sets of ligands may 

be driven by different effectors. Modulation of AC activity by Gβγ subunits and AKAP did 

not contribute to bias between the cAMP and [35S]GTPγS binding as inhibitors for these 

proteins had no effect on endo-1 or DAMGO inhibition of cAMP stimulation (Figure A.4). 
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Figure 2.4: Bias between G protein activation and AC inhibition. 

(A-B) Agonist-induced [35S]GTPγS binding in CHO-MOP membrane preparations. Data 

normalised to the 10μM DAMGO response and expressed as means ± SEM of 3 separate 

experiments. (C) Bias factors between cAMP and GTPγS assays. *p ≤0.05 **p≤0.005, as 

determined by two-tailed t-test compared to DAMGO. NC = not calculable 
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2.4.5 Receptor Localisation/Trafficking 

The inability of morphine to induce MOP internalisation was the first indication of 

differential actions of MOP agonists [171, 533]. It is now apparent that this compromised 

internalisation is associated with different modes of desensitisation for internalising vs 

non-internalising agonists. MOP trafficking was examined using BRET to measure the 

proximity between MOP-RLuc and a Venus-KRas construct, used as a plasma 

membrane marker. Before stimulation with agonists, MOP and KRas are in close 

proximity allowing BRET to occur. Upon MOP activation, receptor redistribution, 

clustering and internalisation the distance between these two proteins increases and 

result in a reduction in the BRET signal. A time course experiment was initially 

performed to determine the time at which a maximal reduction in BRET was observed 

following agonist stimulation, which occurred at 60min (data not shown). All ligands 

except morphine induced a reduction in BRET between MOP and KRas at 60min, 

(Figure 2.5, Table A.1). 

Bias between receptor trafficking and the other signalling pathways for Met-enk-RF 

could not be quantified since a full concentration response curve could not be obtained 

for this ligand in the KRas BRET assay. As Met-enk-RF gave similar responses to Met-

enk in all the signalling pathways interrogated previously, this result suggests that Met-

enk-RF is biased away from this pathway. Since receptor trafficking is dependent on 

recruitment of β-arrs, bias factors were calculated between KRas BRET and β-arr1 and 

2 recruitment. No ligands showed bias between KRas BRET and recruitment of β-arr1. 

Only endo-1 showed significant bias towards recruitment of β-arr2 and away from 

receptor trafficking. This result is in line with the fact that this ligand had previously 

shown significant bias towards β-arr2 over β-arr1 when these two pathways were 

compared (Figure 2.2) 

We next compared the bias between KRas BRET and other signalling pathways. Endo-

1 and α-neo, which previously showed bias towards cAMP inhibition over β-arr1 and 2 

recruitment, now displayed significant bias towards cAMP over receptor trafficking 

(Figure 2.5E). Surprisingly, endo-2, which previously showed no bias between cAMP 

and recruitment of β-arrs, was now biased towards cAMP over KRas BRET. This shows 

that endo-2 is slightly biased towards β-arr recruitment over receptor trafficking, and this 

has significant consequences on downstream signalling. Bias between recruitment of β-

arrs and KRas BRET indicates that the β-arrs recruited to endo-2 activated MOP 
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receptors may be mediating activation of an alternative signalling pathway that has not 

been captured by the signalling pathways interrogated in this study. Interestingly, the 

differences in bias between cAMP and KRas BRET or [35S]GTPγS and KRas BRET 

track with the bias between cAMP and [35S]GTPγS binding (Figure 2.5, E and F, Figure 

2.4C). Therefore these results highlight that the bias between G protein signalling and 

receptor trafficking depends on the endpoint measured for G protein signalling. 

 

Figure 2.5: Endogenous opioids decrease the association of MOP with KRas. 

(A-B) BRET between MOP-Rluc and KRas-Venus. Data expressed as percentage of vehicle, 

and expressed as means ± SEM of at least 3 separate experiments. Bias factors between KRas 

BRET (trafficking) and (C) β-arr1, (D) β-arr2, (E) cAMP and (F) GTPγS. *p ≤0.05 **p≤0.005, as 

determined by two-tailed t-test compared to DAMGO. NC = not calculable 
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2.4.6 Comprehensive Biased Agonism Profiles 

In the context of biased agonism, given the complex signalling pathways that lie 

downstream of the MOP, it is evident that the comparison of ligand action between two 

pathways gives only a limited picture of drug action. Thus, to allow visualisation of the 

action of different ligands across all the pathways tested in this study, “webs of bias” 

were generated.  These webs of bias allow the clustering of ligands into different activity 

profiles across the entire data set. For this, bias factors between cAMP and all other 

pathways were calculated using DAMGO as the reference ligand (ΔΔτ/KA) and 

represented in a single multi-axial graph. Morphine and loperamide are already known 

to possess different signalling properties compared to DAMGO, hence they were 

included in this study as positive controls to validate our analytical tools. As expected, 

morphine, and loperamide each showed characteristic fingerprints, different to that of 

DAMGO (Figure 2.6A). Importantly, two additional opioids, endo-1 and α-neo also 

displayed unique signalling profiles, and showed bias across multiple different signalling 

pathways when compared to DAMGO. Met-enk and endo-2 also showed bias compared 

to DAMGO, but were similar to one another. Met-enk-RF also displayed a unique 

signalling profile. Despite its bias profile being very similar to DAMGO at most signalling 

pathways, Met-enk-RF only stimulated a very small response in the KRas BRET assay, 

which indicates that Met-enk-RF is biased away from receptor trafficking, however the 

degree of bias could not be quantified. All other endogenous ligands displayed activity 

profiles that were very similar to DAMGO (Figure 2.6B).  

Another method to visualise and evaluate the overall signalling profiles is to perform 

principal component analysis (PCA) (see Materials and Methods). PCA identifies values 

in the data set that contribute the most variability, the principal components, which in 

this case are the bias factors that reveal the largest differences between ligands. 

Ligands that show similar biased agonism to one another will cluster together. PCA of 

all the bias factors (Figure 2.6C, Table A.2) showed that most of the endogenous 

ligands cluster closely with DAMGO. In contrast, loperamide, α-neo and endo-1, and to 

a smaller extent Met-enk and endo-2, are separated, indicating that these ligands 

display an overall unique pattern of bias, consistent with their signalling profiles in the 

webs of bias. Of note, the first principal component (PC1) of the analysis, which 

accounts for the greatest source of variability between ligands, only accounts for 56% of 

the variability (Figure 2.6C,Table A.3). PC2 contributes 26%, to the variability between 

ligands. Indeed, PC1 and PC2 together only account for 82% of the variability.   
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Figure 2.6: Webs of bias of endogenous opioid peptides and reference ligands at the 

MOP. 

(A) Ligands with profiles similar to DAMGO (B) ligands with profiles that differ from that of 

DAMGO. τ/KA values were normalised to the reference ligand DAMGO, and to the cAMP assay. 

Statistically significant differences (p<0.05) are denoted by black circles as determined by two-

tailed t-test. For the purposes of visualisation only, a τ/KA for Met-enk-RF in the internalisation 

assay was estimated using the incomplete KRas concentration response curve. (C) Principal 

component analysis (PCA) of all bias factors excluding morphine, DynA, DynA 1-13 and Met-

enk-RF. 

Interestingly, both the first two principal components are comprised mainly of bias 

factors between G protein and β-arr-mediated signalling endpoints (Table A.4). This 
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shows that bias between G protein activation and β-arr recruitment is a major 

determinant of the biased agonism characteristics of a ligand. However, as these bias 

factors are separated into two uncorrelated principal components, this also means that 

there is a diverse spectrum of bias between G protein and β-arr mediated signalling 

pathways. Altogether this highlights the multidimensional nature of biased agonism and 

the fact that quantification of bias should be expanded beyond examination of only two 

pathways such as G proteins vs β-arrs, in order to cover the whole spectrum of possible 

signalling characteristics.  
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2.5 Discussion 

The data presented here show that endogenous opioids acting on the MOP can exhibit 

diverse signalling profiles. Examining bias across multiple pathways has highlighted the 

complex nature of biased agonism at MOP, and has revealed another level of 

complexity of bias that extends beyond differential activation of G proteins and β-arr 

recruitment. Several endogenous opioids including α-neo, Met-enk, Met-enk-RF, and 

the putative endogenous opioids endo-1 and endo-2, displayed biased agonism 

compared to DAMGO across multiple signalling pathways, whereas the rest of the 

endogenous ligands displayed profiles that were similar to that of DAMGO. In particular, 

endo-1 and α-neo displayed markedly different signalling profiles. α-Neo is considered a 

KOP agonist and, as such, no studies have examined its actions at the MOP. The 

physiological actions and signalling of endo-1 at MOP, conversely, have been 

extensively studied [702]. Endo-1 produces similar physiological effects to most opioids, 

such as analgesia, inhibition of gut motility, respiratory depression and the development 

of tolerance [703-706]. Differences between the physiological effects of endo-1 and 

endo-2 have been described. However, these differences are usually small and it 

cannot be ruled out that they are due to different degradation rates of the peptides 

rather than biased agonism [707, 708]. Interestingly, endo-1 has been shown to 

produce antinociceptive cross-tolerance to morphine whereas endo-2 does not, 

suggesting potential differences in the mechanisms of tolerance produced by these two 

ligands. As both endo-1 and 2 stimulate receptor internalisation [578], they would both 

be expected to produce tolerance via a similar mechanism to that of DAMGO. This 

suggests that tolerance produced by endo-1 and 2 may involve differential activation of 

signalling pathways unrelated to receptor internalisation, or alternatively, that the 

mechanisms of development of tolerance to these ligands are cell type-dependent. 

Few other studies have examined biased agonism of endogenous opioids, and the 

results from these different studies are not consistent. Morse, Tran, Sun, Levenson and 

Fang [613] examined a range of endogenous and exogenous opioids in HEK293 cells 

using dynamic mass redistribution  to measure MOP global responses. In that study, all 

endogenous opioids, except dynA 1-13, exhibited similar profiles. Our analysis suggests 

that whilst dynA 1-13 displayed some bias compared to the other endogenous ligands, 

this is limited evidence to suggest that dynA 1-13 is particularly unique compared to the 

other endogenous opioids. Rivero, Llorente, McPherson, Cooke, Mundell, McArdle, 

Rosethorne, Charlton, Krasel, Bailey, Henderson and Kelly [615] quantified bias 
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between [35S]GTPγS binding and β-arr2 recruitment in HEK293 cells for some 

endogenous ligands, and found that endo-1 and endo-2 were biased towards β-arr2 

recruitment compared to leu-enk [596, 615, 616]. In our study only endo-1 was biased 

towards β-arr2 over [35S]GTPγS binding (Figure A.5). Various reasons can explain the 

different results. First, the different methodologies and time points used to measure β-

arr2 recruitment may affect bias, since at later time points differential rates and modes 

of desensitisation may affect the level of β-arr2 recruitment. In addition, the different cell 

backgrounds used in each study may also change the bias of a ligand, as the 

expression levels of the various proteins involved in the activation of the signalling 

pathways examined may differ across cell lines and have an impact in the measures of 

bias [616].  

Morphine is often described as a ligand with compromised ability to recruit β-arrs [274, 

525, 544, 579, 612]). As a partial agonist, morphine is expected to give a lower 

response in signalling pathways with low coupling efficiency and/or assays with low 

sensitivity. However, to understand whether these observations refer to a biased action, 

requires systematic quantification of biased agonism. In our study, morphine did not 

show significant bias between β-arr2 and cAMP, although it was significantly biased 

towards β-arr2 when compared to [35S]GTPγS binding. This is similar to results 

obtained by Rivero, Llorente, McPherson, Cooke, Mundell, McArdle, Rosethorne, 

Charlton, Krasel, Bailey, Henderson and Kelly [615], where morphine was slightly 

biased towards β-arr2, although not significantly [616].  

We observed a correlation between pERK and β-arr recruitment, suggesting that β-arr 

recruitment is involved in pERK in CHO cells. This correlation was seen with both β-arr1 

and β-arr2, indicating that both β-arrs are capable of mediating a component of ERK 

activation. β-arr-dependent pERK has also been shown previously in transgenic cell 

lines and primary cells [510, 511]. The one exception to this correlation was morphine. 

This indicates that morphine stimulates pERK via different pathway that is independent 

of β-arrs. A likely candidate is PKC, as morphine stimulated pERK in HEK293 cells has 

a been suggested to be PKC-dependent [208]. However, to date this has not been 

demonstrated in CHO cells. 

In our study, endo-1 preferentially recruited β-arr2 over β-arr1. Differential recruitment of 

β-arrs to the MOP by endo-1 has not been shown previously, but has been 

demonstrated for morphine, which promotes recruitment of β-arr2 and little or no 
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recruitment of β-arr1 [525, 579, 580]. However, as mentioned previously, as all ligands 

gave a lower response in the β-arr1 assay, a partial agonist is expected to have very 

low to undetectable signal. Biased activation of β-arrs may result in differential activation 

of downstream signalling, as different β-arrs can act as scaffolds for different signalling 

complexes [284, 699]. β-arr1 but not 2 is required for MOP ubiquitination, and has also 

been shown to promote MOP dephosphorylation more rapidly than β-arr2 [536]. In 

addition, the downstream functions of β-arrs may vary with different ligands. Differential 

engagement of G protein receptor-coupled kinases (GRKs) and different patterns of 

ligand-induced MOP phosphorylation have been demonstrated previously [511, 525, 

541, 543-545, 585]. These receptor phosphorylation patterns play a vital role in 

determining receptor interactions with β-arrs and may direct β-arr functions [285]. The 

differential role of β-arr2 recruitment in response to morphine compared to other opioids 

has been shown in the β-arr2 KO mice, where the improved pharmacological profile is 

only observed with morphine [640, 641]. Whilst morphine-induced β-arr recruitment 

results in activation of different signalling pathways, whether the differential recruitment 

of β-arrs induced by endo-1 mediates biased activation of signalling pathways 

downstream of β-arr is still unknown. 

Agonists were assessed for bias between G protein activation and inhibition of AC, a 

classical downstream G protein-mediated effect. Several ligands showed bias towards 

inhibition of AC over [35S]GTPγS binding in comparison to DAMGO, indicating 

differential activation of G protein-mediated signalling pathways. There are not many 

examples where [35S]GTPγS assays have been performed in conjunction with cAMP 

assays in the same cellular background to assess MOP function [595, 709]. Zaki, Keith, 

Brine, Carroll and Evans [595] reported differing relative potencies of some agonists 

between the two assays but concluded that this was due to the different coupling 

efficiencies. There is also some evidence of ligand dependent engagement of different 

Gα subunits with MOP [603-605, 710]. However, these differences are small and since 

most methods used in these studies require overexpression or addition of purified G 

proteins, the real preferences for different subunits may be masked by differences in 

stoichiometry between receptor and G proteins. It is also possible that the bias 

observed between these signalling effectors is due to differences in signalling kinetics. 

As measurements for [35S]GTPγS binding assays are usually taken after longer 

incubations with the ligand than for cAMP assays, ligands with slower association 

kinetics or that stimulate different rates of desensitisation can display bias between two 



Biased Agonism of Endogenous Opioid Peptides at the µ-Opioid Receptor 

 

87 

signalling endpoints. Further experiments are required to elucidate whether bias 

between [35S]GTPγS binding and AC inhibition or other signalling pathways is due to 

differential regulation of G protein-mediated signalling pathways, different signalling 

kinetics or different ligand association/dissociation rates. 

The bias between cAMP inhibition and [35S]GTPγS also correlates with the bias 

observed between MOP trafficking and these signalling pathways. Several ligands 

showed bias between trafficking and cAMP, but not between trafficking and 

[35S]GTPγS. Morphine and possibly Met-enk-RF may also be biased towards cAMP 

inhibition and [35S]GTPγS binding over trafficking. However as bias factors could not be 

quantified for morphine and Met-enk-RF between trafficking and other signalling 

pathways, we cannot exclude the possibility that these ligands simply have lower 

efficacy, in which case the lower response in a low sensitivity assay, such as trafficking, 

is to be expected. There were no ligands showing significant bias between trafficking 

and recruitment of β-arr1, and only endo-1 was biased towards β-arr2 over receptor 

trafficking. This result is in line with the fact that receptor trafficking is highly dependent 

on recruitment of β-arrs.  

In summary, we have performed a systematic quantitative analysis of biased agonism at 

the MOP by endogenous and putatively endogenous opioid peptides across multiple 

different signalling pathways. This work has revealed that opioid peptides display a 

variety of different biased agonism profiles, some of which are unique. α-Neo and endo-

1 display particularly distinct biased agonism profiles, and may have different signalling 

properties and physiological effects in vivo compared to other endogenous opioids. 

Biased agonism profiles, combined with different degradation rates, expression patterns 

in the body, and differing selectivities for opioid receptor subtypes, may engender 

tremendous diversity in endogenous opioid activity and lead to finely tuned physiological 

processes. Although the impact of MOP biased agonism in the control of normal 

physiological processes still remains to be explored, our findings provide a 

pharmacological framework to progress our understanding on ligand redundancy of the 

opioid system. A greater understanding of how endogenous opioids control 

physiological processes through biased agonism will reveal vital information required to 

enable design of biased opioids with improved pharmacological profiles. 
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3.2  Abstract 

Biased agonism describes the ability of distinct G protein–coupled receptor (GPCR) 

ligands to stabilise distinct receptor conformations leading to the activation of different 

cell signalling pathways that can deliver different physiologic outcomes. This 

phenomenon is having a major impact on modern drug discovery as it offers the 

potential to design ligands that selectively activate or inhibit the signalling pathways 

linked to therapeutic effects with minimal activation or blockade of signalling pathways 

that are linked to the development of adverse on-target effects. However, the explosion 

in studies of biased agonism at multiple GPCR families in recombinant cell lines has 

revealed a high degree of variability on descriptions of biased ligands at the same 

GPCR and raised the question of whether biased agonism is a fixed attribute of a ligand 

in all cell types. The current study addresses this question at the MOP. Here we have 

systematically assessed the impact of differential cellular protein complement (and 

cellular background), signalling kinetics and receptor species on our previous 

descriptions of biased agonism at MOP by several opioid peptides and synthetic 

opioids. Our results show that all these factors need to be carefully determined and 

reported when considering biased agonism. Nevertheless, our studies also show that, 

despite changes in overall signalling profiles, ligands that previously showed distinct 

bias profiles at MOP retained their uniqueness across different cell backgrounds. 
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3.3 Introduction 

GPCRs are involved in the control of virtually every physiological process. They are a 

major target of currently used medicines, and represent valuable targets for the design 

of new therapeutics. However, most GPCRs are ubiquitously expressed in multiple 

tissues and exert their effects through activation of wide variety of signalling pathways. 

Many drugs that target GPCRs produce side effects mediated through the activation of 

“unwanted” signalling pathways by the GPCR of interest, or by the activation of the 

same GPCR in different non-target tissues. The former “on-target” side effects can be 

minimised by designing drugs that selectively activate the signalling pathways required 

to produce the therapeutic response. This pathway-specific drug design is based on a 

property of GPCRs known as “biased agonism”, “ligand-directed signalling” or 

“functional selectivity” [711]. Biased agonism describes how chemically distinct ligands 

targeting the same GPCR in an identical cellular background, stabilise the receptor in 

different conformations, resulting in differential activation of downstream signalling, 

which in turn can induce different physiological effects. Therefore, biased agonism 

offers the potential to design ligands that selectively activate or inhibit the signalling 

pathways linked to the desired therapeutic effects with minimal activation or blockade of 

signalling pathways that are linked to the development of side effects. 

In order to develop strategies to design a biased ligand with the desired selectivity for 

particular signalling pathways, methods for quantifying biased agonism are essential. To 

achieve this, it is important to consider that the observed response that is induced by a 

ligand at a particular signalling pathway is not solely determined by the affinity and 

intrinsic efficacy of such ligand. Rather, the differing coupling efficiencies of the 

signalling pathways, and the different conditions and sensitivities of the detection 

methods, also contribute to the overall observed response, and are termed “system 

bias” and “observational bias”, respectively [648]. Therefore, biased agonism 

engendered solely by conformational effects of the ligand-receptor interaction, must be 

quantified using a method that excludes both system and observational bias. Although 

several analytical methods to quantify biased agonism have been developed, most can 

only be applied in specific circumstances (as reviewed in [648]). The method recently 

described by Kenakin, Watson, Muniz-Medina, Christopoulos and Novick [685], or 

“transduction coefficient” method, based on the Black and Leff (1983) operational model 

of agonism, can be applied to concentration-response curves to obtain a single 
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parameter that describes bias between signalling pathways in a system independent 

manner [648]. 

In the last decade, biased agonism has been quantified at numerous GPCRs including; 

opioid receptors [615, 712-714], chemokine receptors [237, 238, 685], adrenoceptors 

[654, 715], and many others [716-719]. Most studies have focused on discovery of 

ligands with differential receptor signalling versus regulation characteristics, specifically 

by quantifying bias between G protein-mediated signalling and β-arr recruitment or 

receptor internalisation [237, 615, 712, 714]. However, it has become increasingly 

apparent that biased agonism can result in the differential activation of a plethora of 

signalling pathways downstream of receptor activation, not only G protein activation and 

β-arr recruitment, supporting the concept of the pluridimensionality of efficacy [229]. For 

this reason, more recent studies are extending assessment of bias to a wider array of 

signalling pathways to obtain comprehensive descriptions of ligand action that can 

predict the differential effects of ligands [238, 654, 713, 717]. 

Most descriptions of biased agonism have been initially based on studies in 

recombinant cell systems, where consistent and robust responses of different signalling 

pathways can be obtained, ensuring a high degree of accuracy and sensitivity. 

However, it is still unclear whether quantification of biased agonism in recombinant cell 

lines can truly predict biased agonism in vivo [720]. The potential for inconsistencies in 

biased agonism determinations is exemplified by conflicting results reported in different 

studies of the same GPCR that have examined this phenomenon in different cell 

backgrounds. At the MOP, for instance, several studies have examined bias between G 

protein activation and β-arr recruitment [612, 615, 616, 713]. Most notably, endo-2 may 

exhibit differential bias towards β-arr2 recruitment and away from G protein activation in 

different studies [615, 616, 713]. Similar discrepancies have been observed for bias of 

aripiprazole between extracellular signal regulated ERK1/2 phosphorylation and AC 

inhibition at the dopamine D2 receptor [719, 721], and bias between receptor 

internalisation and G protein-mediated signalling pathways mediated by CCL4 and 

CCL3L1 at CCR5 receptors [237, 685]. Altogether, such discrepancies between studies 

raise important questions about the determination and quantification of biased agonism, 

specifically, is biased agonism a fixed attribute of a ligand in all cell types? 

Because GPCR function is determined by at least three molecular partners, i.e. ligand, 

receptor, and transducer or effector protein, it follows that an agonist-bound active 
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receptor state cannot be defined outside the context of a specific receptor–transducer 

interaction [722]. Such an active receptor state will be dependent on the cellular 

complement of transducers (or intracellular effector proteins) of a particular cell type. 

Thus, altering the cellular complement of intracellular binding proteins by 

overexpressing specific signalling components, or changing cell background, will likely 

affect bias. When the change in expression of a signalling effector(s) has equal effects 

on the agonism of all ligands, this results in a change in “system bias” which is 

eliminated when quantifying bias relative to the reference ligand using the “transduction 

coefficient method” (see above and [685]). However, altered expression of signalling 

effectors may have unequal effects on different ligands and, as a consequence, the 

observed biased agonism will not necessarily be maintained in different systems. 

Ligands may preferentially activate different isoforms of signalling effectors that are 

expressed in different cell types such as G protein subunits or GRKs). Moreover, in 

addition to potentially altering ligand bias, the cell background also dictates which 

signalling pathways can be practically used to quantify bias. GPCRs will be more 

efficiently coupled to some signalling pathways more than others (system bias). This 

may require alterations of assay conditions to optimise detection of poorly coupled 

signalling pathways, and may entail changing the signalling effectors examined 

altogether. This makes it prohibitively difficult to measure the same signalling events 

under identical conditions in different cells, increasing the likelihood of obtaining 

different results when quantifying bias in different cell backgrounds. Alterations in the 

assays conditions may include overexpression of a signalling effector to enhance 

detection of the desired signalling pathway, such as the overexpression of a GRK to 

enhance β-arr recruitment [660, 661]. Altering the balance between signalling effectors 

that are in competition with each other, such as G proteins and β-arrs or different GRK 

isoforms, may enhance interactions with signalling effectors that a ligand-receptor 

complex naturally has little affinity for. This change in signalling effector expression may 

again affect the descriptions of biased agonism. 

Quantifying bias in a different cell background may alternatively require substitution of a 

poorly coupled signalling pathway for another closely related signalling pathway, such 

as different G protein-mediated signalling pathways. However, even closely related 

signalling pathways are differentially regulated by distinct signalling effectors, and 

therefore are subject to the same limitations in determining biased agonism. For 

example, differential activation of G protein-mediated signalling pathways can occur as 
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a result of differential activation of G protein subunits [723], which may preferentially 

activate some signalling pathways, and may in turn be differentially controlled by RGS 

[724-726]. Additionally, different G protein-mediated signalling pathways, such as AC 

stimulation or inhibition, are regulated by numerous other signalling effectors [120]. 

Finally, another factor that may alter observed bias when measured under different 

experimental conditions is the kinetics of all processes involved; ligand binding, 

activation and desensitisation of the signalling pathways [727]. Biased agonism is 

generally described as a difference in the magnitude of activation of signalling pathways 

compared to a reference ligand, when measured at its peak or steady state activation. 

However, this limited measure of biased agonism largely excludes the differential 

effects biased agonists may have on the spatiotemporal properties of the signalling 

pathways. Every signalling pathway has different activation and desensitisation kinetics 

that will be differentially regulated by different ligands, i.e ligands may have similar bias 

when considering the maximal response of the signalling pathway, but due to differential 

desensitisation their bias may change at later time points. This means that the observed 

bias of a ligand will be time dependent, and consequently different results may be 

obtained when measuring the same signalling pathway using different assay techniques 

that require different incubation times [727]. 

Altogether, cell background and signalling kinetics add additional layers of complexity to 

defining the biased agonism of a ligand, and to ascertain the profile that is required to 

produce the desired therapeutic effects. Previously, we systematically quantified biased 

agonism of a range of both exogenous and endogenous opioids at MOP across multiple 

different signalling pathways in CHO cells [713]. This study revealed a number of 

ligands that possess unique biased agonism profiles, including the endogenous ligands 

Met-enk-RF and α-neo. Here, we have used this initial characterisation to extend our 

studies towards understanding the impact of cell background and signalling dynamics 

on the detection and quantification of bias. Our results illustrate that when assessing 

biased agonism, both of these factors need to be taken under consideration. However, 

our studies at MOP also show that, despite changes in directions of bias, and overall 

signalling profiles, ligands with distinct bias profiles retained their differentiation across 

different cell backgrounds.  
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3.4 Methods 

3.4.1 Materials 

Chinese hamster ovary (CHO) FlpIn cells and Dulbecco's modified Eagle's medium 

(DMEM) were purchased from Invitrogen (Mulgrave, VIC, Australia). Foetal bovine 

serum (FBS) was purchased from ThermoTrace (Melbourne, Australia). Hygromycin-B 

was purchased from Roche Applied Science (Dee Why, NSW, Australia). All 

endogenous opioid peptides were purchased from Mimotopes (Melbourne, Australia). 

Morphine HCl was from GlaxoSmithKline (Boronia, Victoria, Australia). All other 

chemicals were purchased from SigmaAldrich (Castle Hill, NSW, Australia). AtT20 and 

AtT20-FLAG-MOP cells were a gift from Prof. Macdonald Christie (University of Sydney, 

Australia). MOP-RLuc was a gift of Prof. Laura Bohn (Scripps Research Institute, 

Florida, USA).  

3.4.2 Cell Culture and Generation of Stable Cell Line 

Cells were maintained and cultured in high-glucose DMEM containing 10% FBS and 

600 μg/ml hygromycin B for CHO-MOP cells, and 500μg/ml G418 for AtT20-MOP, at 

37°C under a humidified atmosphere containing 5% CO2. cDNA encoding the wild-type 

human MOP was obtained from the Missouri University of Science and Technology 

(http://www.cdna.org) and was provided in pcDNA3.1+. Sequence of the human MOP 

was amplified by polymerase chain reaction and cloned into the Gateway entry vector 

pENTR/D-TOPO, using the pENTR directional TOPO cloning kit, according to the 

manufacturer’s instructions (Invitrogen, Mulgrave, Australia). The construct was 

subsequently transferred into the Gateway destination vector pEF5/frt/V5/dest using the 

LR Clonase enzyme mix (Invitrogen), and the constructs were used to transfect FlpIn 

CHO cells (Invitrogen). Cells were selected using 600 μg/ml hygromycin B to generate 

cell lines stably expressing MOP. AtT20 cells stably expressing a FLAG tagged MOP 

were generated as described previously [598]. 

3.4.3 Inhibition of Forskolin-Induced cAMP Levels 

The ability of ligands to inhibit forskolin-induced cAMP production was assessed in 

AtT20-MOP and FlpIn CHO-MOP cells transiently transfected to express the CAMYEL 

cAMP BRET biosensor [693]. CHO-MOP cells were grown overnight in white 96-well 

plates (Culturplates, Perkin Elmer, Melbourne Australia). Transient transfection of FlpIn 
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CHO-MOP cells was performed using polyethylenimine (PEI, Polysciences, Warrington, 

PA, USA) at a 6:1 ratio of DNA. AtT20-MOP cells were grown in 10cm dishes and 

transient transfection of cells was performed using lipofectamine (Invitrogen). After 24h 

AtT20-MOP cells were transferred to white 96-well plates. 48h after transfection cells 

were rinsed and pre-incubated in Hank’s Balanced Saline Solution (HBSS) with 0.01% 

BSA and protease inhibitors (1μM captopril, 1μM phosphoramidon, 1μM amastatin, 1μM 

actinonin and 1μM Diprotin A) for 30min at 37°C. Cells were then incubated with the 

Rluc substrate coelenterazine-h, final concentration 5µM, for 5min, followed by a further 

5min incubation with increasing concentrations of agonists. Forskolin was then added to 

a final concentration of 10µM. After 5min the YFP and the Rluc emissions were 

measured using a LumiSTAR Omega (BMG Labtech, Ortenberg, Germany) that allows 

for sequential integration of the signals detected at 475 ± 30 and 535 ± 30nm, using 

filters with the appropriate band pass. For cAMP kinetic experiments baseline readings 

were taken every 30s for 3min before addition of forskolin, and measurements taken 

every 30s for 30min after addition of forskolin. Data are presented as a BRET ratio, 

calculated as the ratio of YFP to Rluc signals, and expressed as the percentage of the 

forskolin-induced signal. 

3.4.4 Bioluminescence Resonance Energy Transfer Assays 

Agonist-induced recruitment of β-arrs to the MOP was examined using a BRET-based 

method. AtT20 cells and parental FlpIn CHO cells were transfected as described above 

to co-express MOP C-terminally tagged with Rluc, G protein coupled receptor kinase 2 

(GRK2) and β-arr1- or β-arr2-YFP, at a 1:2:4 DNA ratio. To measure G protein 

activation in FlpIn CHO cells, 1x106 cell were seeded in white 96 well plates. The next 

day cells were transfected using PEI as above with 1µg MOP, 1.2 µg Gβ1, and either 

1.35µg Gγ-Venus with 0.6µg of Gαi1-Rluc8, Gαi2-Rluc8 or Gαi3-Rluc8, or 0.6 µg Gγ2-

Venus with 0.14 µg Gαob-Rluc8. For β-arr recruitment assays, agonists were added after 

5min of pre-incubation with coelenterazine-h, and then incubated for an additional 5min 

before the BRET ratio was determined. For G protein assays, agonists were added after 

10min pre-incubation with coelenterazine-h, and readings were taken after 5min 

incubation with the ligand. For G protein assays with 60min agonist stimulation, 

coelenterazine-h was added 10min prior to detection. Data is expressed as the 

percentage of the maximum DAMGO response for β-arr assays, and the maximum 

Loperamide response for G protein assays. 
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3.4.5 Membrane Potential 

Agonist-induced membrane hyperpolarisation in AtT20-MOP cells was measured using 

the FLIPR membrane potential assay kit (Molecular devices, CA, USA). AtT20-MOP 

cells were plated in clear bottom black half area 96-well plates (Corning, Clayton, 

Australia). Cells were allowed to adhere, the media was changed to low serum media 

(1% FBS), and cells allowed to grow overnight. 1 bottle of red membrane potential dye 

was dissolved in 10ml K+ free HBSS (0.388mM NaHPO4, 4.17mM NaHCO3, 0.441mM 

KH2PO4, 145mM NaCl, 22mM HEPES, 0.407mM MgSO4, 0.493mM MgCl2, 1.26mM 

CaCl2 and 5.56mM glucose). Dye was added to cells to a 1:1 ratio of dye to low serum 

media, and cells allowed to recover for 30min. Membrane hyperpolarisation was 

measured at 37°C using a Flexstation®3 (Molecular Devices; Sunnyvale, CA, USA). 

Fluorescence was detected for every 2s for 90s at 530 nm excitation and 565 nm 

emission. Baseline readings were taken for 30s before addition of agonists. Data is 

expressed as ΔMP, which is the area under the curve units normalised to the maximum 

response obtained with DAMGO. 

3.4.6 Receptor Internalisation 

AtT20-MOP cells were plated and grown overnight in 48-well culture plates. Cells were 

incubated with increasing concentrations of agonists in DMEM for 30min, then washed 

gently 3 times with TBS and fixed in 3.7% v/v paraformaldehyde. Surface or total FLAG-

MOP receptors were detected in intact or (Nonidet P-40 equivalent)-detergent 

permeabilised cells, respectively, using the mouse anti-FLAG antibody (1:2000) 

followed by HRP-conjugated goat anti-mouse IgG (1:2000). After washing with TBS, the 

peroxidase substrate (SIGMAFASTTM OPD, SigmaAldrich) was added at a final 

concentration of 0.4 mg/ml, and the reaction was terminated by the addition of 1 M HCl. 

The coloured reaction product was detected at 490 nm in a multi-label plate reader 

(EnVision, PerkinElmer Life Sciences). The absorbance values for transfected cells 

were normalised to those of mock-transfected cells, and receptor density was reported 

relative to vehicle-treated wells. 

3.4.7 Data Analysis 

Quantification of bias was performed as described in section 2.3.9. 

  



Systematic Analysis of Factors Influencing Observations of Biased Agonism at the µ-Opioid 
Receptor 

98 

3.4.8 Principal Component Analysis 

Principal component analysis (PCA) is a dimensionality reduction method that uses 

transformations to project a high-dimensional set of data into a lower dimensional set of 

variables called principal components (PCs). The PCs extract the important information 

from the data, revealing its internal structure in a way that best explains its variance 

[697]. PCs are ranked according to the percentage of total variance in the data they 

explain. The first PC explains a maximal amount of total variance in the data. Each 

succeeding PC explains a maximal amount of the remaining variation, without being 

correlated with the preceding components. PCA was applied using singular value 

decomposition as implemented in the package scikit-learn [698], the script used for the 

analysis and plotting can be found at https://github.com/thomas-coudrat/pca_analysis.  
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3.5 Results 

We recently quantified biased agonism at the MOP in FlpIn CHO cells stably expressing 

the human MOP [713] and identified several opioids that display unique biased agonism 

profiles compared to the reference ligand DAMGO. These include morphine, endo-1 

and endo-2, which had previously been reported to display biased agonism at MOP 

[615, 616], the peripherally restricted MOP agonist, loperamide, as well as three 

endogenous opioids, Met-enk, Met-enk-RF and α-neo. In the current study, we 

investigated whether the biased agonism profiles for these eight MOP ligands remain 

consistent across different cell lines, examined the effect of different cellular protein 

complement on bias, and assessed the time dependency of biased agonism. 

3.5.1 Opioids Show Differential Gα Subunit Activation  

To investigate the effect of the different G protein complement on biased agonism we 

have examined the activation of different G proteins. MOPs are primarily coupled to G 

proteins containing Gαi or Gαo subunits, and there is some evidence that opioid ligands 

show differential preference for some subtypes [603-605]. The ability of ligands to 

activate G proteins was assessed using a BRET-based assay. CHO FlpIn MOP cells 

were co-transfected with Gγ2-Venus, Gβ1 and either RLuc8-tagged Gαi1, Gαi2, Gαi3 or 

Gαob. All ligands activated the four G protein subtypes after 5min in a concentration-

dependent manner (Figure 3.1). The greatest changes in BRET were observed with 

Gαi1 and Gαob (data not shown), which may indicate that MOP has a greater ability to 

couple to G proteins containing Gαi1 or Gαob subunits, however we cannot exclude the 

possibility that this is due to differences in BRET efficiency between the different RLuc8-

Gα constructs and the Gγ-Venus. DAMGO and Met-enk stimulated most Gα subtypes 

to at least 80% of the response to loperamide at 5min, whereas morphine, endo-1, 

endo-2, Met-enk-RF and α-neo were, in general, less efficacious than loperamide 

(Figure 3.1). 

Bias factors (ΔΔlog(τ/KA), see materials and methods) between activation of different 

Gα subtypes were quantified for all ligands using DAMGO as the reference ligand 

(Figure 3.2, Table 3.1). When compared to DAMGO, Met-enk-RF and α-neo were 

biased away from Gαi1 activation relative to at least one of the other Gα subunits (Figure 

3.2A-C). This is largely due to the fact that DAMGO-stimulated MOP is more efficiently 

coupled to Gαi1 than to the other Gα subunits, which is apparent when comparing the 
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log(τ/KA) values of DAMGO vs other ligands for each Gα subunit (Table 3.1). 

Additionally, Met-enk-RF, which exhibited similar activation of Gi1, Gi2 and Gob 

relative to DAMGO, showed increased Gαi3 activation when compared to DAMGO at 

5min, resulting in bias towards Gαi3 over Gαi1 (Figure 3.2B). This bias is partly 

attributable to a small increase in the KA of Met-enk-RF for Gαi3 (Table 1). Interestingly, 

no ligands showed bias between Gαi2 and Gαi3, Gαi3 and Gαob or Gαi2 and Gαob (Figure 

3.2D-F).  

 

Figure 3.1: Activation of Gαi/o subunits by MOP agonists. 

(A-D) Activation of Gαi1, Gαi2, Gαi3 and Gαob in FlpIn CHO cells after 5min of agonist stimulation. 

Data normalised to the 1μM Loperamide response. Data expressed as mean ± SEM of at least 

3 separate experiments. 

We next quantified bias between activation of the Gα subunits and recruitment of β-arr2 

(Figure 3.2G). α-neo showed bias towards Gαi2 which is in line with previous results that 

showed α-neo was biased towards inhibition of cAMP production when compared to β-

arr2 [713]. In addition to this, morphine and endo-1 were biased towards β-arr2 over 

Gαi1 and Gαi3 respectively. This was unexpected since morphine and endo-1 previously 

showed no bias between inhibition of cAMP production and β-arr2. The different bias 

observed when comparing β-arr2 to either inhibition of cAMP production or G protein 
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activation illustrates that the level of G protein activation is not always indicative of the 

level of activation of downstream G protein-mediated signalling. 

 

Figure 3.2: Quantification of biased agonism of MOP agonists between activation of 

different Gαi/o subunits. 

(A-F) Bias factors for all agonists between Gαi1, Gαi2, Gαi3 and Gαob activation after 5min of 

agonist stimulation. (G) Bias factors between β-arr2 recruitment and Gαi1, Gαi2, Gαi3 and Gαob 

activation after 5min agonist stimulation. Data expressed as means ± SEM of at least 3 

separate experiments. *p≤0.05 **p≤0.005, different from DAMGO as determined by one-way 

ANOVA with Dunnett’s multiple comparison test. 



Systematic Analysis of Factors Influencing Observations of Biased Agonism at the µ-Opioid 
Receptor 

102 

Table 3.1: Quantification of biased agonism between activation of different G 
protein subtypes at two time points. 
Transduction coefficients [Log(τ/KA)], normalised transduction coefficients [ΔLog(τ/KA)] and 

Log(bias factors) [ΔΔLog(τ/KA)]. Values represent the mean ± SEM of three to five independent 

experiments. *p ≤0.05 **p≤0.005, different from DAMGO as determined by ANOVA with 

Dunnett’s multiple comparison test. † p ≤0.05 as determined by two-tailed t-test compared to 

same ligand at 5min. NC: not calculated due to full agonism. 

 

logKA SEM Logτ/KA SEM Δlogτ/KA SEM logKA SEM Logτ/KA SEM Δlogτ/KA SEM

DAMGO NC NC 8.575 0.150 0.000 0.212 -6.89 0.29 7.759† 0.110 0.000 0.155

Morphine NC NC 7.686 0.149 -0.889 0.211 -6.76 0.26 7.445 0.157 -0.315 0.191

Loperamide NC NC 9.082 0.128 0.507 0.197 NC NC 8.948 0.092 1.189 0.143

Endo-1 -7.89 0.32 8.813 0.157 0.239 0.217 NC NC 8.516 0.107 0.756 0.153

Endo-2 -7.85 0.29 8.309 0.221 -0.266 0.267 NC NC 8.328 0.153 0.569 0.188

Met-enk -7.56 0.36 8.781 0.153 0.207 0.214 -7.21 0.32 8.001† 0.151 0.242 0.187

Met-enk-RF NC NC 8.448 0.200 -0.127 0.250 -6.78 0.33 7.543† 0.138 -0.217 0.176

α-Neo -6.58 0.32 7.238 0.201 -1.336 0.251 -6.79 0.30 7.767† 0.140 0.007 0.178

DAMGO -7.01 0.36 7.908 0.138 0.000 0.195 -6.74 0.40 7.619 0.120 0.000 0.170

Morphine -6.57 0.31 7.396 0.149 -0.512 0.203 NC NC 7.293 0.112 -0.326 0.164

Loperamide NC NC 9.147 0.113 1.239 0.178 NC NC 8.816 0.096 1.198 0.154

Endo-1 -7.89 0.28 8.790 0.115 0.883 0.179 -7.85 0.28 8.599 0.135 0.980 0.181

Endo-2 -7.91 0.22 8.424 0.156 0.516 0.208 -7.74 0.28 8.428 0.171 0.809 0.209

Met-enk NC NC 8.368 0.119 0.460 0.182 NC NC 8.517 0.133 0.898 0.179

Met-enk-RF -7.38 0.31 8.178 0.153 0.270 0.206 -7.08 0.31 7.589† 0.171 -0.030 0.209

α-Neo -7.19 0.26 7.734 0.177 -0.174 0.224 -6.75 0.33 7.226† 0.218 -0.392 0.249

DAMGO NC NC 8.006 0.128 0.000 0.181 -7.30 0.33 7.970 0.167 0.000 0.237

Morphine -7.15 0.36 8.021 0.192 0.015 0.231 -7.22 0.27 7.627 0.196 -0.343 0.258

Loperamide NC NC 9.107 0.132 1.102 0.184 NC NC 8.969 0.132 0.999 0.213

Endo-1 NC NC 8.746 0.131 0.741 0.183 -7.65 0.29 8.224 0.157 0.254 0.230

Endo-2 -8.31 0.27 8.952 0.181 0.946 0.222 -8.08 0.34 8.369† 0.278 0.399 0.324

Met-enk NC NC 8.354 0.161 0.348 0.206 -7.47 0.35 8.107 0.193 0.137 0.255

Met-enk-RF -7.76 0.39 8.564 0.205 0.559 0.242 -7.30 0.39 7.835† 0.218 -0.135 0.275

α-Neo -6.86 0.33 7.593 0.184 -0.413 0.225 -7.35 0.31 7.691 0.235 -0.279 0.289

DAMGO NC NC 8.037 0.128 0.000 0.181 -6.94 0.38 8.099 0.145 0.000 0.204

Morphine NC NC 7.546 0.179 -0.491 0.220 -6.73 0.29 7.460 0.185 -0.639 0.235

Loperamide NC NC 8.946 0.126 0.910 0.180 NC NC 8.959 0.140 0.860 0.201

Endo-1 NC NC 8.626 0.134 0.590 0.186 -7.47 0.28 8.300 0.152 0.201 0.209

Endo-2 NC NC 8.584 0.147 0.547 0.195 -7.85 0.23 8.423 0.179 0.324 0.230

Met-enk NC NC 8.508 0.139 0.471 0.189 -7.62 0.27 8.525 0.160 0.426 0.216

Met-enk-RF NC NC 8.289 0.182 0.252 0.223 -7.00 0.32 7.905 0.149 -0.194 0.208

α-Neo NC NC 7.622 0.145 -0.415 0.193 -6.77 0.26 7.542 0.169 -0.557 0.223

ΔΔLogτ/KA  SEM ΔΔLogτ/KA  SEM ΔΔLogτ/KA  SEM ΔΔLogτ/KA  SEM ΔΔLogτ/KA  SEM ΔΔLogτ/KA  SEM

DAMGO 0.000 0.288 0 0.279 0.000 0.279 0.000 0.266 0.000 0.266 0.000 0.256

Morphine -0.377 0.293 -0.904 0.313 -0.398 0.305 -0.527 0.307 -0.021 0.299 0.506 0.319

Loperamide -0.732 0.266 -0.594 0.270 -0.402 0.267 0.138 0.256 0.330 0.253 0.192 0.257

Endo-1 -0.644 0.282 -0.109 0.284 -0.351 0.286 0.535 0.274 0.293 0.258 -0.242 0.261

Endo-2 -0.782 0.338 -0.824 0.347 -0.813 0.330 -0.043 0.317 -0.031 0.285 0.012 0.295

Met-enk -0.254 0.281 -0.534 0.297 -0.264 0.286 -0.280 0.256 -0.011 0.262 0.270 0.279

Met-enk-RF -0.397 0.323 -1.073* 0.347 -0.379 0.335 -0.676 0.304 0.018 0.303 0.694 0.329

α-Neo -1.162** 0.337 -0.923 0.337 -0.921* 0.317 0.239 0.317 0.241 0.296 0.002 0.296

DAMGO 0.000 0.230 0.000 0.283 0.000 0.257 0.000 0.292 0.000 0.266 0.000 0.313

Morphine 0.011 0.252 0.028 0.321 0.324 0.303 0.017 0.306 0.313 0.287 0.296 0.349

Loperamide -0.009 0.210 0.190 0.257 0.329 0.247 0.199 0.263 0.338 0.253 0.139 0.293

Endo-1 -0.224 0.237 0.502 0.276 0.555 0.260 0.726 0.292 0.779 0.277 0.053 0.311

Endo-2 -0.241 0.281 0.169 0.375 0.245 0.297 0.410 0.386 0.485 0.311 0.076 0.397

Met-enk -0.657 0.259 0.104 0.316 -0.184 0.285 0.761 0.312 0.473 0.280 -0.288 0.334

Met-enk-RF -0.187 0.273 -0.082 0.327 -0.023 0.272 0.105 0.345 0.164 0.295 0.059 0.344

α-Neo 0.400 0.306 0.286 0.339 0.564 0.285 -0.114 0.381 0.164 0.334 0.278 0.364

60mins

5mins 60mins

Gαi1 - Gαob Gαi2 - Gαi3 Gαi2 - Gαob Gαi3 - Gαob

5mins

Gαi1

Gαi2

Gαi3

Gαob

Gαi1 - Gαi2 Gαi1 - Gαi3
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3.5.2 Changes in GRK2 Expression Levels Alter the Bias Between β-Arrestin 1 and β-

Arrestin 2 

Recruitment of β-arrs to MOP is dependent on preceding phosphorylation of the 

receptor. Different GRKs and other kinases such as PKC have been shown to 

phosphorylate different residues on the receptor, and several studies have 

demonstrated that phosphorylation of the CT of MOP is ligand-dependent [184, 546]. As 

diverse cell types express different kinase levels, this may, in turn, change the ability of 

ligands to recruit β-arrs in different cells. Indeed, overexpression of GRK2 has been 

shown to enhance recruitment of β-arrs to MOP [525]. We have found that endo-1 is 

biased towards recruitment of β-arr2 over β-arr1 in CHO-MOP cells with endogenous 

levels of GRKs [713]. To investigate whether this bias was altered upon changes in 

GRK expression levels, we repeated this experiment with overexpression of GRK2. 

CHO FlpIn cells were co-transfected with GRK2, RLuc-tagged MOP and YFP-tagged β-

arr1 or β-arr2. Upon overexpression of GRK2, all the ligands tested stimulated 

recruitment of β-arr1 and β-arr2 in CHO-MOP-GRK2 cells (Figure 3.3A-B, Table 3.2), 

and all stimulated greater β-arr recruitment than measured previously in CHO-MOP 

cells with endogenous levels of GRKs [713]. In agreement with previous reports, even 

the weak partial agonist morphine was now able to significantly recruit β-arrs to MOP. 

Quantification of bias factors between recruitment of β-arr1 and β-arr2 upon GRK2 

overexpression showed that under these conditions, endo-1 no longer differentially 

recruits β-arrs when compared to the reference ligand DAMGO (Figure 3.3C).  

Next, we investigated whether different levels of GRK2 expression affect the biased 

agonism between recruitment of β-arrs and G protein-mediated signalling that we had 

previously observed for some opioid ligands (loperamide, endo-1 and α-neo). 

Enhancing β-arr recruitment would be expected to correlate with a decrease in G 

protein activation. However, this change may not affect all ligands equally. To test this 

we measured the MOP-induced inhibition of AC in CHO-MOP-GRK2 cells using a 

cAMP BRET biosensor and compared this to our results upon endogenous GRK2 

expression levels [713](Figure 3.3D-F). All ligands inhibited forskolin induced cAMP 

production, however, the maximum response was greatly reduced upon GRK2 

overexpression, when compared to endogenous levels of GRK2 (less than 30% 

inhibition compared to 58% inhibition by DAMGO) (Figure 3.3D, Table 3.2). Despite this, 

calculation of bias factors between cAMP and β-arr1 and β-arr2 in CHO-MOP-GRK2 

cells showed that the bias of most ligands in these cells was similar to the bias they 
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showed in CHO-MOP cells (Figure 3.3E-F, Table 3.2). The only exception was endo-1, 

which showed a significant reduction in the bias between cAMP and β-arr1 in the CHO-

MOP-GRK2 cells (Figure 3.3E). This means that overexpression of GRK2 caused a 

greater reduction in the inhibition of cAMP induced by endo-1 than expected. This 

could, in part, be due to the enhanced recruitment of β-arr1 detected upon GRK2 

overexpression.  

Table 3.2: Quantification of biased agonism upon overexpression of GRK2.  

Transduction coefficients [Log(τ/KA)], normalised transduction coefficients [ΔLog(τ/KA)] 

and bias factors [ΔΔLog(τ/KA)]. Values represent the mean ± SEM of three to five 

independent experiments.   

 

  

Logτ/KA SEM Δlogτ/KA SEM Logτ/KA SEM Δlogτ/KA SEM Logτ/KA SEM Δlogτ/KA SEM

DAMGO 7.410 0.113 0.000 0.160 7.599 0.097 0.000 0.137 7.309 0.267 0.000 0.377

Morphine 6.437 0.205 -0.973 0.234 6.721 0.131 -0.878 0.163 6.943 0.363 -0.366 0.450

Loperamide 7.458 0.128 0.048 0.171 7.831 0.096 0.232 0.137 8.251 0.227 0.942 0.351

Endo-1 7.381 0.128 -0.029 0.170 7.529 0.111 -0.070 0.147 7.783 0.105 0.474 0.287

Endo-2 7.587 0.128 0.177 0.171 7.755 0.110 0.156 0.146 7.818 0.105 0.509 0.287

Met-enk 7.564 0.128 0.154 0.171 7.564 0.097 -0.035 0.137 7.664 0.262 0.355 0.374

Met-enk-RF 7.370 0.128 -0.040 0.170 7.875 0.109 0.276 0.146 7.674 0.105 0.365 0.287

α-Neo 6.530 0.128 -0.880 0.171 6.703 0.110 -0.896 0.147 7.263 0.215 -0.047 0.343

DAMGO

Morphine

Loperamide

Endo-1

Endo-2

Met-enk

Met-enk-RF

α-Neo

LogEC50 SEM Emax SEM LogEC50 SEM Emax SEM LogEC50 SEM Emax SEM

DAMGO -7.39 0.12 93.3 4.2 -7.59 0.09 95.4 2.9 -7.00 0.24 16.2 1.8

Morphine -6.73 0.16 58.4 4.0 -6.92 0.13 72.4 3.8 -6.73 0.28 12.5 1.8

Loperamide -7.73 0.16 81.3 4.5 -7.73 0.12 103.6 4.0 -7.92 0.32 19.6 2.8

Endo-1 -7.34 0.14 88.3 4.3 -7.65 0.13 88.0 3.8 -7.88 0.13 29.7 1.6

Endo-2 -7.54 0.17 93.0 5.4 -7.81 0.08 88.1 2.2 -7.86 0.18 28.9 2.1

Met-enk -7.77 0.16 78.5 3.9 -7.78 0.11 87.9 3.3 -7.19 0.31 16.8 2.3

Met-enk-RF -7.30 0.13 93.5 4.3 -7.90 0.12 88.9 3.1 -7.80 0.23 27.0 2.9

α-Neo -6.63 0.15 86.5 5.2 -6.74 0.11 88.7 3.4 -7.20 0.26 16.9 2.2

β-Arr1 + GRK2 β-Arr2 + GRK2

β-Arr1 + GRK2 β-Arr2 + GRK2

cAMP + GRK2

β-Arr2 + GRK2 - β-Arr1 + GRK2

ΔΔLogτ/KA SEM

cAMP + GRK2 - β-Arr1 + GRK2

ΔΔLogτ/KA SEM

cAMP + GRK2 - β-Arr2 + GRK2

ΔΔLogτ/KA SEM

-0.189

0.316

-0.016

0.211

0.285

0.218

0.225

0.225

0.219

0.224

0.225

0.000

0.095

0.184

-0.041

-0.021

0.000 0.410

0.607 0.508

0.000

0.894 0.390

0.503 0.334

0.332 0.334

0.201 0.411

0.405 0.334

0.833 0.383

0.402

0.512 0.479

0.710 0.376

0.544 0.322

0.353 0.322

0.390 0.399

0.089 0.322

0.849 0.373

cAMP + GRK2
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Figure 3.3: Overexpression of GRK2 changes bias between recruitment of β-arrs and AC 

inhibition. 

Recruitment of (A) β-arr2 and (B) β-arr1 in FlpIn CHO-MOP-GRK2 cells. Data normalised to the 

10µM DAMGO response and expressed as means ± SEM of at least 3 separate experiments. 

(C) Bias factors between recruitment of β-arr1 and β-arr2 in CHO-MOP-GRK2 cells. (D) 

Inhibition of fsk- induced cAMP in FlpIn CHO-MOP-GRK2 cells. Data expressed as the % fsk-

induced cAMP response in the absence of agonist, and expressed as means ± SEM of 2-3 

separate experiments. Bias factors between cAMP and (E) β-arr1 and (F) β-arr2 in CHO-MOP 

[713] and CHO-MOP-GRK2 cells. *p ≤0.05, as determined by one-way ANOVA with Dunnett’s 

multiple comparison test compared to bias factor for same ligand in CHO-MOP. NC = not 

calculable 
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3.5.3 The Differential Kinetics of AC Inhibition by Opioids Changes Bias 

Most quantifications of biased agonism are calculated at a single time point for each 

signalling pathway which usually corresponds to the maximum activation of that 

pathway, or when the signal reaches a steady state. As such, this time point can 

significantly vary across different signalling pathways. However, it is now apparent that 

ligands can elicit differential kinetics of activation and deactivation of each signalling 

pathway. MOP activation results in inhibition of AC which is detectable within minutes, 

and is also known to produce prolonged inhibition of AC [728, 729]. Inhibition of cAMP 

production is usually measured using accumulation assays, requiring long incubation 

times, up to 60min, thereby detecting both acute and prolonged signalling. However, the 

kinetics of AC inhibition over this time period may vary significantly for different 

agonists, which means bias between cAMP and other signalling pathways can also 

change over time. To test this we examined the inhibition of AC using the CAMYEL 

BRET biosensor for 30min. An initial experiment using EC50 concentrations of the 

ligands (Figure 2.1) showed that most ligands inhibit AC with a similar profile to that of 

DAMGO, where maximum AC inhibition is reached 5 to 10min after forskolin (fsk) 

addition, and remains constant for up to 30min (Figure 3.4A). However, we observed 

that whilst Met-enk-RF also reached maximum AC inhibition between 5 and 10min, by 

30min such inhibition was no longer detected (Figure 3.4A). This effect was not due to 

degradation of the peptide, as protease inhibitors used in all experiments (see Materials 

and Methods) provided adequate protection from proteases, and the same effect was 

observed in the presence of a protease inhibitor cocktail (Figure 3.4A). 

We then examined the AC inhibition kinetics for Met-enk-RF, DAMGO, loperamide and 

endo-1 at a full range of concentrations (Figure 3.4C-F). DAMGO, loperamide and 

endo-1 showed the same cAMP kinetic profiles regardless of concentration, they all 

reached their maximum signal at 5min and remained constant for the duration of the 

experiment. However, Met-enk-RF only displayed this profile at the highest 

concentrations tested (1-10µM), and at lower concentrations the AC inhibition was 

gradually lost over time. This difference in the kinetics of AC inhibition could impact the 

quantification of bias between AC inhibition and other signalling pathways, especially if 

AC inhibition is measured at different times and/or by different methods. We plotted 

concentration response curves using the BRET values obtained at 5min and 30min, and 

quantified bias between these two time points (Figure 3.4G-H). As expected from its 
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Figure 3.4: Kinetics of AC inhibition. 

(A-F) Kinetic profiles of agonist-induced inhibition of fsk-induced cAMP production in FlpIn CHO-

MOP up to 30min after fsk addition. Kinetic traces of ligands at (A) EC50 concentrations, (B) 

Met-enk-RF in the presence of protease inhibitor mix (PIs; See Materials and Methods) or 

protease inhibitor cocktail (PIC, SigmaAldrich) and (C-F) increasing concentrations of DAMGO, 

Met-enk-RF, Loperamide and endo-1. Data expressed as the %fsk induced cAMP response 

(mean fsk response between 10-30min) in the absence of agonist, and expressed as means ± 

SEM of 3 separate experiments. (G) Concentration response curves of inhibition of fsk-induced 

cAMP production at 5min and 30min post fsk addition constructed from kinetic profiles. (H) Bias 

factors between inhibition of fsk-induced cAMP production at 5min and 30min. *p≤0.05, as 

determined by one-way ANOVA with Dunnett’s multiple comparison test compared to DAMGO. 
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observed kinetic profile, Met-enk-RF demonstrated relatively greater efficacy for 

inhibition of AC at 5min versus 30min that lead to altered bias with respect to DAMGO 

for this pathway across the two time points. Consequently, the bias of Met-enk-RF, but 

not the other ligands, will change when quantifying bias between cAMP and other 

signalling pathways, depending on the time point chosen to measure AC inhibition. 

 

3.5.4 Differential G Protein Desensitisation Alters Bias 

Since the kinetics of a G protein-mediated signalling pathway are ligand dependent, it 

follows that G protein activation kinetics may also be ligand dependent. It is also well 

established that neither the initial level of G protein activation, nor the level of 

desensitisation of G protein-mediated signalling of MOP correlate with the level β-arr 

recruitment and receptor internalisation [598]. Therefore, quantifying bias between 

acute G protein activation and receptor regulatory events reveals only limited 

information about the differential desensitisation mechanisms initiated by different 

ligands. Alternatively, quantifying bias between G protein activation and regulatory 

events at the same time point can reveal ligands that have divergent mechanisms of 

receptor regulation. Additionally, the divergent mechanisms of receptor desensitisation 

and regulation initiated by different ligands can potentially have differential effects on 

Gα subtypes thereby altering bias between various Gα subtypes at different time points. 

To examine this, the G protein assays described above were repeated after 60min of 

agonist stimulation (Figure 3.5). As expected, most ligands stimulated less Gα subunit 

activation at 60min compared to 5min, which is apparent in the reduction of log(τ/KA) 

values at 60min (Table 3.1), however only small changes were observed with Gαob. 

Interestingly, the greatest reductions in relative efficacy between 5 and 60min for all Gα 

subunits were observed for Met-enk-RF. This enhanced desensitisation of Met-enk-RF 

induced Gα subunit activation is in line with the increased desensitisation of the 

inhibition of cAMP production observed at later time points (Figure 3.4G). DAMGO and 

Met-enk also showed a significant reduction in activation of Gαi1 at 60min, whereas α-

neo surprisingly showed an increase in activation of Gαi1. Calculation of bias factors 

between each G protein at 60min showed that α-neo and Met-enk-RF were no longer 

biased between Gαi1 and Gαi2, Gαi3 or Gαob. (Figure 3.6, Table 3.1). Together these 

results show the variability in the level of desensitisation of different Gα subunits by 

different ligands.  
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Figure 3.5: Activation of Gαi/o subunits by MOP agonists at 60min. 

Activation of (A) Gαi1, (B) Gαi2, (C) Gαi3 and (D) Gαob in FlpIn CHO cells after 60min agonist 

stimulation. Data normalised to the 1μM Loperamide response. Data expressed as mean ± SEM 

of at least 3 separate experiments. 

Next we examined the effect of G protein desensitisation on bias between G protein 

activation and receptor trafficking. Previously, we measured MOP trafficking at 60min 

using a BRET assay to measure the reduction in MOP proximity to the membrane 

marker KRas, which revealed that endo-1, endo-2 and α-neo were all biased towards 

the acute inhibition of cAMP production (at 10min) over MOP trafficking at 60min [713]. 

In order to identify whether these ligands are still G protein biased after desensitisation 

of G protein activation, we quantified bias between G protein activation and receptor 

trafficking when both pathways were measured at 60min. Endo-1, and Met-enk showed 

bias towards activation of Gαi2 over receptor trafficking (Figure 3.6E). Surprisingly, Met-

enk-RF, which showed the greatest reductions in G protein activation at 60min, also 

stimulated very little receptor trafficking, as a result a bias factor could not be quantified. 

This may suggest that desensitisation and trafficking induced by Met-enk-RF are 

completely independent mechanisms. Alternatively, the rapid desensitisation of cAMP 

inhibition by Met-enk-RF observed at 30min (Figure 3.4), suggests that the kinetics of 

receptor trafficking induced by Met-enk-RF may also be more rapid than for the other 
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ligands, and no longer detectable at 60min due to rapid receptor recycling. Altogether, 

quantifying bias between the G protein activation and receptor trafficking at the same 

time point has revealed ligands that may have differential desensitisation mechanisms 

or kinetics. 

 

Figure 3.6: Quantification of biased agonism of MOP agonists between activation of 

different Gαi/o subunits at 60min. 

(A-D) Bias factors for all agonists between activation of Gαi1, Gαi2, Gαi3 and Gαob after 60min 

agonist stimulation (Table 3.1). (E) Bias factors between MOP trafficking measured using BRET 

between MOP-Rluc and KRas-Venus [713] and activation of Gαi1, Gαi2, Gαi3 and Gαob after 

60min agonist stimulation. Data expressed as means ± SEM of at least 3 separate experiments.   
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3.5.5 Impact of Cell Background in Determinations of Biased Agonism at MOP 

We next investigated whether the biased agonism detected in CHO FlpIn hMOP cells 

was retained at the mMOP, and whether such biased agonism changes in a different 

cell background, where different endpoints and assay conditions may be necessary to 

obtain robust signals. For this we determined comprehensive biased agonism profiles 

for the same eight ligands in AtT20 mouse pituitary tumour cells stably expressing 

mMOP. 

We first quantified bias between inhibition of AC and recruitment of β-arr1 and β-arr2. β-

arr1 and β-arr2 recruitment was measured using BRET in cells co-transfected with 

GRK2 (Figure 3.7A-B), as β-arr recruitment in AtT20-mMOP cells was barely detectable 

in the absence of this kinase. Loperamide, endo-1, endo-2 and α-neo stimulated less β-

arr1 recruitment compared to DAMGO and the other ligands (75-85%). Morphine only 

stimulated 39.9% of DAMGO induced β-arr1 recruitment. All ligands stimulated a similar 

level of β-arr2 recruitment as DAMGO, except α-neo and morphine, which only 

stimulated 81% and 62%, respectively. In agreement with the bias profiles obtained in 

CHO MOP cells overexpressing GRK2, no ligands were biased between the two β-arrs 

(Figure 3.7C, Table 3.3). 

Inhibition of cAMP production was measured using the CAMYEL BRET-based 

biosensor (Figure 3.7D), without additional co-transfection of GRK2 as this would 

compromise the cAMP response as shown in the CHO cells. All ligands produced 

between 55%-65% inhibition of forskolin-induced cAMP production. Our previous study 

in CHO-hMOP cells showed that endo-1 was biased towards cAMP over recruitment of 

β-arr1, while loperamide and α-neo were biased towards cAMP over β-arr1 and β-arr2 

when compared to the reference ligand DAMGO (Thompson et al., 2015). In contrast, in 

AtT20-mMOP cells, no ligands showed significant bias towards cAMP over β-arr1 or β-

arr2 (Figure 3.7E.F, Table 3.3). This may be due, in part, to the fact that GRK2 needed 

to be overexpressed in β-arr recruitment assays but not the cAMP assays. Moreover, in 

AtT20 cells and relative to DAMGO, loperamide, endo-1 and α-neo are less efficacious 

at inhibiting cAMP production than in CHO cells (which is apparent when comparing the 

Δlog(τ/KA) values for the cAMP assays between these cell lines). Such changes in 

efficacy, thus, may explain the loss of bias towards cAMP of these ligands in AtT20 

cells. 
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Figure 3.7: Bias between AC inhibition and recruitment of β-arrs is cell dependent. 

Recruitment of (A) β-arr1 and (B) β-arr2 in AtT20-mMOP-GRK2 cells. Data normalised to the 

10μM DAMGO response and expressed as means ± SEM of 3 separate experiments. (C) Bias 

factors for all agonists between β-arr1 and β-arr2 (Table 3.4). (D) Inhibition of fsk-induced 

cAMP in AtT20-mMOP cells. Data expressed as the %fsk-induced cAMP response in the 

absence of agonist, and expressed as means ± SEM of at least 3 separate experiments. Bias 

factors for all agonists between cAMP and (E) β-arr1 and (F) β-arr2 in AtT20 cells is shown in 

(Table 3.4). 
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Table 3.3: Quantification 

of biased agonism in 

AtT20- mMOP cells.   
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FLAG-MOP internalisation after 30min of agonist exposure was measured using anti-

FLAG ELISA. All ligands, except morphine, induced a reduction in MOP at the cell 

surface after 30min in AtT20 cells (Figure 3.8A). Bias factors were calculated between 

internalisation and inhibition of cAMP production, β-arr1 and β-arr2 (Figure 3.8B-C, 

Table 3.4). Loperamide, Met-enk and Met-enk-RF all showed significant bias towards 

receptor internalisation over inhibition of cAMP, β-arr1 and β-arr2. This is in contrast to 

our previous results in CHO-MOP cells where these ligands showed no bias towards 

receptor trafficking. The bias towards internalisation of Met-enk-RF is particularly 

surprising, since Met-enk-RF stimulated very little receptor trafficking in CHO-MOP 

cells. However, this result is difficult to interpret as this discrepancy may be due to the 

use of different methods (membrane localisation vs ELISA) or time points in the two 

cells types.   

We next examined the bias between activation of two canonical G protein-mediated 

signalling pathways; inhibition of cAMP production (predominantly Gαi/o-mediated) and 

cell hyperpolarisation (predominantly Gβγ-mediated) [146]. Hyperpolarisation in AtT20-

mMOP cells was measured using the FLIPR membrane potential assay [730]. Opioids 

hyperpolarise AtT20 cells primarily through G protein mediated activation of G protein-

gated inwardly rectifying K+ channels (GIRKs). In agreement with this, all ligands 

stimulated AtT20-mMOP hyperpolarisation (Figure 3.8-E). Quantification of bias factors 

between hyperpolarisation (ΔMP) and inhibition of cAMP production showed that no 

ligands were significantly biased between these two signalling pathways compared to 

DAMGO (Figure 3.8F, Table 3.4). In agreement with this, the bias between receptor 

internalisation and ΔMP was very similar to bias between internalisation and cAMP 

(Table 3.4), with loperamide and Met-enk being significantly biased towards 

internalisation. The only exception was Met-enk-RF, which was no longer significantly 

biased towards internalisation when compared to ΔMP. 

Finally, we assessed whether biased agonism between hyperpolarisation and β-arr1or 

β-arr2 recruitment also reflected the results obtained when using inhibition of cAMP as a 

G protein-mediated pathway (Figure 3.7E-F, Figure 3.8G and Table 3.4). Interestingly, 

Met-enk was biased towards cell hyperpolarisation (Figure 3.8G and Table 3.4).  
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Figure 3.8: Quantification of biased agonism in AtT20 cells. 

(A) FLAG-mMOP internalisation in AtT20 cells. Data expressed as percentage of vehicle, as 

means ± SEM of at least 3 separate experiments. Bias factors between internalisation (Int) and 

(B) cAMP and (C) β-arr2. (D) Representative kinetic trace of AtT20 cell hyperpolarisation 

measured using FLIPR membrane potential kit. Data expressed as %change in relative 

fluorescence units. (E) Concentration-response curves of cell hyperpolarisation (ΔMP) in AtT20-

mMOP cells. Data normalised to the area under the curve of the 1µM DAMGO response and 

expressed as means± SEM of at least 3 separate experiments. Bias factors between ΔMP and 

(F) cAMP and (G) β-arr2. *p≤0.05, **p≤0.005, ***p≤0.001 one-way ANOVA with Dunnett’s 

multiple comparison test compared to DAMGO. NC = not calculable 
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3.5.6 Ligand Clustering by Biased Agonism Profiles in AtT20 Cells 

As shown above, quantification of bias in different cell lines requires the use of different 

assay conditions and signalling endpoints. Thus, directly comparing individual bias 

factors between two pathways obtained in two different cell lines can be difficult to 

interpret. For this reason, an overall bias profile of the ligands across all of the signalling 

pathways can provide information about ligand clustering and, consequently allow the 

comparison of different clusters across cell lines. To obtain an overall picture of the bias 

profiles of the ligands in AtT20-mMOP cells we constructed webs of bias. For this, the 

bias factors between ΔMP and all of the other signalling pathways were calculated 

(ΔΔτ/KA) and plotted on a single multiaxial graph (Figure 3.9A). This shows that 

morphine, loperamide and Met-enk are biased compared to DAMGO at one or more 

signalling pathways, and that no ligands under study show the same pattern of bias as 

one another. Importantly, these results also highlight that although the bias of each 

ligand between individual signalling pathways has changed compared to the bias that 

we had previously determined in CHO cells [713], the clustering of ligands with unique 

bias profiles remains across different cell lines. 

The overall bias profile of a ligand can also be visualised using Principal Component 

Analysis (PCA). PCA identifies which bias factors are correlated with one another, and 

collectively contribute the greatest variation in bias between the ligands, called principal 

components. PCA of all the bias factors revealed that the bias between receptor 

internalisation and recruitment of β-arr1 and β-arr2 contributes the greatest variability in 

bias between all the ligands, contributing to 54% of the overall observed bias. Bias 

between G protein-mediated signalling and β-arr recruitment and internalisation only 

contributed to ~37% of the observed bias. When these principal components are plotted 

against one another ligands with similar bias will cluster together (Figure 3.9B). PCA 

analysis of our data in AtT20 cells showed that loperamide, Met-enk and Met-enk-RF 

are separated from DAMGO, and hence have unique patterns of bias, whereas endo-1, 

endo-2 and α-neo cluster more closely to DAMGO. These results are in contrast to our 

previous data in CHO cells, where endo-1 and α-neo did not cluster with DAMGO, while 

Met-enk did. This illustrates that biased agonism profiles have not changed uniformly 

across the group of ligands, but, rather, that the impact of cell background on bias 

determinations is different for each agonist. 
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Figure 3.9: Biased agonism profiles of MOP agonists in AtT20-mMOP cells. 

(A) Webs of bias for all ligands. τ/KA values were normalised to the reference ligand DAMGO, 

and to the cAMP assay. Statistically significant differences (p<0.05) are denoted by black circles 

as determined by two-tailed t-test. (B) Principal component analysis (PCA) of all bias factors. 
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3.6 Discussion 

In the present study we have extended our determinations of biased agonism at MOP to 

systematically assess the impact of differential cellular protein complement, signalling 

kinetics and receptor species. We show that despite changes in directions of bias and 

overall signalling profiles, ligands with distinct bias profiles at MOP in CHO cells (e.g. 

endo-1, met-enk-RF and α-neo) still displayed unique bias fingerprints, different from 

that of DAMGO, when evaluated in a different cell background. However, our results 

also highlight the importance of the experimental conditions used for the measurement 

of activation of various signalling pathways and show that these conditions need to be 

carefully and systematically determined when reporting biased agonism at GPCRs. 

Examination of biased agonism at MOP across multiple different signalling pathways in 

two different cell backgrounds, one expressing hMOP and the other mMOP, has shown 

that although the biased agonism profiles of most ligands changed dramatically 

between the different cell types, ligands that displayed distinct bias profiles were still 

unique across different cell backgrounds. Our previous study in CHO cells showed that 

ligands such as loperamide, endo-1, Met-enk-RF and α-neo displayed signalling profiles 

different to that of DAMGO [713]. In the present study, such ligands still generate 

signalling profiles that are different from the same reference agonist. This is illustrated 

by the individual bias factors across different pathways (Figures 3.2, 3.3, 3.6 and 3.8) as 

well as by the web of bias presented in Figure 3.9. 

We illustrate how biased agonism is influenced by the cellular protein complement by 

altering the expression of receptor kinases involved in the regulation of MOP. The bias 

of endo-1 between inhibition of cAMP and β-arr1/2 recruitment changed when the levels 

of GRK2 expression were increased in CHO cells. In addition to this, all ligands tested 

showed bias compared to DAMGO between activation of different Gαi/o subunits, 

indicating that the overall level of G protein activation, and consequently bias between 

G protein-mediated signalling and other signalling pathways will change depending on 

the G protein subunit content in a particular cell type. This shows that changes in the 

expression of a single protein can change the relative bias of a set of ligands, hence the 

direction of biased agonism can change in different cell types. Notably, changes in 

proteins other than intracellular signalling effectors can also determine changes in 

biased agonism. For instance, opioid receptors and other GPCRs have been shown to 

form homo- or heterodimers. It could be envisaged that the formation of oligomeric 
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structures in specific cell types, could lead to differences in the observed biased 

agonism. 

The temporal dependence of biased agonism is demonstrated by the unusually rapid 

desensitisation of cAMP inhibition induced by Met-enk-RF. Whilst the different cAMP 

kinetic profile may not directly result in significantly different physiological effects, the 

differential kinetics may be an indicator of differential activation of other signalling 

pathways that will produce distinctive physiological effects. There are numerous factors 

that could contribute to the altered cAMP kinetics of Met-enk-RF. Different signalling 

kinetics could result from differing association and dissociation rates of the ligand (which 

is currently unexplored at MOP) or from unique conformations of the receptor induced 

by the ligand which possess altered receptor-effector activation dynamics. As 

mentioned earlier, differential receptor trafficking may also alter the cAMP kinetic profile. 

Indeed, receptor endocytosis has been shown to affect the initial cAMP inhibition 

kinetics at DOP [731]. 

Another factor that can affect the kinetic profile of cAMP signalling is the activation of 

other signalling effectors that regulate or desensitise cAMP signalling. Such signalling 

effectors include Ca2+, PKC and several other kinases [120]. Differential activation of 

these signalling pathways by Met-enk-RF has not been examined to date, however Ca2+ 

mobilisation and PKC activation have been shown to be differentially activated by MOP 

ligands [530, 602]. In addition to this, cAMP assays typically measure total AC activity 

throughout the whole cell, but cAMP signalling can occur selectively in spatially distinct 

regions of the cell such as at the membrane or cytosol or even from internalised 

receptors in endosomes [221, 732]. Regulation of AC activity, and consequently the 

kinetics of cAMP signalling, can vary between different areas of the cell [733], hence 

differential activation of cAMP in different cellular compartments may also result in 

different cAMP signalling kinetics.  

To quantify bias between G protein activation and other signalling pathways, measuring 

G protein activation directly using GTPγS or BRET/FRET based assays is thought to be 

the most direct approach that avoids complex signalling kinetics of downstream 

signalling effectors. However, nearly all ligands examined in this study, showed a 

change in bias between activation of different Gα subunits in CHO-MOP, when 

comparing acute activation of G proteins at 5min to G protein activation at 60min (time 

point at which substantial levels of receptor regulatory processes can be detected). This 
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suggests that G protein activation and deactivation kinetics are also ligand-dependent, 

hence measuring G protein activation directly instead of measuring downstream 

signalling pathways may only provide a partial picture of the differential signalling 

mechanisms. Altogether, the ligand-dependent kinetics of G protein activation and 

downstream G protein-mediated signalling indicate that bias is likely to be frequently 

observed between these two signalling endpoints. This was observed previously 

between cAMP and G protein-activation measured by [35S]GTPγS binding assays in 

CHO-MOP [713], and to a lesser extent between cAMP and ΔMP in AtT20-MOP, in the 

current study. This has shown that the level of G protein activation does not necessarily 

have to be indicative of the level of activation of G protein-mediated downstream 

signalling, and that the level of activation of one G protein-mediated pathway is not 

necessarily representative of all G protein-mediated signalling. 

Another factor that may contribute to bias between G protein activation and G protein-

mediated signalling pathways is the bias between activation of different subtypes of G 

protein subunits. All ligands showed some bias compared to DAMGO between 

activation of different Gαi/o subtypes in CHO-MOP after 5min or 60min of agonist 

stimulation. Small differences in the level of activation of different Gαi/o subtypes at MOP 

by endo-1, endo-2 and morphine have also been reported previously [603-606], 

however none of these reports are consistent with the bias observed in this study. Such 

inconsistencies could be due to differences in the cell background, measurement of G 

protein activation at different time points, or factors related to the different experimental 

conditions. Selective G protein activation could cause unequal activation of downstream 

signalling pathways, as not all Gα subtypes have the same downstream effectors. 

Different Gαi/o subtypes have been shown to differentially inhibit AC isoforms [734-736], 

and are more susceptible to inactivation by different RGS subtypes [724-726]. 

Altogether, the differential activity and regulation of Gαi/o subunits could contribute to 

bias between G protein-mediated signalling pathways. Additionally, selective activation 

of particular Gαi/o subtypes and differential interactions with signalling effector isoforms 

will depend on the expression of specific subtypes/isoforms and their localisation in 

signalling complexes.  

The dependence of biased agonism on the cellular protein content was also clearly 

demonstrated by the change in bias of endo-1 between cAMP and β-arr1/2 recruitment 

in CHO-MOP when GRK2 was overexpressed. As a consequence, biased agonism of 

endo-1 is likely to change in different tissues which express different levels of GRK2, 
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and be cAMP biased in some tissues and β-arr biased in others. It remains to be seen 

whether this change in bias is significant enough to produced marked differences in 

physiological effects. However, different cell types typically show altered expression of 

numerous signalling effectors, since changing the expression of a single protein can 

cause such a notable change in bias, it is likely that the cumulative effects of all 

changes in protein expression could induce considerable differences in bias across 

different cell types. 

Altogether, the impact of the cellular complement on determinations of biased agonism, 

combined with the kinetics of the signalling pathways suggest that caution must be 

taken when interpreting bias quantifications in different cell backgrounds. The altered 

expression and localisation of proteins in a different cell background can result in 

changes in signalling kinetics, as well as changes in experimental conditions required to 

obtain concentration-response curves. Microarray analysis of genes expressed in AtT20 

cells have shown that these cells have a very limited range of signalling proteins 

compared to other commonly used cell lines [737]. AtT20 cells only express detectable 

levels of GRK2, β-arr2, and Gαi2, and also a very limited number of RGS subtypes and 

AC isoforms. With only a single GRK isoform and no endogenously expressed β-arr1, 

there will be less variation in receptor phosphorylation patterns that govern subsequent 

MOP regulation and trafficking events. Additionally, the expression of a single Gαi/o 

subtype, Gαi2, and the low levels of a small subset of AC isoforms and RGS subtypes 

indicates that the level AC inhibition induced by the ligands and regulation of AC activity 

in these cells is likely to be different from that observed in the CHO cells. Overall, this 

may account for many of the changes in bias compared to CHO-MOP observed for 

endo-1, loperamide and α-neo between cAMP, β-arr1/2 recruitment and receptor 

internalisation. Moreover, the difference between biased agonism in AtT20 and CHO 

cells may also be due to the difference in species, mouse and human MOP, as has 

been recently observed at KOP [738]. Overall, this indicates that ligands will not only 

exhibit different biased agonism characteristics in different tissues, but that this can also 

change due to cellular adaptions that cause changes in protein expression and 

localisation, such as during the development of opioid tolerance. 

Since the unique conformations of the receptor induced by the ligand are more likely to 

be consistent between cell types, some studies have bypassed the complications of 

signalling kinetics and cell background by directly measuring receptor conformational 

changes using BRET or FRET-based sensors [739]. Whilst this approach can identify 
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novel biased ligands that stabilise the receptor into unique conformations, there is still a 

requirement to link these unique conformations to specific signalling characteristics, and 

hence cell specific complications of biased agonism remain. However, the cell-

dependent aspect of biased agonism may be an advantage in some cases, such as 

when the therapeutic effects and the side effects are mediated by activation of the same 

signalling pathways in different tissues. In such cases, a ligand that displays a distinct 

bias profile in different cells can selectively activate the desired signalling pathways in 

the desired tissue. In the case of MOP, a ligand which shows marked cell-dependent 

bias may produce less desensitisation and tolerance in cells involved in nociception and 

more in other cell types which are linked to limited side effects (those controlling 

respiration or gut motility), even if the mechanisms of desensitisation and tolerance are 

the same in different cells. 

In summary the data presented here demonstrate the complex nature of biased 

agonism. Biased agonism is not an absolute quality, it is a dynamic and multi-faceted 

phenomenon; it is always relative to a reference ligand, and it is dependent on both 

cellular protein complement as well as the spatiotemporal properties of the different 

signalling pathways [727]. Our results highlight that biased agonism cannot be 

described in isolation of conformational, kinetic and cellular context. As mentioned 

above, it is vital to use a reference ligand that is likely to be subject to the same kinetic 

and cellular context than the other ligands. Ideally, such reference ligand is an 

endogenous agonist, although when multiple endogenous agonists exist, one may need 

to consider the potential of biased agonism and the effect of the so-called 

conformational and kinetic context among these. 

Nevertheless, quantification of biased agonism in different cell backgrounds has also 

shown that despite the dramatic changes in the biased agonism profiles of the ligands 

between the cell backgrounds, the ligands under study still possessed distinct biased 

agonism profiles. This shows that despite such caveats, the diversity of biased agonism 

characteristics can be captured by examining bias across several signalling pathways. 

Ultimately, in order to establish links between distinct biased agonism traits and specific 

physiological responses, a greater understanding about biased signalling in native 

tissue and in vivo is essential. This complexity in biased agonism determinations 

presents a significant challenge when attempting to predict biased signalling in vivo. 

However the cell-dependent characteristics of biased agonism may prove to be an 
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advantage in the development of biased ligands, as this facilitates the design of drugs 

that are more targeted to specific tissues. 
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4.1 Abstract 

Differential regulation of MOP contributes to the clinically limiting effects of opioid 

analgesics, such as morphine. However, whether differential regulation of MOP impacts 

on the spatiotemporal characteristics of receptor activation is unclear. Here we used 

biophysical approaches to quantify MOP spatiotemporal signalling. Morphine caused a 

G-dependent increase in membrane-localised PKC activity, which restricted the 

distribution of MOP within the plasma membrane and induced sustained cytosolic ERK. 

In contrast, DAMGO allowed receptor redistribution, transient increases in cytosolic and 

nucERK, and then receptor internalisation. Following inhibition of G-subunits, PKC 

or mutation of a key phosphorylation site, the morphine-activated MOP is released from 

its restricted localisation and stimulates a transient increase in cytosolic and nucERK in 

the absence of -arr recruitment and internalisation. Thus, ligand-induced redistribution 

of MOP at the plasma membrane, and not internalisation, controls its spatiotemporal 

signalling. 
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4.2 Introduction 

GPCRs are the largest family of cell surface signalling proteins encoded by the human 

genome. They allow cells to respond to structurally diverse endogenous and 

environmental signals, and are the target of over 30% of marketed drugs. It is 

increasingly recognised that the uniform elevation of second messengers throughout 

the cell cannot explain the diversity of GPCR-mediated effects. Rather, spatial (location) 

and temporal (duration) control of signalling plays an important role [221, 740]. Spatial 

compartmentalisation of signalling can be achieved by the formation of GPCR-

dependent protein complexes, which ultimately restrict second messenger diffusion to 

induce extremely localised signals [741]. In addition, multiple regulatory mechanisms 

(including receptor phosphorylation, desensitisation and internalisation) control the 

duration of GPCR activation. Therefore, the spatial and temporal distribution of both 

receptors and signalling effectors are critical for the generation of distinct and highly 

specialised GPCR-mediated responses. 

MOP has been extensively studied due to its physiological importance in mediating the 

effects of endogenous opioids, and its prominence as the target of opioid analgesics, 

such as morphine. Despite this, chronic use of opioid analgesics is still clinically limited 

by the development of tolerance, addiction, constipation and respiratory depression 

[742]. At a cellular level, stimulation of MOP by all opioids activates the same G protein-

dependent signalling pathways. MOP activates Gαi/o proteins leading to an inhibition of 

cAMP, increased ERK phosphorylation, activation of G protein-regulated inwardly 

rectifying potassium channels, and inhibition of voltage-gated calcium channels [688]. 

However, different MOP agonists induce distinct patterns of receptor regulation and 

internalisation. In particular, morphine causes limited receptor phosphorylation and -arr 

recruitment, which results in compromised receptor internalisation and resensitisation 

[184, 274, 525, 533, 561]. These observations have prompted intensive studies of the 

ability of MOP ligands to differentially activate G proteins and β-arrs, in an effort to 

explain their divergent biological effects [580, 581, 641]. 

It is now apparent that the spatiotemporal characteristics of a signal can specify the 

outcome of receptor activation [221, 740]. Most opioids, including morphine, elicit 

cytosolic ERK phosphorylation (cytoERK) [208, 520, 593]. However, unlike other 

opioids, morphine is unable to promote nucERK phosphorylation (nucERK) [208]. Taken 

together with its impaired internalisation of MOP, this suggests that morphine may 
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stimulate a unique spatiotemporal cellular response. To investigate this, we used 

complimentary biophysical techniques and super-resolution microscopy. We report that 

morphine and DAMGO activate distinct spatial and temporal signalling profiles that are 

controlled by the plasma membrane localisation of MOP induced by the two ligands. 

Subcellular-targeted FRET biosensors showed that only morphine stimulation of MOP 

induced sustained cytoERK and plasma membrane-localised PKC activation, which 

restricted MOP localisation. In contrast, DAMGO caused MOP redistribution within the 

plasma membrane and transient activation of cytosolic and nucERK. Thus, not only do 

morphine and DAMGO stimulate different signalling pathways, they activate signals in 

distinct subcellular compartments with unique temporal profiles. Importantly, we can 

alter the spatiotemporal signalling profile of morphine to mimic that of DAMGO, by 

allowing redistribution of MOP within the plasma membrane in the absence of -arr 

recruitment or receptor internalisation. Thus, receptor localisation within the plasma 

membrane determines the spatiotemporal signals activated by MOP in response to 

different ligands. 
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4.3 Materials and methods 

4.3.1 Materials 

DAMGO was from Mimotopes (Victoria, Australia); Morphine and M2-anti-FLAG 

antibody were from Sigma Aldrich; Coelenterazine h was from Promega; β-arr1 and β-

arr2 siRNA were from GE-Dharmacon; mouse anti-EEA1 antibody was from BD 

Transduction Laboratories; rabbit anti-MOP (UMB-3) was from Abcam, mouse anti-β-

tubulin for confocal imaging was from Merck Millipore, Alexa-conjugated goat anti-

mouse secondary antibodies were from Jackson ImmunoResearch; anti-caveolin 1, 

anti-β-actin and anti-clathrin heavy chain antibodies were from Abcam; anti-β-tubulin 

antibody for immunoblotting was from Santa Cruz Biotechnology; anti-β-arr1/2 

antibodies were from Cell Signalling Technology; fluorescent IRDye-conjugated goat 

anti-rabbit (800 channel) and anti-mouse (680 channel) secondary antibodies were from 

LI-COR Biotechnology. 

KRas-Venus, Rab5a-Venus, GFP-dynamin and GFP-dynamin K44E have been 

previously described [743-745]. MOP-RLuc was from L. Bohn, FLAG-MOP was from M. 

Christie, β-arr2-YFP was from M. Caron and FLAG-MOP 11ST/A was from S. Schulz. 

The following constructs were obtained from Addgene: cytoEKAR GFP/RFP (plasmid 

18680), cytoEKAR Cerulean/Venus (plasmid 18679), nucEKAR GFP/RFP (plasmid 

18681) and nucEKAR Cerulean/Venus (plasmid 18681) [746]; cytoCKAR (plasmid 

14870) and pmCKAR (plasmid 14862) [747]. MOPr S375A has a mutation of the 

essential site governing hierarchical phosphorylation (human S377A, mouse S375A) 

[184], and was generated using QuikChange. RLuc8-tagged MOPr were generated by 

subcloning into the pcDNA3-RLuc8 vector. 

4.3.2 Cell Culture and Inhibitors 

HEK293 cells were grown in DMEM supplemented with 5% v/v FBS. Cells were 

transfected using linear polyethyleneimine (PEI) [745]. For siRNA, cells were 

transfected with 25 nM scrambled or combined -arr1 and -arr2 SMARTpool ON-

TARGETplus siRNA with Lipofectamine 2000 24 h prior to transfection with receptor 

and biosensors. 

Cells were pre-treated with inhibitors for 30min at 37C, except for Filipin III, MCD or 

MCD/cholesterol complexes (45min) or PTx (16h). MCD/cholesterol complexes were 
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formed as described previously [748]. Inhibitors were used at the following 

concentrations: 30M PitStop2 or inactive PitStop2, 10M NF023, 100ng/mL PTx, 5M 

mSIRK or mSIRK L9A, 1M GF109203X or Gö6983, 10nM Gö6976, 10M Myr-

EAVSLKPT-OH (inhibitory PKC peptide, iPKC), 1g/mL Filipin III, 10mM MCD, 2mM 

MCD with 0.2mM cholesterol (MCD/cholesterol complexes). 

All experiments were performed in live cells at 37C. For all regulation and trafficking 

experiments cells were stimulated with an EC50 concentration of DAMGO or morphine 

(both 1M) defined by -arr2 concentration-response curves (Figure A.7A). For all 

signalling experiments cells were stimulated with an EC50 concentration of DAMGO 

(10nM) or morphine (100nM) defined by AlphaScreen pERK assays (Figure A.6). 

 

4.3.3 DRG Isolation and Culture 

All procedures involving mice were approved by the Monash Institute of Pharmaceutical 

Sciences animal ethics committee. DRG neurons were isolated and nucleofected with 

600ng of cytoEKAR Cerulean/Venus, nucEKAR Cerulean/Venus or pmCKAR using the 

Nucleofector system (Lonza) (see [749] for detailed protocols of DRG isolation and 

nucleofection).  

 

4.3.4 Bioluminescence Resonance Energy Transfer 

HEK293 cells were transfected with 1g MOP-RLuc and 4g KRas-Venus, Rab5a-

Venus or -arr2-YFP. For co-expression, cells were transfected with an additional 2g 

of ARKct, GFP-dynamin or GFP-dynamin K44E. After 24h cells were plated in poly-D-

lysine-coated 96-well plates (CulturPlate, PerkinElmer) and allowed to adhere. 48h 

post-transfection, cells were equilibrated in HBSS then stimulated with vehicle (0.1% 

DMSO), DAMGO or morphine for 30min. Coelenterazine h (Promega) was added at a 

final concentration of 5M and cells were incubated for 10min. BRET measurements 

were obtained using a PHERAstar Omega (BMG Labtech, Germany) that allows 

sequential integration of the signals detected at 475±30 and 535±30nm using filters with 

the appropriate band pass. Data are presented as a BRET ratio (calculated as the ratio 

of YFP to RLuc signals) corrected for vehicle.  
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4.3.5 FRET 

HEK293 cells were transfected with 55ng/well MOP and 40ng/well cytoEKAR GFP/RFP, 

nucEKAR GFP/RFP, cytoCKAR or pmCKAR. For co-expression, cells were transfected 

with an additional 50ng/well ARKct, GFP-dynamin or GFP-dynamin K44E. 

Experiments co-expressing GFP-dynamin or GFP-dynamin K44E used the 

Cerulean/Venus FRET sensors. FRET was measured using a high-content GE 

Healthcare INCell 2000 Analyzer (see [749] for detailed protocols). Briefly, fluorescence 

imaging was performed using a Nikon Plan Fluor ELWD 40x (NA 0.6) objective and 

FRET module. For GFP/RFP emission ratio analysis, cells were sequentially excited 

using a FITC filter (490/20) with emission measured using dsRed (605/52) and FITC 

(525/36) filters, and a polychroic optimised for the FITC/dsRed filter pair (Quad4). For 

CFP/YFP or Cerulean/Venus emission ratio analysis, cells were sequentially excited 

using a CFP filter (430/24) with emission measured using YFP (535/30) and CFP 

(470/24) filters, and a polychroic optimised for the CFP/YFP filter pair (Quad3). HEK293 

cells were imaged every 1min, allowing image capture of 14 wells per min; DRG 

neurons were imaged every 1min with four fields of view per well, allowing capture of 3 

wells per min. At the end of every experiment, the same cells were stimulated with the 

positive control (200nM phorbol 12,13-dibutyrate for ERK or 200nM phorbol 12,13-

dibutyrate with phosphatase inhibitor cocktail 2 (Sigma Aldrich) for PKC) for 10min to 

generate a maximal FRET change, and positive emission ratio images were captured 

for 4min. 

Data were analyzed using the FIJI distribution of ImageJ [750]. The three emission ratio 

image stacks (baseline, stimulated, positive) were collated and aligned using the 

StackCreator script [749]. Cells were selected and fluorescence intensity measured 

over the combined stack. Background intensity was subtracted, then FRET data plotted 

as the change in FRET emission ratio relative to the maximal response for each cell 

(FRET ratio/maximum FRET ratio; F/FMax). For HEK293, only cells that showed more 

than a 10% change relative to baseline following stimulation with the positive control 

were considered for analysis. For DRG neurons, all cells that showed more than a 3% 

change relative to baseline following stimulation with the positive control were 

considered for analysis. 
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Ratiometric pseudocolour images were generated according to [751]. The Green Fire 

Blue LUT was applied, and the Brightness and Contrast range was set to the minimum 

and maximum FRET ratios within the image stack (0.13-0.23). 

4.3.6 GSD/TIRF Microscopy 

HEK293 cells and DRG neurons were stimulated with vehicle (0.1% DMSO), DAMGO 

or morphine as indicated, fixed in 4% paraformaldehyde (20min, 4°C), washed for 

15min with PBS, blocked in PBS with 1% Normal goat serum and 0.1% saponin (1h, 

RT), and incubated overnight at 4°C with mouse anti-FLAG antibody (1:1000) for 

HEK293 or rabbit anti-MOP (UMB-3, 1:250) and anti-tubulin III (1:1000) for DRG 

neurons. Cells were washed and incubated with Alexa568- or Alexa647-conjugated 

goat anti-mouse or anti-rabbit secondary antibodies (1:400, 2 hours, RT). Coverslips 

were mounted on a concave slide containing 100mM cysteamine (MEA) and sealed. 

Cells were observed with a Leica GSD microscope with HCX PL APO 160x (NA 1.43) 

objective, SuMo stage, Andor iXon Ultra 897 camera and LAS AF software. Pumping 

occurred at 100% laser power until the frame correlation dropped to 0.25. Data were 

acquired at 50% laser power, and up to 30,000 frames captured. TIRF penetration was 

at 110nm. Only neurons with positive staining for β-tubulin were analysed. Images were 

analysed in FIJI [750]. Individual particles were selected using Find Maxima (noise 

tolerance 5) to generate a binary output of the single points. The average distance 

between events was calculated by creating a centroid list using the Analyse Particles 

command, and processed by the Nearest Neighbour Distance (NND) macro (Yuxiong 

Mao). Euclidean distance maps were generated from the single point binary 
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4.4 Results 

4.4.1 Ligand-Dependent Spatiotemporal Signalling of MOP 

To gain spatial and temporal resolution of MOP signalling in live cells, we used FRET 

biosensors for ERK and PKC (EKAR and CKAR, respectively) localised to different 

subcellular compartments [746, 747]. In HEK293 cells co-transfected with MOP and 

either a cytosolic or nucERK biosensor (cytoEKAR, nucEKAR), EC50 concentrations of 

DAMGO (10nM) or morphine (100nM; Figure A.6A) caused distinct temporal ERK 

profiles. DAMGO caused a transient increase in cytoERK, whereas morphine induced a 

sustained increase (Figure 4.1A and B). Moreover, only DAMGO caused a transient 

increase in nucERK (Figure 4.1C and D). Ligand-dependent responses were also 

observed when assessing direct activation of PKC. In cells co-transfected with MOP 

and a plasma membrane PKC biosensor (pmCKAR) only morphine caused a sustained 

increase in PKC activity (Figure 4.1E). DAMGO did not affect plasma membrane PKC 

activity, even at maximal concentrations (1M; Figure A.6B), and neither ligand affected 

cytosolic PKC (Figure 4.1F). 

The distinct internalisation profiles of MOP in response to DAMGO and morphine [274, 

533], were quantified using a BRET assay that detects the proximity between BRET 

partners in defined subcellular compartments in live cells [743, 752]. In agreement with 

previous reports, incubation with DAMGO (1M, Figure A.7A) induced MOP 

internalisation as shown by the increase in the BRET signal between MOP-RLuc and a 

Venus-tagged marker of early endosomes (Rab5a-Venus) (Figure 4.1A). In contrast, 

morphine produced no detectable change in BRET (Figure 4.2A and Figure A.7B). 

These results were validated by automated, high-content image analysis (Figure A.7C).  

DAMGO-mediated MOP endocytosis was unaffected by Gαi/o inhibition using NF023 or 

pertussis toxin (PTx) [753, 754] but was abolished by the clathrin-dependent 

endocytosis inhibitor PitStop2 [755], expression of a dominant negative dynamin (K44E) 

[756] or by knockdown of β-arrs (combined β-arr1 and β-arr2 siRNA; Figure 4.1A and B 

and Figure A.7 D and H). This shows that β-arr recruitment and MOP endocytosis are 

independent of Gαi/o coupling.  
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Figure 4.1: Ligand-dependent spatiotemporal signalling of MOP. 

(A-D) Spatiotemporal activation of ERK following vehicle, DAMGO or morphine stimulation. (A) 

CytoERK (416-606 cells). (B) Representative pseudocolour ratiometric images of cytoEKAR. (C) 

NucERK (561-810 cells). (D) Representative pseudocolour ratiometric images of nucEKAR. 

Pseudocolour scale as in B. (E-F) Spatiotemporal activation of PKC following vehicle, DAMGO 

or morphine stimulation. (E) Plasma membrane-localised PKC (155-220 cells). (F) Cytosolic 

PKC (45-115 cells). Symbols represent means, error bars SEM. 
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Figure 4.2: Effect of Gi/o protein inhibition, -arr knockdown or inhibition of endocytosis 

on cytosolic and nucERK activation by MOP. 

(A-B) MOP trafficking to early endosomes (n3) in response to 30min vehicle, DAMGO or 

morphine in the presence of (A) the clathrin-mediated endocytosis inhibitor PitStop2 (PS2) or 

inactive control, or upon expression of wild-type (WT) dynamin or dominant negative dynamin 

K44E or (B) with and without knockdown of -arrs or pre-incubation with Gi/o protein inhibitors. 

(C-F) Spatial activation of ERK following vehicle, DAMGO or morphine stimulation, with and 

without knockdown of β-arrs, Gαi/o protein inhibition, in the presence of PS2 or inactive control, 

or upon expression of WT or K44E dynamin. (C) CytoERK (19-168 cells) with Gαi/o protein 

inhibition or knockdown of β-arrs. (D) CytoERK (35-245 cells) following inhibition of endocytosis. 

(E) NucERK (52-258 cells) with Gαi/o protein inhibition or knockdown of -arrs. (F) NucERK 

(51-306 cells) following inhibition of endocytosis. Bars/symbols represent means, error bars 

SEM. *p<0.05, **p<0.01, ***p<0.001 versus vehicle control, two-way ANOVA with Tukey’s 

multiple comparison test. AUC, area under the curve; scram., scrambled 
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Previous studies have linked activation of PKC to cytoERK, and -arr to increased 

nucERK, to conclude that G protein- and -arr-dependent pathways activate distinct 

ERK signalling [208]. By inhibiting Gαi/o proteins, we now directly demonstrate that 

cytoERK in response to DAMGO and morphine is dependent on Gαi/o (Figure 4.2C). In 

agreement with previous studies, cytoERK was unaffected by knockdown of β-arrs 

(Figure 4.2C). However, inhibition of receptor endocytosis by PitStop2 or dynamin K44E 

transformed the profile of DAMGO-induced cytoERK from a transient to a sustained 

signal, consistent with MOP retention at the plasma membrane (Figure 4.2D and Figure 

A.7I to J). As expected, the increase in nucERK in response to DAMGO was dependent 

on -arrs and receptor internalisation (Figure 4.2E and F). 

Thus, our results show that Gi/o activation by MOP mediates increases in cytoERK in 

response to DAMGO and morphine, and confirm that the increases in nucERK in 

response to DAMGO are dependent on -arrs and receptor endocytosis. 

 

4.4.2 PKC Activation Controls the ERK Spatiotemporal Profile of Morphine  

Inhibition of Gi/o (NF023 or PTx) or G (mSIRK or expression of ARKct) [757, 758] 

abolished the plasma membrane PKC response to morphine (Figure 4.3A, Figure A.8A) 

There was no effect of knockdown of -arrs, or negative controls (inactive mSIRK L9A, 

scrambled siRNA; Figure 4.3A, Figure A.8A). 

Thus, the sustained increase in plasma membrane PKC induced by morphine is 

mediated by Gi/o-G. Previous studies have reported that PKC activity mediates 

increased cytoERK in response to morphine [208]. We therefore investigated whether 

the Gαi/o-Gβγ-PKC pathway influences the unique ERK spatiotemporal signalling 

profiles of MOP. Rather than decreasing ERK, and in contrast to previous reports, 

inhibition of Gβγ or PKC (GF109203X, Gö6983) [759, 760] transformed the temporal 

profile of morphine-stimulated cytoERK to resemble the transient response induced by 

DAMGO (Figure 4.3B, Figure A.8A and C). Moreover, inhibition of the Gβγ-PKC 

pathway also allowed morphine to increase nucERK (Figure 4.3C and D). Previous 

studies have implicated PKCα, γ and  as the isoforms that contribute to morphine 

signalling and the development of morphine tolerance [557, 584, 592, 593, 761]. Of 

these, only PKC and PKC are expressed in our HEK293 cell line (Figure 4.3D).
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Figure 4.3: Role of PKC activation by morphine in the spatiotemporal control of ERK 

activity. 

(A) The effect of G protein inhibitors or inactive controls on plasma membrane PKC activity in 

HEK293 cells determined with the pmCKAR FRET biosensor. Data are means ± SEM of 39 to 

229 cells from 3 experiments. (B-D) Analysis of MOP-stimulated spatiotemporal activation of 

ERK in cells in which Gβγ or PKC signalling was inhibited. (B) Analysis of cytoERK (31 to 101 

cells) and (C) nucERK (74 to 126 cells) activity over time. Data are means ± SEM from 3 

experiments. (D) NucERK activity was analysed as the AUC. Data are means ± SEM of 22 to 
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360 cells from 3 experiments. (E and F) MOP trafficking was monitored in HEK293 cells in the 

presence or absence of the indicated Gβγ and PKC inhibitors. (E) Analysis of BRET between 

MOP-RLuc and Rab5a-Venus. Data are means ± SEM of 3-7 experiments. (F) Analysis of 

BRET between MOP-RLuc and KRas-Venus. Data are means ± SEM of 3-7 experiments. (G-I) 

Effect of the indicated phosphorylation site mutations on MOP trafficking and nucERK activity. 

(G) Analysis of BRET between MOP-RLuc8 and β-arr2–YFP. Data are means ± SEM of three to 

seven experiments. (H) Analysis of BRET between MOP-RLuc8 and Rab5a-Venus. Data are 

means ± SEM of 3 or 4 experiments. (I) Analysis of nucERK activity over time. Data are means 

± SEM of 87 to 359 cells from 3-5 experiments. *P<0.05, **P<0.01, and ***P<0.001 versus 

vehicle control. Data were analysed by two-way ANOVA with Tukey’s (A and D) or Dunnett’s (E-

I) multiple comparison tests. GFx, GF109203X 

Inhibition of PKC (Gö6976: targets PKC and PKC1) [762] but not PKC (iPKC, a 

cell-permeable PKC-inhibitory peptide) [763] transformed the temporal profile of 

morphine-stimulated cytoERK and facilitated an increase in nucERK (Figure A.8E and 

F). There was no effect of inactive controls or of these inhibitors on the response to 

DAMGO (Figure 4.3B to D, Figure A.8C and F). 

As expected, inhibition of G or PKC had no effect on DAMGO induced -arr2 

recruitment or MOP internalisation, determined by BRET (Figure 4.3E, Figure A.8G to 

I). In contrast, upon inhibition of G or PKC, morphine activation of MOP resulted in a 

decrease in BRET between MOP-RLuc and the plasma membrane marker KRas-Venus 

(Figure 4.3F) suggesting an increase in the distance between these two proteins. In the 

absence of MOP internalisation (Figure 4.3E, Figure A.8G and H), the morphine-

stimulated change in MOP- KRas BRET may indicate movement of the receptor away 

from KRas within the plasma membrane. Thus, the transient activation of cyto and 

nucERK elicited by morphine does not require MOP internalisation but may instead 

depend on MOP translocation within the plasma membrane. 

The importance of MOP localisation within the plasma membrane for the control of 

spatiotemporal signalling was also supported by the effects observed upon expression 

of a phosphorylation-impaired MOP mutant (S375A) [541]. MOP S375A still recruited -

arr2 in response to DAMGO, but was unable to internalise as determined by high-

content imaging or Rab5a BRET (Figure 4.3G to H, Figure A.8G and H). There was no 

change in MOP S375A-KRas BRET in response to DAMGO or morphine (Figure A.8J). 

However, stimulation of MOP S375A by both DAMGO and morphine induced transient 

increases in cytosolic and nucERK (Figure 4.3I, Figure A.8K). To confirm that receptor 

phosphorylation was key for the control of MOP plasma membrane localisation and 

spatiotemporal signalling, we used a phosphorylation-deficient MOP mutant in which all 

the CT Ser and Thr residues have been mutated to Ala (11ST/A) [184]. Consistent with 
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previous reports, MOP 11ST/A was unable to internalise as determined by Rab5a 

BRET, or recruit β-arr2 in response to DAMGO (Figure 4.3G and H). However, 

stimulation of MOP 11ST/A by both DAMGO and morphine induced a transient increase 

in nucERK, with no change in KRas BRET (Figure 4.3I, Figure A.8J). Phosphorylation of 

Ser375 therefore appears critical for the control of MOP spatiotemporal signalling in 

response to morphine. Taken together, these data show that the impaired trafficking of 

MOP mutants results in an altered signalling profile and support the hypothesis that the 

plasma membrane localisation of MOP, and not β-arr recruitment or receptor 

internalisation, plays a key role in the spatiotemporal control of receptor signalling. 

 

 

4.4.3 Ligand-Dependent Redistribution of MOP Within the Plasma Membrane 

To investigate the changes in MOP distribution elicited by morphine upon inhibition of 

the G-PKC pathway, we assessed receptor localisation at the plasma membrane by 

confocal microscopy and subcellular fractionation. After 10min stimulation of MOP 

(which causes activation of all signalling pathways) there was no colocalisation between 

the receptor and immunolabeled clathrin by confocal microscopy under any condition 

tested (Figure A.9A and B). However, after 60min, stimulation with DAMGO but not 

morphine caused significant colocalisation between MOP and clathrin (Figure A.9C). In 

contrast, activation of the fast internalising β2AR by isoprenaline caused significant 

receptor-clathrin colocalisation after 10min (Figure A.9A to C). Similarly, there was no 

effect of DAMGO or morphine stimulation on the location of FLAG-MOP within non-lipid-

rich (Triton X-100 soluble) plasma membrane domains using basic lipid fractionation 

(Figure A.9D). Therefore, the distinct spatiotemporal signalling profiles of morphine and 

DAMGO do not reflect ligand-dependent MOP clustering in clathrin-coated pits nor 

translocation to different lipid domains. 
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Figure 4.4: DAMGO induces a unique MOP distribution at the plasma membrane. 

Plasma membrane distribution of FLAG-MOP in response to 10min vehicle, DAMGO or 

morphine using GSD/TIRF (n=3-9). (A) Representative GSD/TIRF images and Euclidean 

distance maps (EDM) under control conditions. Scale bar 1m. (B) Average distance to nearest 

neighbour under control conditions and (C) following G inhibition. (D) Representative 

GSD/TIRF images and EDM following G inhibition. Scale bar 1m, pseudocolour scale as in 

A. (E) Representative GSD/TIRF images and EDM of wild-type MOP (WT) or MOP S375A 

under basal conditions. Scale bar 1m, pseudocolour scale as in A. (F) Average distance to 

nearest neighbour. Bars represent means, error bars SEM. ***p<0.001 versus vehicle control, 

one-way ANOVA with Dunnett’s multiple comparison test (B,C) or unpaired t-test (E). 

To investigate MOP localisation within the plasma membrane with increased resolution, 

we used ground state depletion (GSD) super-resolution microscopy in total internal 

reflection fluorescence (TIRF) mode. GSD/TIRF allows the detection of events within 

the plane of the plasma membrane to an axial resolution of 100nm. This approach can 

measure the distance between an event (receptor or receptor clusters) and its nearest 

neighbour across a population. Stimulation of FLAG-MOP with DAMGO (10min) 

increased the average distance between detected events (Figure 4.4A-B), suggesting 

MOP redistribution within the plasma membrane. This increase in distance occurs prior 

to and is independent of receptor internalisation, as there was no effect of expression of 

dominant negative dynamin K44E (Figure A.9E to F). Morphine stimulation of FLAG-

MOP (10min) did not change the average distance between events (Figure 4.4A-B). 
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However, following inhibition of Gβγ morphine increased the distance between detected 

MOP events (Figure 4.4C-D, Figure A.9E to G), suggesting that activation of this 

pathway by morphine normally restricts MOP localisation. Interestingly, the distance 

between MOP events under basal conditions following expression of MOP S375A was 

also increased when compared to the wild-type receptor (Figure 4.4E-F). This increase 

in distance between events was not due to decreased receptor expression at the 

plasma membrane (MOP S375A 570,000 sites per cell, MOP wild-type 140,000 sites 

per cell measured by whole cell [3H]-diprenorphine binding), confirming that MOP 

S375A was differentially distributed compared to the wild-type receptor. Thus, our 

results suggest that activation of MOP by morphine restricts receptor localisation, 

whereas DAMGO stimulation allows MOP redistribution within the plasma membrane. 

Disruption of the Gβγ-PKCα-phosphorylation pathway allows morphine to stimulate a 

DAMGO-like redistribution of MOP but does not result in receptor internalisation. This 

receptor redistribution precedes (DAMGO), or can occur independently of (morphine), 

endocytosis and appears to control the ability of MOP to transiently activate cytoERK 

and nucERK. 

 

4.4.4 Disruption of Plasma Membrane Organisation Alters MOP Spatiotemporal 

Signalling 

To confirm the importance of membrane organisation in the control of 

compartmentalised MOP signalling, we depleted cholesterol from the plasma 

membrane using methyl--cyclodextrin (MCD) [764] or Filipin III [765]. There was no 

effect of these treatments on MOP internalisation, as determined by high-content 

imaging (Figure A.10A and B). However, both MCD and Filipin III abolished the distinct 

spatiotemporal signalling profiles of morphine and DAMGO (Figure 4.5, Figure A.10). 

Upon cholesterol depletion, both morphine and DAMGO increased PKC activity at the 

plasma membrane and caused a transient increase in cytosolic and nucERK (Figure 

4.5, Figure A.10C to F). Importantly, membrane cholesterol replenishment by incubation 

of the cells with MCD/cholesterol complexes, completely restored the original 

spatiotemporal signalling profiles of DAMGO and morphine (Figure 4.5, Figure A.10). 

Thus, disruption of membrane organisation alters the spatiotemporal signalling profiles 

of MOP, with no change in the ability of the receptor to internalise, confirming that 

plasma membrane localisation of MOP plays an important role in determining its 

spatiotemporal signalling. 
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Figure 4.5: Disruption of membrane architecture alters MOP signalling profiles. 

Spatiotemporal activation of PKC and ERK following vehicle, DAMGO or morphine stimulation, 

with and without pre-treatment with MCD or MCD/cholesterol complexes (MCD/choles.). (A) 

Plasma membrane PKC in response to DAMGO (40-174 cells). (B) CytoERK in response to 

DAMGO (30-167 cells). (C) NucERK in response to DAMGO (68-230 cells). (D) Plasma 

membrane PKC in response to morphine (41-195 cells). (E) CytoERK (32-194 cells) and (F) 

NucERK (80-217 cells) in response to morphine. Symbols represent means, error bars SEM. 
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4.4.5 MOP Compartmentalised Signalling in Dorsal Root Ganglia Neurons 

To confirm the physiological relevance of the spatiotemporal signalling patterns of MOP 

when expressed in HEK293 cells, we nucleofected isolated neurons from mouse DRG 

with the FRET biosensors. DRG neurons are the principal mediators of nociception from 

the periphery to the spinal cord and activation of endogenous MOP in these neurons 

partially mediates the analgesic actions of opioids [766]. 

Activation of MOP in DRG neurons stimulated ERK and PKC activity with 

spatiotemporal profiles that were identical to those observed in HEK293 cells. DAMGO 

caused a transient increase in both cytosolic and nucERK, whereas morphine elicited a 

sustained increase in cytoERK and plasma membrane PKC (Figure 4.6A-B). Inhibition 

of PKC decreased the percentage of neurons that exhibited a sustained cytoERK 

response to morphine (from 75% to 49%), and increased the percentage of neurons 

that exhibited a transient cytoERK response (from 25% to 51%) (Figure 4.6D-E). There 

was no effect of PKC inhibition on the temporal profile of cytoERK following stimulation 

with DAMGO (Figure 4.6D-E). As observed in HEK293 cells, inhibition of PKC allowed 

morphine to activate nucERK (Figure 4.6F). 

We also assessed the distribution of endogenous MOP at the plasma membrane of 

DRG neurons (Figure 4.6G) using GSD/TIRF microscopy. As in HEK293 cells, 

stimulation of endogenous MOP in DRG neurons with DAMGO increased the distance 

between detected events at the plasma membrane (Figure 4.6H-I). In contrast, there 

was no change in the distance between MOP events in response to morphine. 

Thus, in DRG neurons, as in HEK293 cells, receptor redistribution at the plasma 

membrane correlates with transient increases in cytosolic and nucERK in response to 

DAMGO. Moreover, inhibition of PKC allows morphine to cause transient increases in 

cytosolic and nucERK. As such, the spatiotemporal regulation of MOP activation and 

signalling identified in recombinant expression systems also occurs in DRG neurons 

endogenously expressing this receptor. 
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Figure 4.6: Spatiotemporal signalling of endogenous MOP in DRG neurons. 

Spatiotemporal activation of (A) CytoERK (56-120 neurons), (B) NucERK (45-64 neurons) and 

(C) Plasma membrane-localised PKC (40-55 neurons) following vehicle, DAMGO or morphine 

stimulation. (D) Effect of PKC inhibition on cytoERK (86-99 neurons). (E) Population analysis of 

the temporal profile of cytoERK, with the number of neurons in each group indicated. (F) Effect 

of PKC inhibition on nucERK (25-73 neurons). (G-I) Plasma membrane distribution of 
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endogenous MOP in response to 10min vehicle, DAMGO or morphine using GSD/TIRF (n=9-

15). (G) Isolated DRG neuron immunostained for MOP (green) and tubulin III (magenta). Scale 

bar 10m. (H) Representative GSD/TIRF images and Euclidean distance maps (EDM). Scale 

bar 1m. (I) Average distance to nearest neighbour. Bars/symbols represent means, error bars 

SEM. *p<0.05; **p<0.01 and ***p<0.001 versus vehicle control, two-way ANOVA with Tukey’s 

multiple comparison test (F) or one-way ANOVA with Dunnett’s multiple comparison test (I). 

AUC, area under the curve. 
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4.5 Discussion 

The use of biophysical approaches to assess MOP signalling in real time and in live 

cells has revealed a new mechanism that contributes to the control of differential MOP 

activation. Here we show that DAMGO activation of MOP triggers receptor translocation 

within the plasma membrane. This translocation precedes receptor trafficking to 

clathrin-containing domains and internalisation and is likely dependent on receptor 

phosphorylation (Figure 4.7A). This MOP translocation, not receptor internalisation, 

determines the transient cytoERK profile and the activation of nucERK (Figure 4.7A). In 

contrast, morphine activates plasma membrane-localised PKC, via G-subunits, which 

prevents receptor translocation within the plasma membrane. This results in sustained 

cytoERK and no nucERK activity (Figure 4.7B). Inhibition of this G-PKC-

phosphorylation pathway allows the morphine-activated MOP to translocate within the 

plasma membrane and transforms its spatiotemporal signalling profile (Figure 4.7B). 

Importantly, this new signalling profile mimics that of the internalising ligand DAMGO 

(i.e. transient cytosolic and nucERK) but occurs in the absence of -arr2 recruitment 

and without receptor internalisation.  

These results add essential detail to previous descriptions of ligand-dependent 

differences in ERK signalling [208, 520, 593]. Previous studies using immunoblotting 

showed that etorphine-induced ERK phosphorylation was dependent on -arrs, 

whereas morphine activated ERK via a PKC-dependent pathway [208]. However, we 

show that upon PKC inhibition, morphine can still induce ERK phosphorylation, although 

this signal has different temporal dynamics and occurs both in the cytosol and the 

nucleus (Figure 4.3 and Figure 4.7B). Therefore, the activation of cytoERK by morphine 

is not PKC-dependent but rather PKC, by controlling MOP localisation, dictates the 

dynamics and location of this response. It is interesting to consider that in the context of 

a whole cell following solubilisation (with a relatively greater contribution of cytosolic 

compared to nucERK), this altered temporal profile could appear as an apparent 

decrease in morphine stimulated ERK. This illustrates the extra mechanistic detail that 

can be obtained by resolving spatial and temporal signalling dynamics in live cells. We 

therefore propose that plasma membrane organisation of MOP, not just -arr 

recruitment and internalisation, dictates the spatiotemporal outcome of receptor 

activation. Importantly, these mechanisms operate in nociceptive neurons, and may 

thus contribute to the analgesic actions of opioids. 
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Figure 4.7: Plasma membrane localisation controls MOP spatiotemporal signalling. 

(A) DAMGO causes recruitment of GRK2 and -arr2 (i), facilitating MOP redistribution across 

the plasma membrane and transient activation of Gi/o-mediated cytoERK and Gi/o-

independent nucERK (ii). Upon prolonged stimulation of MOP, DAMGO triggers MOP clustering 

and receptor internalisation via clathrin-coated pits (iii) to early endosomes (iv). (B) Morphine 

stimulates plasma membrane-localised G-PKC that prevents receptor translocation within 

the plasma membrane. This causes a sustained activation of Gi/o-mediated cytoERK (i). 

Inhibition of the G-PKC-pathway, or alteration of plasma membrane organisation facilitates 

MOP translocation and activation of nucERK by morphine (ii) without receptor internalisation. 
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The ability of DAMGO, but not morphine, to cause receptor redistribution may relate to 

differential patterns of MOP phosphorylation. While all opioids cause phosphorylation of 

MOP at Ser375, this is mediated by different kinases depending on the ligand [184, 

543]. Previous studies have shown that the DAMGO-activated MOP is phosphorylated 

by GRKs 2 and 3 and that internalising ligands drive higher-order phosphorylation of 

flanking residues that result in efficient -arr recruitment and receptor internalisation 

[184]. Here we show that recruitment of -arr2, MOP translocation and activation of 

nucERK in response to DAMGO precede receptor internalisation. As such, we 

hypothesise that differential recruitment of regulatory proteins (GRKs, -arrs) to MOP 

may underlie receptor redistribution at the plasma membrane, and thus indirectly control 

spatiotemporal signalling. This is supported by the fact that mutation of the key 

hierarchical phosphorylation site of MOP (MOP S375A) affects the localisation of the 

receptor within the plasma membrane and its spatiotemporal signalling. In this context, 

-arrs are increasingly recognised as scaffolding proteins for signalling complexes, in 

addition to their traditional roles in the regulation of receptor desensitisation and 

internalisation [767]. Furthermore, recent evidence suggests that GRKs can also have 

important scaffolding functions, particularly for the control of ERK activation [768, 769]. 

We hypothesise that differential assembly of receptor kinases and other signalling 

mediators in response to morphine versus DAMGO stimulation of MOP determines 

receptor redistribution, transient signalling profiles and activation of nucERK. 

Importantly, this entails that the responses of opioid ligands will be highly dependent on 

the specific protein content of opioid-responsive cells [274, 525, 636, 770]. 

Our results also highlight the importance of PKC in governing MOP spatiotemporal 

signalling profiles. Previous studies have shown that phosphorylation and 

desensitisation of MOP following morphine stimulation is partially dependent upon PKC 

[530, 543, 771]. Moreover, there are strong indications that PKC plays a significant role 

in the initiation and maintenance of tolerance to morphine analgesia [772, 773]. To date, 

evidence for morphine-induced activation of PKC comes from co-immunoprecipitation 

studies showing recruitment of over-expressed PKC to MOP [593] and increased PKC 

activity in cell lysates [774]. By measuring endogenous PKC activity at the subcellular 

level, we directly demonstrate that morphine, but not DAMGO, stimulates a sustained 

activation of PKC at the plasma membrane. While PKC can phosphorylate MOP directly 

[554, 557], it can also phosphorylate proteins that participate in MOP signalling such as 

Gi [564] or GRK2 [775] and could therefore restrict receptor redistribution by 
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modulating the function and/or association of such signalling and scaffolding proteins 

with MOP.  

It is clear that plasma membrane organisation plays a critical role in the control of MOP 

spatiotemporal signalling. Whether MOP resides within biochemically-defined lipid-rich 

plasma membrane regions is controversial [776-778]. However, and in line with our 

findings, previous studies have provided evidence for a restricted plasma membrane 

localisation, and agonist-regulated plasma membrane diffusion of the MOP [779-782]. 

Protein-protein interactions were hypothesised to mediate the restricted and slow 

diffusion of agonist-stimulated non-internalising MOP [783]. Together with the results 

presented here, this suggests that the dynamic organisation of MOP within the plasma 

membrane, rather than MOP association with a pre-defined lipid-rich domain, may 

control ligand-dependent receptor redistribution and unique spatiotemporal signalling 

profiles. The dependence of MOP signalling on plasma membrane localisation extends 

recent studies demonstrating distinct control of spatiotemporal signalling by 

endosomally-localised GPCRs [221, 744]. In the context of MOP, mechanistic insight 

into the actions of morphine at the cellular level is of particular therapeutic relevance 

due to the severe side-effects induced by this opiate. Whether chronic exposure to 

opiates differentially alters spatiotemporal signalling and/or the plasma membrane 

distribution of MOP remains to be investigated. 
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The phenomenon of biased agonism at GPCRs presents an invaluable approach for 

designing drugs with fewer “on-target” side effects. Design of a biased ligand requires 

delineation of the signalling pathways that produce the desired and unwanted 

physiological effects. Unfortunately, at the MOP this has proven to be an incredibly 

complicated task. These processes are both ligand-dependent and tissue-dependent, 

making it difficult to precisely establish the optimal pharmacological profile required to 

produce an improved analgesic devoid of side effects and with limited analgesic 

tolerance. Whilst there is evidence that the therapeutic profile of opioids can be 

improved by optimising ligand bias towards G protein activation over β-arr2 recruitment, 

a more comprehensive approach to bias optimisation, involving multiple signalling 

pathways, is required to truly maximise the benefits of a biased MOP ligand. Hence, a 

clearer understanding of how biased agonism can be used to fine tune MOP mediated 

physiological processes is required. 

Up till now, studies of biased agonism have predominantly focussed on synthetic 

opioids, whereas the potential for bias within the endogenous opioid system has been 

overlooked. With such a large number of ligands targeting a few classical opioid 

receptors, the endogenous opioid peptides are ideal candidates for establishing how 

MOP naturally employs biased agonism to control the normal functioning of opioid-

mediated physiological processes. A comprehensive analysis of biased agonism of the 

endogenous ligands at the MOP was examined in chapter 2. The most diversity in 

biased agonism profiles, compared to the reference ligand DAMGO, is seen in the 

enkephalins and endomorphins, whereas the dynorphins and β-endo showed very little 

diversity in biased agonism profiles at the MOP, compared to DAMGO. This is not 

surprising since pharmacological and anatomical evidence clearly points to the 

enkephalins and the putatively endogenous endomorphins as being the primary 

mediators of MOP physiology. These endogenous peptides have the highest affinities 

and selectivities for the MOP [333, 334], and their distribution in the CNS and PNS 

overlaps very closely with the expression of the MOP [702, 784, 785]. With such 

variability between only a few enkephalins, it is likely that the other pENK derived 

peptides that were not included in this study, such as Met-enk-RGL and metorphamide 

(Table 1.1) may also possess unique biased agonism profiles at the MOP. 

Interestingly, nearly all the Leu-enk based endogenous peptides, including Leu-enk and 

all pDYN derived peptides except α-neo, showed the same biased agonism profile 

compared to DAMGO. This is possibly due to the fact that, as shown by Wieberneit, 
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Korste, Albada, Metzler-Nolte and Stoll [611], Leu-enk may only be able to bind to the 

MOP in a single conformation. This is in contrast to the DOP, where Leu-enk was 

shown to adopt two conformations, suggesting that these opioids may display unique 

bias profiles at DOP. Additionally, since the distribution of the pDYN derived peptides 

mainly overlaps with the expression of KOP, dynorphins are also likely to show more 

diversity at this receptor subtype. Whilst pDYN is predominantly expressed in regions 

distinct from those expressing MOP, there are areas where MOP and pDYN expression 

overlap, such as in the medulla, the DH of the spinal cord and myenteric neurons in the 

GI tract [338, 448, 784, 786], where dynorphins, and in particular α-neo with its unique 

bias profile, may play a distinctive role in control of MOP mediated physiology. A similar 

study to that presented here examining biased agonism of endogenous peptides at 

DOP and KOP needs to be performed to establish a complete picture of biased 

agonism within the opioid system. 

Altogether, the heterogeneity in biased agonism profiles within the endogenous opioid 

peptides, combined with their differing selectivities and potencies for the various opioid 

receptors, discrete expression patterns, different degradation rates and the potential of 

differential proteolytic processing of precursor proteins in different tissues [476, 478], 

indicates that particular endogenous opioids may play specific roles in regulating opioid 

receptor-mediated physiology. To validate this, and establish links between specific 

signalling pathways and physiological effects, the biased agonism profiles of 

endogenous opioids need to be confirmed in vivo. However, there are many difficulties 

involved in in vivo validation of biased agonism profiles obtained in recombinant cell 

lines [720]. These difficulties include variables that can affect the quantification of 

biased agonism in different systems and were explored in detail in chapter 3. 

Quantification of biased agonism in different cell backgrounds revealed the cell-

dependent nature of biased agonism, where even alteration of the expression of a 

single signalling effector altered the biased agonism profile of a ligand. This feature of 

biased agonism will be particularly problematic when attempting to optimise the bias 

profile of a ligand, as the bias profile may change in different tissues due to different 

expression of effector and regulatory proteins. Despite this added complexity, the cell-

dependent nature of biased agonism could also be an advantage. When both the 

desired physiological effects and the side effects are produced via the same or similar 

signalling pathways in different tissues, a ligand with a highly cell-dependant bias profile 

may be exactly what is required to obtain a tissue-specific response. 
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In some cases, changes in bias between cell backgrounds were relatively small, such 

as the bias observed between activation of different Gα subtypes, where bias factors of 

around 0.5 ΔΔlog(τ/KA) ie ~3-fold, were common for most ligands. Although this still 

remains to be tested, a ligand with such a small bias factor would not be expected to 

produce significantly different physiological effects compared to the reference ligand in 

vivo [247, 251, 719]. However, it needs to be considered that these experiments 

required overexpression of individual G protein subunits in recombinant cells. Since, in 

similar experiments where GRK2 overexpression resulted in loss of endo-1 bias 

between AC inhibition and β-arr, this suggests that overexpression of a signalling 

effector may artificially obscure the bias of a ligand. In addition to this, small differences 

in G protein subtype activation may be amplified in some cell types due to the G protein 

subtype specific regulation, such as subtype specific AC inhibition or deactivation by 

distinct RGSs [701, 787]. Consequently biased G protein-activation may have a more 

significant impact on downstream signalling in primary cell types than anticipated, 

although to date there is very little evidence to support this [710, 723, 788]. Thus, the 

potential for differential activation of downstream signalling effectors by G protein 

subtypes needs further investigation. In any case, the small degree of bias observed 

between activation of Gα subtypes in this study may be enough to have a significant 

impact on the quantification of bias in different cell backgrounds, thereby influencing the 

selection of lead compounds when screening for biased ligands. 

Another factor that may significantly affect the physiological outcomes of biased 

agonism is the spatiotemporal characteristics of the distinct signalling pathways. “When” 

and “where” a signalling effector is activated has a significant effect on the overall 

cellular response. The spatiotemporal activation of ERK and PKC by morphine and 

DAMGO previously characterised in HEK293 cells [789] was validated in cultured DRGs 

in chapter 4. Since ERK activation in different cellular compartments is associated with 

phosphorylation of different ERK substrates [208], and is also involved in ligand-

dependent and tissue specific MOP desensitisation and tolerance [594, 633, 638], these 

differential patterns of ERK activation are likely to have a significant impact on the 

physiological effects of the ligands. This clearly demonstrates that the activation of the 

same signalling effector by different ligands doesn’t necessarily result in production of 

the same overall cellular effects. The same principle may also apply to the activation of 

other signalling pathways where ligands show differential spatiotemporal signalling, 

such as the differential cAMP inhibition kinetics by Met-enk-RF observed in chapter 3. 
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As biased agonism is most commonly examined at single time-points, the ligand-

dependent spatiotemporal patterns of bias may be obscured. Such an important facet of 

the consequences of biased agonism is generally overlooked. 

Biased agonism and signalling kinetics are also known to be dependent on the binding 

kinetics of the ligand [727, 790-792]. Unfortunately there is very limited information 

about binding kinetics of endogenous opioids for MOP, hence any connection between 

differential binding kinetics and biased agonism by endogenous opioids remains to be 

established.  Of particular interest, will be the effect of binding kinetics on receptor 

trafficking and endosomal signalling. Efficient MOP recycling has been proposed as a 

potential mechanism that protects against the development of tolerance [653, 793, 794]. 

Receptor recycling requires dissociation of the ligand-receptor-β-arr complex [795, 796], 

and it has been well established that ligands with slow dissociation rates stimulate 

prolonged receptor internalisation and signalling [222, 797, 798], which is most likely the 

explanation for the prolonged duration of action and MOP internalisation that is 

observed with loperamide [799]. 

It is unknown whether all endogenous opioids are co-internalised with the receptor, 

however since endo-1 and synthetic opioid peptides are internalised with the receptor, 

this is most likely to be the case [800-802]. At other neuropeptide receptors endosomal 

trafficking of the receptor has been shown to be controlled by the membrane 

metalloendopeptidase endothelin-converting enzyme 1 (ECE-1) which degrades the 

neuropeptide ligand enabling recycling and resensitisation of the receptor [235, 803, 

804]. Furthermore, at the SSTR2A the endogenous ligands somatostatin-14 and -28 

have been shown to stimulate different rates of SSTR2A recycling as a result of 

differential susceptibility to degradation by ECE-1 [235]. Therefore, differential 

degradation of endogenous opioids by ECE-1 or other endosomal peptidases to control 

MOP recycling and resensitisation may be another mechanism for controlling MOP 

function.  

There are also several aspects of biased agonism at MOP which remain to be explored 

that may further complicate translation of in vitro bias studies in vivo. These aspects 

include the potential for species specificity of biased agonism, such as that observed at 

KOP [738]. Another important aspect of biased agonism at MOP that remains to be 

established is how the development of cellular tolerance affects biased agonism. Since 

ligands differentially stimulate mechanisms of tolerance, potentially in a tissue specific 
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manner, the bias of a ligand is likely to change significantly in tolerant cells and tissue. 

In addition to this, some MOP splice variants show different signalling properties, for 

instance MOP1, MOP1A, and MOP1B recycle at different rates [729, 805], hence the 

presence of different MOP splice variants in various tissues may alter observations of 

biased agonism. Similarly, MOP is reported to form heterodimers with several GPCRs 

including DOP and α2AR among others in specific tissues [806, 807], and these 

interactions have been shown to alter MOP ligand binding and signalling properties 

[807-809]. As a result, the presence of these heterodimers in different tissues may 

affect biased agonism.  

There are currently other strategies being explored in addition to biased agonism to 

achieve MOP-mediated analgesia with fewer side effects. These strategies include 

agonists that specifically target MOP heterodimers involved in nociception, such as the 

MOP/DOP heterodimer specific ligand CYM51010, which produces similar analgesic 

properties to morphine but with less analgesic tolerance [810]. Similarly, mixed efficacy 

ligands such as those with MOP agonist and DOP antagonist activity also show the 

potential to produce analgesia with less dependence and tolerance [811, 812]. Another 

alternative being investigated is to directly inhibit signalling pathways that mediate the 

side effects. For example, it has been demonstrated in knock-in mice expressing a 

RGS-insensitive Gαo that inhibition of RGS GAP activity may enhance morphine-

induced analgesia [813]. Finally, the recent discovery of allosteric modulators of MOP 

presents another promising strategy to improve opioid therapeutics. Allosteric 

modulators at MOP could reduce the unwanted side effects by selectively enhancing (or 

inhibiting) particular signalling pathways activated by orthosteric drugs, or by enhancing 

the activity of the endogenous opioid system [652, 814]. In any case, biased agonism 

should always be an important consideration when designing improved opioid 

analgesics using each of these approaches. 

Altogether, these aspects considered above will make it very complex to predict the 

actions of biased ligands in vivo. One way to minimise complications arising from many 

of these factors that affect biased agonism observations is to expand the number 

signalling pathways examined when quantifying biased agonism. With such 

pluridimensional bias profiles, the unique signalling characteristics of a ligand are far 

more likely to be captured in the study. Unfortunately, the cell-dependent nature of 

biased agonism means we cannot directly predict biased agonism in vivo in every tissue 

from in vitro assays in recombinant cells. However, whilst pluridimensional bias profiles 
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change in different cell backgrounds and under different experimental conditions, the 

uniqueness of the ligands can be maintained across different systems. Therefore, bias 

profiles can instead be used to predict in vivo bias indirectly through ligand clustering. 

To do this, the in vivo bias of ligands that produce enhanced analgesia with less side 

effects need to be clearly established. The endogenous opioids are ideal candidates for 

this as they have shown great diversity in biased agonism profiles, further investigation 

into how endogenous opioids naturally use biased agonism to control opioid physiology 

will hopefully reveal an endogenous ligand that mainly mediates analgesia with little 

activation of side effects. Such a ligand could then be used as a reference ligand to 

screen for new compounds with similar bias profiles, enabling optimisation of safer and 

more effective opioid analgesics. 

In summary, this study has illustrated that the opioid family of peptides possess a 

diverse range of signalling profiles at MOP. The diversity in bias among endogenous 

opioids may enable the endogenous opioid system to have an unprecedented level of 

control to fine-tune MOP mediated physiology. This enhanced understanding of biased 

agonism within the endogenous opioid family will assist with identification of the optimal 

biased agonism profile required to design improved opioid analgesics. This study has 

also provided valuable insights into the complexities involved in quantification of biased 

agonism at GPCRs, including the spatiotemporal kinetics of the signalling pathways and 

cell-dependant nature of biased agonism, which will have implications on the design of 

future studies of biased agonism at GPCRs. 
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 APPENDIX A SUPPLEMENTARY DATA 

A.1 Supplementary Data From “Biased Agonism of Endogenous Opioid 

Peptides at the µ-Opioid Receptor” 

 

Table A.1: Summary of potencies for reference ligands and endogenous opioids in CHO-

MOP 

 
[
35

S] 

GTPγS 
cAMP pERK β-Arr1 β-Arr2 KRas 

 LogEC50 SEM LogEC50 SEM LogEC50 SEM LogEC50 SEM LogEC50 SEM LogEC50 SEM 

DAMGO -8.50 0.11 -7.37 0.10 -8.39 0.10 -6.54 0.11 -6.60 0.13 -6.98 0.21 

Morphine -7.80 0.12 -8.49 0.14 -7.40 0.12 NC NC -7.29 0.35 NC NC 

Loperamide -9.84 0.10 -6.99 0.13 -8.85 0.10 -6.96 0.11 -7.04 0.15 -7.32 0.30 

Leu-enk -8.09 0.14 -7.03 0.11 -7.89 0.06 -5.99 0.21 -6.01 0.10 -6.55 0.30 

Met-enk -8.31 0.16 -7.62 0.12 -8.34 0.08 -6.21 0.13 -6.65 0.08 -6.26 0.27 

Met-enk-RF -8.71 0.16 -7.29 0.13 -8.86 0.10 -6.73 0.16 -7.02 0.07 NC NC 

Endo-1 -8.16 0.07 -6.81 0.08 -8.87 0.10 -6.47 0.22 -7.38 0.15 -6.69 0.30 

Endo-2 -8.11 0.14 -7.03 0.19 -8.75 0.10 -7.13 0.11 -7.13 0.09 -6.36 0.21 

α-Neo -7.71 0.12 -8.59 0.16 -7.25 0.05 -5.47 0.15 -5.50 0.11 -6.34 0.41 

β-Endo -8.55 0.17 -8.11 0.14 -7.71 0.09 -5.52 0.15 -6.24 0.10 -6.68 0.30 

DynA -8.33 0.15 NC NC -7.52 0.08 -5.65 0.17 -5.99 0.12 -6.48 0.46 

DynA 1-13 -8.04 0.11 NC NC -7.66 0.07 -6.03 0.22 -6.48 0.12 -6.14 0.26 

DynA 1-8 -8.10 0.12 -6.86 0.12 -7.88 0.07 -6.04 0.21 -6.07 0.16 -5.52 0.24 

DynA 1-6 -8.60 0.10 -7.37 0.12 -8.16 0.07 -6.34 0.17 -6.04 0.12 -6.04 0.22 

DynB -8.06 0.11 -6.94 0.12 -7.50 0.10 -5.82 0.13 -5.89 0.08 -6.27 0.40 

NC = LogEC50 value for not calculated as a full concentration response curve could not 

be obtain 
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Table A.2: Summary of bias factors in CHO-MOP. *p ≤0.05 **p≤0.005 as determined by 

two-tailed t-test compared to DAMGO 
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Table A.3: Percentage contribution to the overall variance by principle components 

PC1 = 56.09 % 

PC2 = 25.83 % 

PC3 = 12.82 % 

PC4 = 4.55 % 

PC5 = 0.69 % 

PC6 = 0.0 % 
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Table A.4: Summary of the contribution by each bias factor to the principle components 
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Figure A.1: [3H] Diprenorphine saturation binding in FlpIn CHO-MOP membrane 

 

 

 

Figure A.2: DynA and DynA 1-13 increase cAMP production in Parental FlpIn CHO cells 

and this response is not blocked by Naloxone.  
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Figure A.3: Bias towards β-arr recruitment determines pERK bias. 
(A) BIAS FACTORS BETWEEN PERK AND Β-ARR1 IN CHO-MOP. NC = NOT 

CALCULABLE (B) TWO-TAILED PEARSON CORRELATION WAS CALCULATED 

BETWEEN BIAS FACTORS FOR CAMP-Β-ARR1 AND CAMP-PERK EXCLUDING 

MORPHINE. 

 

 

 

Figure A.4: cAMP assays in FlpIn CHO-MOP. 

Cells were pre incubated with inhibitors for 45mins with 20μM Stearated Ht31 (AKAP inhibitor) 

or control peptide, 30mins with 5μM mSIRK (Gβγ inhibitor) or control peptide, or overnight with 

25ng/ml PTx. n=1 in triplicate 
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Figure A.5: Bias factors between β-arr2 recruitment and [35S]GTPγS binding in CHO-MOP 
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A.2 Supplementary Data From “Plasma Membrane Localisation of the 

µ-Opioid Receptor Controls Spatiotemporal Signalling”  

 

Figure A.6: (A) Concentration-response curves for activation of pERK using the AlphaScreen 

assay (n=3). (B) Plasma membrane-localised PKC activity in response to a high concentration 

of DAMGO (71-79 cells). Symbols represent means, error bars SEM; vehicle is shown in black, 

DAMGO in red, morphine in blue. 
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Figure A.7: (A) Concentration-response curves for β-arr2 recruitment (n=3). Timecourse of (B) 

BRET between MOP-RLuc and Rab5a-Venus (n=3). And (C) MOP-GFP internalisation (n = 4-

6). Inset: representative images. Scale bar 10μm. (D) Knockdown of β-arrs using siRNA. (E) 

MOP-GFP internalisation following knockdown of β-arrs or Gαi/o protein inhibition (n=4-6). (F) 

Representative images from E. Scale bar 10μm. (G) MOP-GFP internalisation following 

inhibition of endocytosis (n=4-12). (H) Representative images from G. Scale bar 10μm. (I) Effect 

of inhibition of dynamin on the cytoERK response to DAMGO (22-57 cells). (J) Effect of 

inhibition of dynamin on the cytoERK response to morphine (22-61 cells). Bars/symbols 

represent means, error bars SEM; vehicle is shown in black, DAMGO in red, morphine in blue. 

Arrowheads indicate cell surface MOP, arrows intracellular MOP. **p<0.01 and ***p<0.001 

versus vehicle control, two-way ANOVA with multiple comparison tests. Scram., scrambled; IB, 

immunoblot; PS2, PitStop2. 
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Figure A.8: (A) Effect of β-arr knockdown on plasma membrane PKC activity (37-86 cells). (B) 

Effect of PKC inhibition on the cytoERK response to morphine (22-108 cells). (C) Effect of Gβγ 

inhibition on the cytoERK response to DAMGO (26-69 cells). (D) MOP-GFP internalisation 

following inhibition of Gβγ or PKC, or over-expression of MOPphos (n=3). (E) MOP-RLuc β-

arr2-YFP BRET following inhibition of Gβγ or PKC, or over-expression of MOPphos-RLuc (n=3). 

(F) Representative images from D. Scale bar 10μm. (G) CytoERK activation by MOPphos (63-

116 cells). Bars/symbols represent means, error bars SEM; vehicle is shown in black, DAMGO 

in red, morphine in blue. Arrowheads indicate cell surface MOPr, arrows intracellular MOPr. 

*p<0.05, **p<0.01 and ***p<0.001 versus vehicle control, two-way ANOVA with multiple 

comparison tests. Scram., scrambled; GFx, GF109203X. 
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Figure A.9: (A) Representative images showing colocalisation of MOP-GFP or β2AR-GFP 

(green) with clathrin (purple). Scale bar 10μm. Inset line scan showing pixel intensity across the 

indicated section following 10min stimulation with 1μM DAMGO or Isoprenaline. (B) 

Colocalisation of MOP-GFP or β2AR-GFP with clathrin following 10min stimulation. (C) 

Colocalisation of MOP-GFP or β2AR-GFP with clathrin following 60min stimulation. (D) FLAG-

MOP localisation in Triton X-100 soluble or insoluble membrane domains following fractionation 

and western blotting. Caveolin 1 and β-tubulin were used as markers for Triton X-100 insoluble 

and soluble domains, respectively. (E-G) FLAG-MOPr distribution at the plasma membrane 

using GSD/TIRF. (E) Average distance to nearest neighbour following inhibition of dynamin-



Supplementary Data 

 

169 

dependent endocytosis or Gβγ-subunits (n=3). (F) Representative GSD/TIRF images and 

Euclidean Distance maps following inhibition of dynamin-dependent endocytosis. Scale bar 

1μm. (G) Representative GSD/TIRF images and Euclidean Distance maps following inhibition of 

Gβγ-subunits. Scale bar 1μm. Pseudocolour scale as in E. Bars/symbols represent means, 

error bars SEM; vehicle is shown in black, DAMGO in red, morphine in blue. Arrowheads 

indicate cell surface MOPr, arrows intracellular MOPr. ***p<0.001 versus vehicle control, two-

way ANOVA with multiple comparison tests. TX-100, triton X-100; V, vehicle; D, DAMGO; M, 

morphine; IB, immunoblot; Dyn, dynamin; EDM, Euclidean distance map. 
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Figure A.10: (A) MOPr-GFP internalisation following disruption of the plasma membrane 

architecture (n=3). (B) Representative images from A. Scale bar 10μm. (C) Plasma membrane-

localised PKC activation following disruption of the plasma membrane architecture (44-192 

cells). (D) NucERK activity following disruption of the plasma membrane architecture (80-233 

cells). (E) CytoERK activity in response to DAMGO in the presence of Filipin III (30-167 cells). 

(F) CytoERK activity in response to morphine in the presence of Filipin III (32-194 cells). 

Bars/symbols represent means, error bars SEM; vehicle is shown in black, DAMGO in red and 

morphine in blue. Arrowheads indicate cell surface MOPr, arrows intracellular MOP. *p<0.05, 

**p<0.01 and ***p<0.001 versus vehicle control, two-way ANOVA with multiple comparison 

tests. AUC, area under the curve; MβCD/choles., MβCD/cholesterol complexes. 
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P U B L I C A T I O N S  

 APPENDIX B  PUBLICATIONS 

B.1 Biological redundancy of the endogenous GPCR ligands in the gut 

and the potential for endogenous functional selectivity  

 



Publications 

 

172 

 



Publications 

 

173 



Publications 

 

174 



Publications 

 

175 



Publications 

 

176 



Publications 

 

177 



Publications 

 

178 



Publications 

 

179 



Publications 

 

180 



Publications 

 

181 



Publications 

 

182 

  



Publications 

 

183 

B.2 Novel GPCR Paradigms at the µ-Opioid Receptor 
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