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Investigating the Potential of Novel Bivalent Pharmacophores and Tetra-

Branched Opioids to Produce Analgesics with Diminished Tolerance and 

Dependence Profiles. 

 

Mark Bird 

 

All clinical opioid analgesics target the MOP (Mu Opioid Peptide) receptor. While 

these drugs provide analgesia, long-term treatment leads to tolerance and dependence. 

By targeting MOP and another member of the opioid receptor family, such as DOP 

(Delta Opioid Peptide receptor) or NOP (Nociceptin Orphanin F/Q Opioid Peptide 

receptor), these adverse effects are attenuated. Furthermore, solely targeting DOP or 

NOP may produce analgesia without the adverse effects associated with MOP. Three 

groups of variably mixed ligands have been developed; i) Fentanyl-based DOP and 

NOP bivalents, ii) peptide based MOP and NOP bivalents iii) tetrabranched NOP and 

DOP monovalent ligands. The pharmacology of these ligands has been investigated in a 

range of intracellular signalling assays. 

 

All compounds were tested in Chinese hamster ovary (CHO) cells expressing human 

MOP, NOP, DOP or KOP (Kappa Opioid Peptide receptor) receptors. Initial work with 

Fentanyl-based DOP bivalents resulted in a loss of functional activity at the MOP 

receptor. Further Fentanyl-derivatives conjugated with Ro65-6570 displayed partial 

agonist activity at MOP and full agonist activity at MOP. A second MOP/NOP bivalent 

pharmacophore, (DeNO), based on the peptides Dermorphin (MOP) and N/OFQ 

demonstrated full agonist activity at both receptors. A tetrabranched ligand formed 

from N/OFQ, displayed increased potency at the NOP receptor compared to N/OFQ. 

DeNO was investigated in human embryo kidney (HEK) cells which co-expressed 

MOP and NOP. The results of functional assays demonstrated a loss of MOP activity 

caused by the presence of NOP. Further studies with the opioids, Dermorphin and 

N/OFQ, and antagonists naloxone (MOP) and UFP-101(NOP), have demonstrated a 

structural interaction between MOP and NOP in this cell line. 

 

The work in this thesis demonstrates how modification of peptide structures was more 

successful in the development of multitarget ligands.  The findings from this thesis 

provide a significant contribution to theory of receptor heterodimerisation between 

MOP and NOP, as demonstrated by the loss of potency of MOP agonists in the co-

expression system.  
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   General Introduction Chapter 1

 

For centuries, opioids have been widely used to treat various forms of pain. Long-term 

use of opioids, such as Morphine, which is often the reality of chronic pain 

management, has unfortunately been shown to lead to the development of drug 

tolerance or dependence. Recent studies have provided a greater insight into both the 

cause, and possible prevention, of Morphine tolerance, which includes interacting with 

various opioid receptors, while maintaining agonist activity at the MOP (µ) receptor. 

Bivalent pharmacophores, which act simultaneously on various opioid receptors to 

inhibit tolerance or dependence, provide the basis of this thesis. 

 

1.1 Pain pathways 

 

The sensation of pain is usually initiated when a noxious stimulus acts upon nerve 

endings located throughout the periphery. These endings are attached to small diameter 

primary afferent peripheral neurones, which are either myelinated A(δ) fibres or 

unmyelinated C fibres. A(δ) fibres are mainly attached to high threshold 

mechanoreceptors and respond primarily to mechanical stimuli. They have a diameter 

of approximately 2-5 µm and transmit impulses at a rate of between 4 and 30 m.s
-1

. 

A(δ) fibres are usually responsible for producing sharp, well-defined sensations of pain. 

The unmyelinated C fibres are polymodal nociceptors that have a diameter of 

approximately 0.4-1.2 µm. These fibres have a conduction velocity of 0.5-2.5 m.s
-1

 and 

respond to chemical, mechanical and thermal stimuli. C fibres are responsible for 

producing a dull poorly localised pain sensation (Rang  et al., 2007). Chemical 

stimulation occurs through the release of chemical mediators (potassium ions, kinins, 

prostaglandins, and 5-HT), often released during an inflammatory response, and 

activates local signalling mechanisms, which activate transmission through the primary 

afferent neurons (Rang  et al., 2007).  
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 Regulation of painful stimuli in the CNS 1.1.1

 

Nociceptive afferent cell bodies lie within an area situated just outside the spinal cord, 

the dorsal root ganglia. The axons of the C and A (δ) fibres synapse with the cell bodies 

of interneurons (spinothalamic neurons) located in the I, II and V laminae of the dorsal 

horn (Figure 1.1). The substantia gelatinosa (SG), neurons located in lamina II, has 

short axons which run to either lamina I or V. They represent interneurons between 

primary afferent neurons that terminate in lamina II and second order neurons of lamina 

I and V (Calvino and Grilo, 2006). These neurons represent the ‘gate’ in the theory of 

spinal nociceptive transmission, in the original theory put forward by Wall and Melzack 

(Melzack, 1965). They are considered to be inhibitory interneurons, which can be 

stimulated by various non-nociceptive inputs to inhibit nociceptive afferent signalling 

(Figure 1.2). The projections from lamina I and V travel via the lateral spinothalamic 

tract to the thalamus. Painful sensations are relayed by the axons of cells in the 

thalamus to the somatosensory cortex-precentral gyrus (Rang  et al., 2007).  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 1.1: A representative picture of the termination of the various afferent fibres in 

the laminae of the dorsal horn. Taken from Clinical anaesthesiology, 4
th 

Edition (G. E. 

Morgan et al., 2006). 
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Figure 1.2: The gate control system regulates flow of nociceptive signals from 

peripheral afferent fibres to the thalamus. This is mediated by transmission neurones in 

the dorsal horn. Inhibition of this transmission pathway occurs through inhibitory 

neurons within the substantia gelatinosa, which are activated by descending inhibitory 

neurones or by non-nociceptive afferent input. The inhibitory neurones are inhibited by 

C fibre input. (Rang  et al., 2007). 

 

 The descending inhibitory tract 1.1.2

 

Part of the gating mechanisms responsible for controlling nociceptive impulse 

transmission in the dorsal horn is the descending inhibitory pathway system. The 

periaqueductal grey area (PAG), located in the midbrain, is a key part of the inhibitory 

descending system.  Various regions of the brain, such as the thalamus, cortex, and 

hypothalamus, extend inputs to the PAG and it acts as the main pathway through which 

descending nociceptive gating in the dorsal horn is controlled. Upon excitation, the 

neuronal transmissions from the PAG descend to the rostral ventral medulla (RVM) of 

the midbrain, into an area known as the nucleus raphe magnus (NRM). This in turn 

leads down the dorsolateral funiculus of the spinal cord to the dorsal horn. The 

descending fibres of the dorsolateral funiculus synapse with the interneurons of the SG, 

leading to their activation and the subsequent inhibition of nociceptive transmissions. 

Furthermore, indirect input is received from the amygdala and prefrontal cortex (Bee 

and Dickenson, 2009). Further control of the inhibitory descending pathways is 
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provided by spinothalamic neuronal pathways, which synapse in the NRM via the 

nucleus reticularis paragigantocellularis (NRPG) (Rang  et al., 2007).  

  

Through various electrophysiological experiments, it has been shown that the RVM 

contains a number of distinct neurones, which are able to produce inhibitory or positive 

effects on spinal nociception (Fields, 2004). These altering effects depend upon the 

intensity of the signal the RVM receives, with high intensity signals leading to an 

inhibition of the nociceptive signal, while low intensity signals produce a facilitation of 

this signal (Kerchner and Zhuo, 2002). The ability of the RVM to produce these 

altering signals is due to the presence of two types of cells, the ON and OFF cells 

(Figure 1.3). ON cells act to increase dorsal horn activity with regards to nociception, 

while OFF cells decrease this activity (Botney and Fields, 1983). The RVM  is known 

to have a high density of a number of opioid receptor subtypes (Marinelli et al., 2002).  

 

 

Figure 1.3: Nociceptive transmissions from the PAG is facilitated by ON cells and 

inhibited by OFF cells. (PAN-primary afferent neuron) (Fields, 2004). 

 

1.2 Opioid receptors 

 

 Opioid history and nomenclature 1.2.1

 

While compounds, such as Morphine, had been used as analgesics since the 18
th

 

century, the existence of opioid receptors was not proposed till midway through the 20
th

 

century, following the structure-activity relationship studies of synthetic opioids 

analgesic activity (Beckett and Casy, 1954).  Different pharmacological profiles, as 

well as tissue distribution, indicated multiple opioid receptor subtypes. Initially, these 

receptors were named by the prototypic drugs used to identify them, µ (Mu) for 

Morphine or κ for ketocyclazocine, or from their anatomical distribution (δ for vas 
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deferens) (Kieffer et al., 1992, Evans et al., 1992, Sharman et al., 2013). Homology 

cloning led to the identification of a fourth receptor which shared significant sequence 

homology with the opioid receptors. This receptor was initially termed opioid receptor-

like 1(ORL-1) or LC132. Currently, the International Union of Basic and Clinical 

Pharmacology (IUPHAR), the governing body on receptor nomenclature, has amended 

the current phrasing for the opioid receptors. The four opioid receptors are now referred 

to as MOP (µ), DOP (δ), KOP (κ) and NOP (ORL-1). Unlike MOP, DOP and KOP, 

termed the “classical opioid receptors” due to their affinity for the opioid antagonist 

Naloxone, the NOP receptor displays no affinity for this compound. With the exception 

of Dynorphin A, which displays weak affinity for NOP, the NOP receptor displays no 

affinity for endogenous opioids other than Nociceptin/Orphanin FQ (N/OFQ). 

Therefore, NOP is often referred to as a “non-classical” opioid receptor. The opioid 

receptors form a sub-part of a larger family of receptors, known as G-protein coupled 

receptors (GPCR). These receptors form the largest family of cell surface receptors. 

Due to the size of this family of receptors, they have been separated into sub-families, 

termed classes, based on common characteristics or sequence homology (Table 1.1). 

Opioid receptors are members of the largest sub-family, Class A, the rhodopsin-like 

receptor family.  

 

 General G-protein coupled receptor signalling 1.2.2

 

The GPCR has a seven-transmembrane spanning structure, with the N-terminus 

exposed to the extracellular domain, and the C-terminus existing in the intracellular 

domain. The structure of the GPCR binding pocket varies from receptor to receptor, but 

is always found on the extracellular domain. G-protein coupled receptors do not 

directly act with effector proteins; instead they interact with a heterotrimeric complex 

called a G-protein. The G-protein consists of three sub-units termed α, β and γ. The α-

subunit has a guanonucleotide binding pocket which, in its inactivated state, houses a 

guanosine 5’-disphosphate (GDP) molecule. Once a GPCR is activated by a ligand, it 

leads to a conformation change in the receptor, activating the G-protein. The G-protein 

α-subunit exchanges GDP for guanosine trisphosphate (GTP). At this point, α and βγ 

subunits separate, both from the receptor and each other. Both separated subunits can 

influence effector proteins, such as adenyl cyclase (AC) or ion channels within the cell 

(Figure 1.4).  
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  Figure 1.4: A single α-subunit can lead to an increase or decrease in the signalling of 

multiple second messenger systems, leading to signal amplification.  G-protein 

signalling is terminated by the intrinsic GTPase activity of the α-subunit, breaking 

down GTP to GDP. At this point,  all three subunits reform as one complex, 

terminating the signal transduction mechanism (Lohse et al., 2014). 
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G-PROTEIN COUPLED RECEPTORS 

CLASS A  

(Rhodopsin-like) 

CLASS B  

(Secretin) 

Class C  

(Metabotropic glutamate) 

Class D (Fungal mating 

pheromone receptors) 

Class E (cyclic AMP 

receptors) 

Class F 

(Frizzled/smoothened) 

      Amine Calcitonin Calcium-sensing like Fungal pheromone A cAMP frizzled 

Peptide Corticotropin-RF Putative pheromone receptors Fungal pheromone B 
 

Smoothened 

Hormone protein Gastric inhibitory peptide GABA-B 
Fungal pheromone M- and 

P-Factor   

(Rhod)opsin Glucagon Orphan GPRC5 Fungal pheromone other 
  

Olfactory Growth HRH Orphan GPCR6 
   

Prostanoid Parathyroid hormone 
Bride of sevenless proteins 

(BOSS)    

Nucleotide-like Secretin Taste receptors (T1R) 
   

Cannabinoid Vasoactive intestinal polypeptide 
    

Platelet activating factor Diuretic hormone 
    

Gonadotropin-RH EMR1 
    

Thyrotropin-RH Latrophilin 
    

Melatonin 
Brain-specific angiogenesis 

inhibitor (BAI)     

Viral Methuselah-like proteins (MTH) 
    

Lysosphingolipid & LPA (EDG) Cadherin EGF LAG (CELSR) 
    

Leukotriene B4 receptor     
   

          

Table 1.1:  G-protein coupled receptors are separated into six classes. Classes are seperated based on shared sequence homology, ligand 

interaction or tissue distribution. Sequence homology between classes is not common. Within the classes themselves, sub-families (main 

sub-families shown in table) do share sequence homology (Foord et al., 2005). 
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Heterotrimeric G protein Function 

G protein α (Gα) subunits   

Gαs Stimulate adenyl cyclase 

 Gαolf Stimulate adenyl cyclase 

 Gαi1 Inhibit adenyl cyclase 

 Gαi2 Inhibit adenyl cyclase 

 Gαi3 Inhibit adenyl cyclase 

 Gαo1 Inhibit adenyl cyclase 

 Gαo2 Inhibit adenyl cyclase 

 Gz 
inhibits adenyl cyclaseClose K+ channels. Inhibits exocytosis. 

Pertussis toxin-insensitive 

 Gαt1 Stimulate cyclic GMP phosphodiesterase in rod photoreceptors 

 Gαt2 Stimulate cyclic GMP phosphodiesterase in rod photoreceptors 

Gαgust Stimulate phospholipase Cβ (PLCβ) 

 Gαq Stimulate phospholipase Cβ (PLCβ) 

 Gα11 Stimulate phospholipase Cβ (PLCβ) 

 Gα14 Stimulate phospholipase Cβ (PLCβ) 

 Gα15 Stimulate phospholipase Cβ (PLCβ) 

 Gα16 Stimulate phospholipase Cβ (PLCβ) 

 Gα12 Stimulate RhoGEFs to activate Rho  

 Gα13 Stimulate RhoGEFs to activate Rho  

Table 1.2. Gα subunits and their downstream activity (Wettschureck and Offermanns, 

2005). 

 

There are a number of subtypes of G protein alpha subunits, all of which interact with 

various effector molecules (Table 1.2). These include, but are not limited to, Gαs 

(increases adenyl cyclase activity-increasing production of cyclic AMP), Gαi/o (inhibits 

adenyl cyclase-decreasing cyclic AMP) and Gαq ( activates phospholipase C- leads to 

the hydrolysis of Phosphatidylinositol 4,5-bisphosphate to diacyl glycerol and inositol 

trisphosphate) proteins (Ellis, 2004). The βγ subunits have been implicated in the 

regulation of ion channels, as well as playing a role in the recruitment of the MAPK 

pathway (Ito et al., 1992, Faure et al., 1994, Koch et al., 1994, Kofuji et al., 1995).  

 

 Opioid receptor signalling 1.2.3

 

As mentioned previously, the opioid receptors are GPCR’s, which are coupled to the G 

alpha-inhibitory (Gαi/o) subtype of G-proteins. When a ligand binds to an opioid 
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receptor it causes a conformational change in the receptor, leading to the activation of 

Gαi/o. Once the Gαi/o protein is activated, it leads to a number of signalling events 

including inhibition of the enzyme, adenyl cyclase, which in turn leads to a reduction in 

the synthesis of cyclic adenosine monophosphate (cAMP), leading to a reduction in 

membrane K
+
 current (Ih) (Ingram and Williams, 1994). Furthermore, opioid receptor 

activation leads to the closing of N/P type voltage sensitive calcium channels (VSCC) 

and hyperpolarisation of the cell, through the stimulation of potassium efflux (Law et 

al., 2000). The net result of this activation is an inhibition of neurotransmitter release, 

resulting in the dampening of pain signalling. While the Gαi/o protein is responsible for 

the interactions with adenyl cyclase and cAMP,  the βγ subunit of the G-protein is  

believed to be responsible for the interactions with the VSCC and G-protein inwardly 

rectifying potassium (GIRK) channels, as depicted in Figure 1.5 (Herlitze et al., 1996, 

Dascal, 2001, Wolfe et al., 2003).   

 

 

 

 

Figure 1.5: Initial signalling cascades of opioid receptors promoted by ligand binding.  

(McDonald and Lambert, 2005) 
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 Opioid activation of the Mitogen-activated protein kinase pathway 1.2.4

 

While the initial actions of opioids are to disrupt nociceptive signalling through 

interactions via ion channels and neurotransmitter release, further downstream 

signalling events are also known to occur. Opioid receptors have been shown to interact 

with a family of serine/threonine kinases, the mitogen-activated protein kinases 

(MAPK). The MAPK pathway regulates DNA synthesis, cell growth, apoptosis and 

regulation of nuclear transcription factors (Seger and Krebs, 1995, Fukuda et al., 1996, 

Moulédous et al., 2007).  The MAPK pathways are divided into three classes, 

extracellular signal-regulated kinases (ERK1/2), the p38 MAPKs and the c-Jun N-

terminal kinase/Stress-activated protein kinases (JNK/SAPK). The pathway functions 

in a series of three kinase cascades, whereby phosphorylation of the first member leads 

to activation of the second and, subsequently, third kinase (Figure 1.6) (Strungs and 

Luttrell, 2014). This signalling pathway is known to be influential in opioid receptor 

desensitisation and neuronal survival or apoptosis (Polakiewicz et al., 1998a, 

Polakiewicz et al., 1998b). Opioid receptors have been shown to activate the MAPK 

pathways through multiple routes. The βγ subunit can effect ERK1/2 activity through 

interactions with a member of the small GTPase family, Ras (Belcheva et al., 1998). 

Furthermore, opioid inhibition of both protein kinase A (PKA) and  stimulation protein 

kinase C (PKC) affects ERK 1/2 and p38 signalling (Zhang et al., 1999). More recently, 

the scaffold proteins, β-arrestin 1 and 2 involvement in opioid activation of MAPK 

signalling has been demonstrated (Song et al., 2009, Clayton et al., 2009, Miyatake et 

al., 2009, Strungs and Luttrell, 2014). Morphine appears to interact with ERK1/2 

through GRK 5 activation, while Fentanyl was shown to activate ERK1/2 through GRK 

3 phosphorylation of the receptor and recruitment of β-arrestins in striatal neurons 

(Macey et al., 2006, Kohout and Lefkowitz, 2003). Multiple methods of activation, 

both homologous and heterologous that produce distinct temporospatial features, allow 

opioid receptors to modulate members of the MAPK family (Strungs and Luttrell, 

2014). By changing the duration or intensity of stimulation on the MAPK pathway, the 

kinase activity can be targeted to perform specific functions. 
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Figure 1.6: MAPK signalling cascades. Activation of the MAPK pathway by GPCRs 

occurs via sequential activation (MAPK kinase kinase MAPK kinase  MAPK). In 

yeast, activation occurs through Gβγ protein-dependent means, while in mammalian 

cells activation of ERK 1/2 , p38 and JNK pathways has been shown to occur via Gαi , 

Gβγ and β-arrestin-dependent mechanisms  (Pierce and Lefkowitz, 2001).  

 

 Opioid receptor desensitisation and internalisation 1.2.5

 

Following receptor activation, a number of cellular mechanisms occur to regulate 

GPCR signalling (Figure 1.7). Initially, receptors stop registering an ongoing stimulus, 

a phase termed desensitisation. This occurs through receptor phosphorylation, either 

through heterologous protein kinases such as PKA or PKC, or, mainly, through a 

family of kinases called the G-protein receptor kinases (GRKs), termed homologous 

phosphorylation (Pitcher et al., 1998). Phosphorylation via the GRK’s leads to 

recruitment of β-arrestins (either β-arrestin 1 or β-arrestin 2), sorting and either 

recycling to the surface or degradation (Shenoy and Lefkowitz, 2011). The ability of β-

arrestins to mediate numerous signalling pathways, as well as affecting receptor 

recycling or degradation, has led to the hypothesis of differential phosphorylation of 

receptors. In this case, varying phosphorylation sites would allow various patterns, 

and/or numbers, of β-arrestin recruitment allowing for multiple signalling pathways. 
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This hypothesis, termed bar code theory, was first demonstrated in β2-adrenergic 

receptors (Nobles et al., 2011). Interestingly, it has been demonstrated that various 

opioids produce varying responses with regards to desensitisation (Tsao and von 

Zastrow, 2000), internalisation and recycling/degradation (Keith et al., 1996, Keith et 

al., 1998). This will be further expanded in section 1.4.2. 

 

Figure 1.7:  Following agonist induced activation (1) the receptor is phosphorylated due 

to GRK association (2). This leads to the translocation of β-arrestin to the receptor, 

leading to conformation changes in the β-arrestin (3), promoting recruitment of 

endocytosis (4). The GPCR- β-arrestin complex is transported to endosomes (5) where 

they are either recycled to the surface (6-7) or sorted to lysosomes and degraded (8-9). 

(Strungs and Luttrell, 2014) 

 

 Functional selectivity 1.2.6

 

The discovery of the β-arrestin signalling pathway has led to the implication that opioid 

ligands may have a biased signalling route  (Figure 1.8)  (Raehal et al., 2011). The 
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ability of a ligand to produce this biased agonism is believed to be due the process of 

different agonists forming different active conformations when bound to the opioid 

receptor (Kenakin, 2011, Kahsai et al., 2011). For instance, the endogenous opioid, 

Endomorphin-2, causes significant receptor phosphorylation and early recruitment of β-

arrestins (Rivero et al., 2012). Conversely a novel MOP-selective opioid, Herkinorin, 

does not recruit β-arrestins and is biased towards G-protein signalling (Groer et al., 

2007). Since β-arrestin recruitment is mediated by phosphorylation of the receptor, 

recruitment of subtypes of GRKs  (in the case of the opioid receptors it is believed to be 

due to regulation by any of GRK2, GRK3, GRK5 or GRK 6), as well as other kinases 

such as PKA, PKC or ERK 1/2 may also be subject to biased recruitment after ligand 

binding (Raehal et al., 2011, Premont and Gainetdinov, 2007). Further understanding of 

the active states that lead to specific signalling pathways may help produce more 

effective opioids in the future (Rominger et al., 2014). 

 

 

Figure 1.8: Functional selectivity of a ligand can lead to equal or preferential signalling  

through either  G protein  signalling or β-arrestin recruitment. In the figure above, both 

agonists 1 and 2 activate G-protein signalling (signalling pathway A). However, agonist 

1 leads to β-arrestin recruitment, whereas agonist 2 does not. Recruitment of β-arrestin 

disrupts G-protein mediated signalling, but may influence signalling in alternate 

pathways (signalling pathway B). Agonist 2 would, therefore, only engage signalling 

pathway A. Agonist 2 would therefore be considered a biased agonist towards 

signalling pathway A (Raehal et al., 2011).  

 

 MOP (µ) 1.2.7

 

The MOP receptor is the major target for analgesic therapeutic treatment. MOP is 

expressed from the gene OPRM1. The MOP receptor was shown to be responsible for 

the majority of the effects produced by opioids, analgesic or deleterious, through work 
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with MOP -/- knockout mice (Matthes et al., 1996, Kieffer, 1999, Le Merrer et al., 

2009). The receptor is located throughout the central nervous system, with high 

densities of MOP receptors located in the caudate putamen, presynaptically on primary 

afferent neurons within the dorsal horn of the spinal cord and in the PAG. The location 

of the MOP receptors in the dorsal horn is significant, as their activation in this area 

leads to the inhibition of glutamate release and, subsequently, the transmission of 

nociceptive signals from both Aδ and C fibres (Bee and Dickenson, 2009). As 

mentioned previously, the PAG is involved in the descending inhibitory control 

pathway (Bee and Dickenson, 2009). The PAG has been shown to have high densities 

of MOP receptors, which, after receptor activation, are believed to cause analgesia 

through inhibition of the neurotransmitter γ-amino butyric acid (GABA), one of the 

main inhibitory neurotransmitters in the brain. The presence of GABA leads to 

inhibition of antinociceptive transmissions through the PAG and, reciprocally, its 

absence aids nociception (McNally and Akil, 2003). The MOP receptor can be found 

on ON cells, previously mentioned in section 1.1.2, and when an agonist, such as 

Morphine or Fentanyl, activates the MOP receptor, it results in direct inhibition of these 

cells. This leads to an increase in the nociceptive signal to the dorsal horn from the 

descending inhibitory tract (Bee and Dickenson, 2009). Activation of the MOP 

receptor, while causing analgesia, can also cause moderate to severe side effects after a 

period of time. These include tolerance to the drug, constipation and, in severe cases, 

respiratory depression.  

 

Recently, the crystal structure of MOP has been solved. The seven transmembrane 

domains of the receptor form three extracellular loops and three intracellular loops. 

Interestingly, unlike previously crystallised GPCRs, the MOP receptor’s binding pocket 

is exposed to the extracellular surface (Manglik et al., 2012). While a large number of 

residues in the binding pockets of MOP, DOP and KOP are conserved, ligand–

selectivity is demonstrated through variances in a number of key residues within the 

binding pocket (Wu et al., 2012, Manglik et al., 2012, Granier et al., 2012, Thompson 

et al., 2012).  
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 DOP (δ) 1.2.8

 

The DOP receptor was the first receptor to be cloned and is found in areas such as the 

nucleus accumbens, caudate putamen, olfactory bulb and cerebral cortex (Waldhoer et 

al, 2004). Activation of the DOP receptor can lead to analgesic actions due to their 

location within spinal and supraspinal sites (Waldhoer et al, 2004).  DOP receptors are 

located on primary afferents and act to inhibit the release of neurotransmitters from 

presynaptic terminals.  Structurally, DOP shares a number of highly conserved features 

with the other opioid receptors. It has a typical seven transmembrane domain, with high 

similarity in structure to that of the other opioid receptors (Thompson et al., 2012, Wu 

et al., 2012, Manglik et al., 2012, Granier et al., 2012).  Its binding pocket, like the 

other member of the opioid receptor family, can be split into two sections. The lower 

section is highly conserved amongst all of the opioid receptors, while the upper section 

confers ligand selectivity(Granier et al., 2012). Currently, there are no clinically 

available DOP-specific drugs available. However, the DOP receptor has been 

implicated in the treatment of emotional disorders, neurological disorders and 

negatively influencing reward and addiction (Pradhan et al., 2011). Work in DOP 

receptor KO mice has demonstrated  an increased anxiety, indicating the potential for 

DOP  agonists in  affective disorders (Gavériaux-Ruff and Kieffer, 2002). With regards 

to potential unwanted effects, DOP agonists have been shown to be proconvulsive 

(Jutkiewicz et al., 2006). 

 

 KOP (κ) 1.2.9

 

The KOP receptor (named for ketocyclazocine), is located throughout the CNS, with 

large numbers being located in the diencephalic and limbic areas, brain stem and spinal 

cord. Activation of the KOP receptor, while causing analgesia, does not lead to 

respiratory depression over time. However, it does cause sedation, dysphoria and 

dependence (Trescott et al, 2008). The crystal structure of the KOP receptor has 

demonstrated a large binding pocket with a number of potential anchoring points for 

ligands. These unique features explain diversity of drugs able to interact with KOP. The 

receptor shares structural homology with the other members of the opioid receptor 

family (Wu et al., 2012). Furthermore, work in KO mice has demonstrated the role 

KOP activation plays in non-opioid mediated dysphoria. Tetrahydrocannabinol (THC) 
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mediated dysphoria was attenuated in KOP KO mice, indicating KOP-Dynorphin A 

interactions play an important role in the development of dysphoria (Gavériaux-Ruff 

and Kieffer, 2002). 

 

 NOP 1.2.10

 

The Nociceptin/Orphanin FQ receptor (NOP), so named for its endogenous peptide 

nociception/orphanin FQ (N/OFQ), has been classified as a non-opioid member of the 

opioid receptor family and, although it shares a number of structural and localisation 

features with other opioid receptors, is insensitive to naloxone (Lambert, 2008, 

Schröder et al., 2014). NOP shares approximately 60% homology with the classical 

opioid receptors. Structural studies have shown that the NOP receptor has substantial 

variance in its binding pocket compared to that of the classical opioid receptors 

(Thompson et al., 2012). The actions of the N/OFQ-NOP system in pain are 

complicated. Upon its original discovery, it was thought N/OFQ and NOP produced 

antiopioid effects, due to the onset of hyperalgesia when injected into the 

intracerebroventricular region of mice (Meunier et al., 1995). Supraspinally, N/OFQ 

produces an anti-opioid effect, reversing both external opioid influences and the release 

of classical endogenous opioid peptides (Tian et al., 1998, Zeilhofer and Calò, 2003). 

However, spinal administration produces analgesia (King et al., 1997, Ko et al., 2006). 

The contradictory actions of NOP and N/OFQ may be explained by its expression 

supraspinally. The NOP receptor is expressed within the RVM, more specifically on 

both ON and OFF cells (section 1.1.2) (Pan et al., 2000, Lambert, 2008). Activation of 

NOP leads to a reduction in signalling, with the net effect of blocking both ON and 

OFF cells being an increase in nociceptive signalling (Figure 1.9) (Lambert, 2008, 

Schröder et al., 2014). Interestingly, much work has identified the NOP receptor in 

attenuating reinforcing behaviour such as drug taking and alcohol abuse (Ciccocioppo 

et al., 2003). Work in animal models and non-human primates identified analgesic 

responses from both N/OFQ and a synthetic compound, Ro 64-6198, which were not 

accompanied by reinforcing effects (Ko et al., 2009). Therefore, the NOP receptor may 

be a suitable target for drugs with reduced abuse liability. 
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Figure 1.9: The hyperalgesic/anti-opioid effects of N/OFQ are produced through 

inhibition of both ON and OFF cells in the RVM (section 1.1.2). Administration of 

N/OFQ supraspinally leads to inhibition of both ON and OFF cells, leading to a net 

increase in nociceptive signalling and producing the anti-opioid effect. Conversely, 

N/OFQ produces analgesia spinally, through inhibition of nociceptive signalling. 

N/OFQ can act in the periphery to inhibit nociceptive afferents, potentially in 

collaboration with the neuroimmune axis (PBMC= peripheral blood  mononuclear 

cells) (Lambert, 2008). 

 

 Endogenous ligands 1.2.11

 

The opioid receptors are activated by both endogenous and synthetic ligands. The 

endogenous opioid peptides are initially synthesised as peptide precursors from four 

genes: pre-proenkephalin (ppENK), pre-proopiomelanocortin (POMC), pre-

prodynorphin (PDYN) and pre-pronociceptin/orphanin FQ (ppN/OFQ) (Waldhoer et 

al., 2004). The first three genes code precursor peptides that act on the classical opioids, 

while the latter codes an agonist for the NOP receptor. Many complex post-translational 

modifications on these precursor peptides result in the synthesis of multiple active 
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peptides and, with regards to the peptides associated with the classical opioid receptors, 

they share a common N-terminal sequence of Tyr-Gly-Gly-Phe. This motif is 

accompanied by various extensions and can yield a peptide that ranges in length from 

5-31 residues (Davis, 2002, Waldhoer et al., 2004, Evans, 2004). Pre-

proopiomelanocortin encodes the opioid peptide β-endorphin, as well as other non-

opioid related peptides. Pre-proenkephalin produces Leu-Enkephalin and multiple 

copies of Met-Enkephalin. Dynorphin A, Dynorphin B and Neoendorphin are all opioid 

peptides produced from pre-prodynorphin. Beta-endorphin shows affinity for all three 

of the classical opioid receptors, Leu-Enkephalin shows high affinity for the DOP 

receptor, Met-Enkephalin has a high affinity for the DOP receptor and some affinity for 

the MOP receptor, while the Dynorphins primarily show affinity for the KOP receptor 

(Davis, 2002, Waldhoer et al., 2004). Pre-pronociceptin/orphanin FQ produces the 

peptide Nociceptin/Orphanin FQ that acts on the NOP receptor with high affinity, but 

does not interact with the classical opioid receptors. Endogenous opioid ligands are 

shown in Table 1.3, with accompanying receptor selectivity. 

 

 Exogenous ligands 1.2.12

 

Exogenous ligands available for opioids can range from natural compounds to 

synthetically synthesised compounds to peptides found in animals.  The most well-

known group of opioids are the natural alkaloids, such as those derived from the poppy 

plant, from which Morphine and codeine are derived. Chemical alterations to alkaloids 

have led to the development of semi-synthetic alkaloids such as Hydromorphone and 

Hydrocodone. The piperidine series of opioids, a synthetic series of opioids, consist of 

potent analgesics such as Fentanyl. Most clinically available opioids act solely at the 

MOP receptor. However, buprenorphine acts as a partial agonist at MOP and NOP, 

while acting as an antagonist at KOP (Table 1.3). 

 

While the analgesic properties of the opioids are undoubted, they are marred by adverse 

effects and limited ability to function in certain disease states, such as neuropathic pain. 

The long-term use of opioids can lead to tolerance or dependence as well as addiction.  
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Table 1.3: The table above displays various endogenous opioids as well as synthetic compounds (Rang  et al., 2007). 

  

Receptor Subtypes 

Opioid   MOP   DOP   KOP   NOP 

         Peptides 

        β-Endorphin 

 

*** 

 

*** 

 

*** 

 

/ 

Leu-enkephalin 

 

* 

 

*** 

 

*** 

  Met-enkephalin 

 

** 

 

*** 

 

/ 

 

/ 

Dynorphin A&B 

 

** 

 

*** 

 

* 

 

* 

Dermorphin  ***  *  /  / 

N/OFQ 

 

/ 

 

/ 

 

/ 

 

*** 

Opioid Clinical Drugs 

        Morphine 

 

*** 

 

* 

 

* 

 

/ 

Pethidine 

 

*** 

 

* 

 

* 

 

/ 

Diamorphine 

 

*** 

 

* 

 

* 

 

/ 

Fentanyl 

 

*** 

 

* 

 

* 

 

/ 

Meperidine 

 

*** 

 

/ 

 

/ 

 

/ 

Partial Agonists 

        Buprenorphine 

 

** 

 

/ 

 

* 

 

* 

Pentazocine 

 

/ 

 

** 

 

/ 

 

/ 

Antagonists 

        Naloxone 

 

*** 

 

** 

 

** 

 

/ 

Naltrexone 

 

*** 

 

** 

 

** 

 

/ 

           *** =High Affinity ** =moderate affinity * =low affinity /=no affinity 
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1.3 Bivalent Pharmacophores 

 

Previous work in the opioid field has concentrated on highly selective 

agonists/antagonists for a single opioid receptor. However, due to numerous studies, 

which will be described in further sections, drug development has moved on to the 

targeting of two or more receptors.  Potential strategies to target multiple receptors 

include polypharmacy, bifunctional drugs (two drug moieties in one chemical structure) 

or bivalent pharmacophores (two pharmacophores joined by a linker molecule to act as 

one drug) (Figure 1.10). The evidence provided by knockout animals (section 1.4.6) 

provides a strong case for the development of bivalent ligands. These ligands generally 

contain differing pharmacophores, whose distance from each other can be manipulated 

by a chemical spacer. The importance of the chemical spacer is thought to be dependent 

on the distance between the targeted active sites. There are a number of advantages to 

developing a bivalent ligand for use in clinical settings, rather than simply 

administering two separate drugs. The single drug administration reduces patient self-

dosing errors and would reduce the risk of possible interactions between multiple drugs. 

The pharmacokinetic and pharmacodynamic properties of bivalent ligands are more 

predictable than a cocktail of separate drugs (Edwards and Aronson, 2000; Schiller, 

2010). Recent work in this field has shown some bifunctional ligands to have an 

improved pharmacological profile; an example of a mixed bifunctional pharmacophore 

would be the drug Tapentadol, which contains a MOP agonist that also acts as a 

noradrenaline reuptake inhibitor (Dietis et al, 2009). When developing a mixed ligand, 

a need for similarity in affinity for both receptors is of high importance, in order to 

reduce any potential biased selectivity. The potential benefits of these mixed molecules 

will be further discussed with regards to their functions in tolerance and dependence, as 

well as providing novel therapies for drug abuse. 
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Figure 1.10: When targeting multiple (and different) receptors it is possible to use a 

variety of methods. In the diagram above, such methods are depicted. 1) Two separate 

drugs (A and B) can be used simultaneously to illicit the desired biological response. 2) 

A non-selective ligand (C) can be developed which has a structure which binds to both 

of the receptors. 3) The two separate drugs ( A and B) can be joined by a linker to form 

a bivalent pharmacophore which can bind to both receptors (Dietis et al., 2009). 

 

1.4 Tolerance 

 

 Definition and implications of opioid tolerance 1.4.1

 

While opioids are the most potent clinically available analgesics, their long term use is 

blighted by adverse effects. One such implication of long-term use is the development 

of tolerance. Tolerance can be seen as a drug’s loss of efficacy over time despite 

escalating the dosage. This onset of tolerance provides issues for the treatment of long 

term pain. For instance, up to 88% of cancer patients, within the last year of their life, 

suffered with a distressing amount of pain (Nersesyan and Slavin, 2007).  

 

 The role of opioid receptor phosphorylation and trafficking in tolerance 1.4.2

 

The cellular mechanisms that lead to tolerance have proven to be complicated, with a 

large number of intracellular signalling pathways implicated in its onset. To further 

complicate the understanding of tolerance, evidence suggests that different opioids 

engage variable mechanisms of desensitization and phosphorylation, as well as 

differential recruitment of β-arrestins and endocytotic pathways, all upon activation of 

the MOP receptor (Enquist et al., 2011, Rivero et al., 2012, Williams et al., 2013). For 

instance, Morphine -induced endocytosis of  MOP is cell-type specific, proving to be 
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poor in the spinal cord (in vivo) and locus coeruleus (in vitro), however, in medium 

spiny, striatal neuron dendrites it effectively induces endocytosis (Arttamangkul et al., 

2008, Haberstock-Debic et al., 2005, Trafton and Basbaum, 2004).  

 

Beta-arrestin recruitment is likewise ligand dependent, with Morphine displaying 

selectivity for β-arrestin 1, while [D-Ala2,N-Me-Phe4,Gly5-ol]-Enkephalin (DAMGO) 

can recruit either β-arrestin (Groer et al., 2011). DAMGO’s interactions with MOP lead 

to substantial phosphorylation of the receptor and β-arrestin recruitment, resulting in a 

net increase in receptor trafficking (Groer et al., 2011, Raehal et al., 2011, Keith et al., 

1996, Zuo, 2005). A theory was put forward, whereby β-arrestin recruitment and, 

subsequently, internalisation of the opioid receptor were thought to be paramount in 

attenuating tolerance. Receptor activation versus endocytosis (RAVE) relates to the 

ability of a ligand to induce internalisation of the receptor (Figure 1.11). Those ligands 

that promote receptor signalling leading to endocytosis, which would have higher 

RAVE values, when compared with those that demonstrated bias for either signalling or 

endocytosis would have low RAVE scores. The RAVE hypothesis implies that for 

tolerance to be attenuated, a compound that induces recruitment of β-arrestin and leads 

to receptor internalisation would have a low tolerance profile (Whistler and von 

Zastrow, 1998, Finn and Whistler, 2001). However, work with β-arrestin2 knock-out 

mice provided evidence that recruitment of  this β-arrestin to the MOP receptor 

produces (rather than attenuates) opioid tolerance as well as a number of opioid side 

effects, including constipation and respiratory depression (Bohn et al., 1999, Raehal et 

al., 2005). As mentioned previously, recruitment of β-arrestins can be cell-specific 

which in turn does not provide a consistent method of measuring RAVE (Williams et 

al., 2013).  Multiple downstream signalling cascades can be activated by differential 

recruitment of β-arrestin through various interactions of multiple opioids with the MOP 

receptor. DAMGO, but not Morphine, engages the p38 MAPK pathway to produce 

endocytosis in dorsal root ganglion (Tan et al., 2009a). The functional activity and 

outcomes of the ERK 1/2 cascade are also dependent on the type of ligand and its 

recruitment of β-arrestins. Morphine interacts with a PKC-dependent pathway to 

activate the ERK signalling cascade resulting in the activation of the cAMP response 

element-binding (CREB) protein, whereas, Fentanyl produces β-arrestin dependent 

ERK 1/2 signalling, resulting in translocation to the nucleus, and an increase in the 
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activity of Elk-1. The net result of this latter pathway is an increase in β-arrestin2 and 

GRK2 transcription (Zheng et al., 2008).  

 

Figure 1.11: The RAVE hypothesis. Differential signalling at MOP occurs, dependent 

on the agonist used and the length of time the opioid is administered. In the RAVE 

hypothesis (A) Enkephalin would have a receptor activation (RA) due to its potency, 

and also has a high (VE) because it promotes endocytosis. In this theory, Enkephalin 

would have a low risk of tolerance and dependence developing. (B) Methadone would 

have a higher risk of tolerance and dependence formation, due to its increased RAVE 

values, leading to compensatory changes in signal transduction. (C) Fentanyl has high 

potency and therefore a high RA score, but due to low drug dose requirement and, 

consequently, low receptor occupancy it has a low VE score. This equates to a high risk 

of tolerance and dependence. Finally, Morphine (D) has a high RA due to its potency 

but, due to its failure to induce MOP internalisation, it has a low VE rating and 

therefore a high risk of tolerance and dependence  (Martini and Whistler, 2007).  
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The endpoint of these various actions is the sorting of MOP receptors into “tolerance-

inducing” pathways, or pathways whereby tolerance is negated. Understanding which 

elements lead to the attenuation of tolerance to opioids would potentially improve the 

development of drugs lacking in adverse effects. Recently, the role of other members of 

the opioid family has been highlighted with regards to their roles in opioid receptor 

phosphorylation, internalisation and recycling or ubiquitination, as well as their roles in 

tolerance and dependence. 

 

 Opioid Dependence and Addiction 1.4.3

 

Use of opioids can lead to states of dependence and addiction. The definitions of 

addiction and dependence are often grouped together. However, in this section opioid 

dependence will be defined as the cellular and tissue adaptations incurred by opioid 

use, whereupon removal of the opioid leads to physical harm. Addiction refers to the 

neurobiological changes that occur that lead to a “craving” for the drug and addiction 

can also encompass the detrimental effects of tolerance and dependence associated with 

long term opioid use (Ballantyne et al., 2012, Ingram et al., 1998). Opioid abuse and 

dependence have far-reaching implications, with approximately 11 million people 

dependent on Heroin or other opioids. The risk of morbidity is increased 15-fold 

through risk of overdose and exposure to diseases such as HIV and hepatitis C (WHO, 

2009) 

 

 Cellular adaptations and opioid dependence 1.4.4

 

Once dependence occurs, removal of an opioid leads to withdrawal symptoms such as 

hyperalgesia, gastro-intestinal cramp and joint and muscle aches (Tso and Wong, 

2003). These symptoms lessen if opioids are reintroduced to the system.  The 

development of opioid dependence is a complex mix of changes in receptor expression, 

signal transduction and cellular adaptations and synaptic plasticity. On a cellular level, 

chronic opioid use leads to a compensatory increase in adenyl cyclase activity or adenyl 

cyclase superactivation, which may be adenyl cyclase isoform dependent (Jolas et al., 

1999, Sharma et al., 1975). There are numerous hypotheses for this compensatory 

change (Watts and Neve, 2005, Sadée et al., 2005, Schallmach et al., 2006, Christie, 
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2008) (Figure 1.12). Adaptations to chronic opioid use in the noradrenergic neurones of 

the locus ceoruleus (LC) as well as a number of neuronal bodies in the PAG, are 

believed to mediate the symptoms associated with opioid withdrawal (Punch et al., 

1997, Han et al., 2006, Mazei-Robison and Nestler, 2012). 

 

 

Figure 1.12: Adenyl cyclase heterologous sensitisation is isoform dependent. (A) 

Constant activation of a Gαi/o coupled receptor leads to activation and dissociation of 

the α and βγ subunits. This in turn leads to sensitisation via Gαs independent 

mechanisms. The signalling processes that follow remain unclear, but it is thought that 

Gαs interaction with Adenyl cyclase is enhanced. (B)Persistent activation by MOP leads 

to  the adenyl cyclase isoforms AC1 and AC8 , which are Ca
2+

 sensitive, developing 

selective sensitisation for Ca
2+

 in the absence of Gαs. (C) AC5 and AC6 are negatively 

regulated by PKA and Gαi/o. However, persistent activation leads to sensitisation of 

these isoforms in a βγ subunit dependent manner, which may involve Raf1-dependent 

phosphorylation. (D) AC2, in the presence of  Gαs and or activators of PKC, shows 

conditional activation by Gβγ (Watts and Neve, 2005).  

 

Alterations in adenyl cyclase can affect numerous protein signalling systems, and the 

degree of mediation may be cell line or tissue specific (Christie, 2008). For instance, in 

noradrenergic neurones of the LC, increased production of cAMP leads to amplified 

phosphorylation of PKA and the transcription factor CREB (Figure 1.13).  CREB 
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protein is known to affect the synthesis of a large number of neurotransmitter receptors, 

AC isoforms, as well as other signalling proteins, with the net result of CREB’s up-

regulation leading to an increase in neuronal excitability, in vivo (Carlezon et al., 2005, 

Han et al., 2006). Within the PAG, elevation of increased cAMP and protein kinase A  

signalling, during opioid withdrawal, leads to the opening of cation channels, usually 

inhibited by MOP in acute settings, and hyperexcitation (Bagley et al., 2005a).  The 

links between this cation channel and GABA transporter type 1 and studies using c-fos 

suggest that opioid-sensitive GABAergic neurons are the focal point of opioid 

withdrawal in the PAG (Hacker et al., 2006, Bagley et al., 2005b). Increase in 

GABAergic neurotransmission is also noted in the ventral tegmental area (VTA), 

nucleas accumbens (NA) and RVM, indicating PKA-mediated phosphorylation of 

GABAergic vesicles (Ma and Pan, 2006, Chieng and Christie, 1996, Bonci and 

Williams, 1997, Ford et al., 2006).  
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Figure 1.13: The acute actions of opioid in locus coeruleus (LC) neurons lead to 

inhibition of the cAMP pathway, which in turn affects numerous other neuronal 

processes, such as a reduction in CREB phosphorylation and activity. This in turn leads 

to the initiation of some of the long-term changes in LC function. Chronic Morphine 

use leads to increased levels of adenyl cyclase I and VIII, as well as PKA catalytic (cat) 

and regulatory subunits. This in turn leads to increased activation of numerous 

phosphoproteins including CREB and tyrosine hydroxylase. These changes in activity 

lead to a change in LC which facilitates drug dependence. Abbrevations; MOR (Mu 

Opioid Receptor); TH (Tyrosine Hydroxylase) (Mazei-Robison and Nestler, 2012).  

 

The MAPK pathway has also shown adaptive changes to prolonged opioid use (Figure 

1.14). In SH-SY5Y cells, prolonged exposure to Morphine led to a decrease in activity 

of phosphorylated-ERK 1/2 (p-ERK), which rebounded strongly after Morphine 

withdrawal (Bilecki et al., 2005). These findings were matched in vivo, with chronic 

Morphine treatment reducing p-ERK levels in the nucleus accumbens of mice and rats, 

the mouse central amygdala and human hypothalamic nuclei, cerebral cortex and 

median eminence (Schulz and Hollt, 1998, Ferrer-Alcon et al., 2004, Muller and 

Unterwald, 2004, Li et al., 2008). Morphine withdrawal leads to upregulation of p-ERK 

in rat nucleus accumbens and lateral septum, mirroring in vitro findings (Ciccarelli et 

al., 2013). However,  levels of p-ERK have also been found  to increase during chronic 

Morphine use and withdrawal, with increased levels shown in the rat LC as well as the 
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mouse frontal cortex, hippocampus and striatum, indicating site-specific activation of 

the ERK pathway in chronic opioid use and withdrawal (Chen and Sommer, 2009, Li et 

al., 2008). At the level of the spinal cord, p-ERK activity is increased during chronic 

Morphine use in rat dorsal horn neurons, with levels rising further after naloxone-

precipitated withdrawal (Cao et al., 2005, Cao et al., 2006). Contrasting results have 

been found, demonstrating increased p-ERK and p38 MAPK activity in astrocytes, via 

opioid induced synthesis of calcitonin gene-related peptide (CGRP) and subsequent 

activation of the CGRP receptor (Wang et al., 2009). These contrasting results may be 

explained by differential routes of administration and drug dosage, with the former 

study using intrathecal routes and a steady concentration of 15 μg/day for 5 days and 

the latter subcutaneous administration and escalating doses of 10-50 mg  over 7 days 

(Chen and Sommer, 2009). Further work in this area has shown increased p-ERK 

activity during prolonged Morphine treatment in neurons in vivo and in cultured dorsal 

root ganglia (Ma et al., 2001, Almela et al., 2009).  

 

With regards to p38 MAPK activation, phosphorylation of this kinase was shown to 

increase in rat spinal immunoreactive cells after 3 days of intrathecal (i.t) Morphine 

administration, which was not matched by acute Morphine administration (Cui et al., 

2006). However, it has been shown that Morphine, failed to phosphorylate p38 in 

cultured dorsal root ganglion cells, whereas DAMGO caused significant up-regulation 

of this kinase pathway (Tan et al., 2009a).  These contradictory findings would suggest 

that more than one opioid should be evaluated in order to assess any biased agonism 

with regards to p38 signalling, before its role in dependence can be fully understood. 
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Figure 1.14: The MAPK pathway and its role in the development of dependence and 

tolerance. Prolonged use of opioids leads to the activation of the MAPK pathway, 

which includes ERK1/2, p38 and JNK. Activation can occur through a number of 

mediators. PKA, PKC and phosphatidylinositol 3-kinase (PI3K) are all thought to 

mediate MAPK function. Beta-arrestin recruitment to the receptor also leads to 

activation of this kinase cascade. Following activation and nuclear translocation, 

MAPKs interact with various transcription factors, which in turn leads to enhanced 

expression of downstream effectors (Chen and Sommer, 2009). 

 

 Opioid reinforcement and addiction 1.4.5

 

Addiction to opioids is likely a result of complex neurobiological changes, involving 

dopaminergic pathways of reward. The release of GABAergic tone through MOP 

receptor activation, leads to up-regulation of dopamine release in the mesolimbic 

pathway (beginning in the VTA and connecting with the limbic system via the nucleus 

accumbens, the amygdala, and the hippocampus as well as to the medial prefrontal 

cortex – demonstrated in Figure 1.15) (Koob and Volkow, 2010, Le Merrer et al., 
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2009). Long-term use of opioids can lead to synaptic plasticity and cellular adaptations 

in both the VTA and locus coeruleus (Mazei-Robison and Nestler, 2012). Due to its 

role in reward, the VTA has become a focal point for the study of opioid addiction. The 

VTA is rich in dopaminergic neurons, whilst also containing a significant number of 

GABA neurons and a small number of glutamatergic neurons (Sesack and Grace, 2010, 

Mazei-Robison and Nestler, 2012). These changes in neural activity are reciprocated, in 

an acute setting, with regards to synaptic plasticity. A single dose of Morphine leads to 

an increase of α-amino-3-hydroxy-5-methyl-4-isoxozolepropionic acid (AMPA) 

postsynaptic excitatory currents when compared to N-methyl-D-aspartic acid (NMDA) 

receptors, 24 hours after administration. This change is consistent with long term 

potentiation (LTP) of glutamatergic synapses on to dopaminergic neurones (Saal et al., 

2003). Acute administration of opioids also leads to disruption of LTP in GABAergic 

neurons, by interfering with the activation of protein kinase G, and the increase in 

dopaminergic neuron activity (Nestler, 2012).  

 

These cellular adaptations have been confirmed by a large number of animal model 

studies whereby conditioned place preference or intra-cerebral self-administration have 

implicated the VTA in opioid reinforcement (Le Merrer et al., 2009, McBride et al., 

1999). Activation of the MOP receptor appears to be the critical factor in the 

development of addiction, with regards to the VTA, as MOP knockout mice (but not 

wild-type or DOP KO mice) did not self-administer Morphine into the VTA (David et 

al., 2008). Within the nucleus accumbens, it would appear that interplay between 

dopamine receptors and MOP have a roll in reinforcing drug-seeking behaviour, as 

proved by the dose-dependent decrease in self-administration of speedball (heroin and 

cocaine) when CTOP (MOP antagonist), SCH23390 (D1 dopamine receptor antagonist) 

and raclopride (D2 dopamine receptor antagonist) were injected into the nucleus 

accumbens (Cornish et al., 2005). Understanding the complex cellular and structural 

adaptations leading to opioid addiction remains a challenging prospect. 
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Figure 1.15: Sagittal section of a rodent brain, highlighting the locus coeruleus and 

ventral tegmental area, as well as their afferent and efferent projections. Dopaminergic 

(red) and GABAergic (blue) neurons in the VTA project to cortical and limbic area and 

are innervated by GABAergic (blue dash) neurones from the nucleus accumbens and 

prefrontal cortex as well as glutamatergic (black-dash)neurones from the prefrontal 

cortex. The locus coeruleus projects a number of noradrenergic neurons (green) to areas 

such as the hippocampus and prefrontal cortex. It receives glutamatergic input from the 

nucleus paragigantocellularis. Abbreviations: AMY, amygdala; HIPP, hippocampus; 

LC, locus coeruleus; NAc, nucleus accumbens; PFC, prefrontal cortex; PGi, nucleus 

paragigantocellularis; VP, ventral pallidum; VTA, ventral tegmental area (Mazei-

Robison and Nestler, 2012) 

 

 Role of other members of the opioid family in tolerance, dependence and 1.4.6

addiction 

 

The role of the DOP receptor in the development of tolerance was first suggested by 

Abdelhamid and colleagues (1991), in experiments involving the co-administration of 

Morphine and the DOP antagonist, Naltrindole. In these experiments, mice were 

administered Naltrindole both before and during treatment with 100mg/kg Morphine 

sulphate. The results showed a marked decrease in the development of Morphine 

tolerance (Abdelhamid et al., 1991). The involvement of DOP was further validated by 

studies of DOR-1 knockout mice, missing exon 2, in which analgesic tolerance failed to 

occur (Zhu et al., 1999). In further studies involving these DOP receptor knockout mice 

or a DOP antisense oligodeoxynucleotide, an arrest in the development of dependence 

was seen (Kest et al., 1996, Sanchez-Blazquez et al., 1997, Zhu et al., 1999). 

Furthermore, studies in preproenkephalin knockout mice, which encodes the gene for 

the DOP-selective Leu-Enkpehalin, also showed an attenuation of tolerance indicating 

activation of DOP is required for this process to occur (Nitsche et al., 2002). The 
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interactions between MOP and DOP are believed to be based on heterodimerisation, the 

physical association of two GPCR’s to form a single functional unit, which will be 

further expanded upon in section 1.4.7 (Prinster et al., 2005). 

 

The NOP receptor was implicated in tolerance, after studies in mice lacking the NOP 

receptor gene showed partial loss of tolerance to Morphine (Ueda et al., 1997). These 

findings where rebuked when Kest and colleagues demonstrated no difference in the 

onset of tolerance in NOP knockout mice when compared to wild type controls, or 

showed a limited ability to halt tolerance  (Kest et al., 2001).  Further experiments have 

showed mixed results with some studies displaying attenuation tolerance in both 

knockout mice and wild type mice and pre-treatment with the NOP antagonist, J- 

113397, however this tolerance may be site-directed as intrathecal injections delayed 

tolerance while intracerebroventricular injections failed to halt the development of 

tolerance (Ueda et al., 2000). This was corroborated by studies involving N/OFQ 

knockout mice, whereby loss of N/OFQ delayed the onset of tolerance in mice injected 

with 10mg/kg of Morphine for 3 weeks. In the same study, the NOP non-peptide 

antagonist J-113397, was co-administered with Morphine, leading to an attenuation of 

tolerance (Chung et al., 2006).  While evidence would suggest there is a link between 

NOP and MOP in the development tolerance, the interplay between the receptors 

remains to be determined, with receptor heterodimerisation, or neuronal adaptations via 

the influence of NOP proving to be the most likely theories. 

 

 MOP/DOP heterodimers in tolerance 1.4.7

 

As previously mentioned, the role of DOP in tolerance has been studied extensively, 

with a large body of evidence leading to the belief that MOP and DOP are co-expressed 

as a heterodimers.  Bioluminescence resonance energy transfer (BRET) studies 

provided evidence for MOP and DOP being expressed in close proximity to one 

another on the cell surface (Gomes et al., 2004, Gomes et al., 2000). From a structural 

standpoint, while the MOP/DOP heterodimer has not been crystallised, in silico studies 

have postulated that the physical interaction between MOP and DOP is likely to occur 

at TM1 (transmembrane domain 1) of MOP and TM4 of DOP (Filizola et al., 2002, Liu 

et al., 2009).   
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Furthermore, the possibility of MOP-DOP heterodimer occurring in vivo was greatly 

enhanced through the discovery that both receptors are co-localized on the dorsal root 

ganglia and, furthermore, on the same axonal terminals of the superficial dorsal horn 

neurons (Rau et al., 2005, Cheng et al., 1997).  Studies using immunoelectron 

microscopy or epitope-tagged receptors have shown that DOP receptors are localised in 

large dense-core vesicles (LDCVs) in both dorsal root ganglion and PAG neurons, with 

low expression on the cell surface (Figure 1.16). The cell surface expression levels of 

DOP change with an increase in Morphine use, implying that DOP receptor trafficking 

to the receptor surface is increased, thus increasing the potential for the formation of 

MOP-DOP heterodimers (Zhang et al., 2006).   
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Figure 1.16: Potential models of stimulus-induced surface expression of DOP in small 

dorsal root ganglia neurons (DRG). (A) DOP receptors are sorted into low density core 

vesicles (LDCV) in the cell body of the small DRG neuron via direct interaction with 

protachykinin in the transGolgi network. A limited number of MOP and DOP receptors 

are sorted into mirovesicles in a constitutive secretory pathway. Both receptors in the 

microvesicles and LDCVs are transported to peripheral terminals in peripheral tissue, 

as well as to the central terminals in the superficial dorsal horn of the spinal cord. The 

DOP receptors transported via the LDCVs are stored in the cytoplasm, whilst those 

transported with MOP in the microvesicles are spontaneously inserted into the plasma 

membrane. (B) Nociceptive stimuli lead to an increase in levels of Ca
2+

 which, in turn, 

leads to LDCV secretion. This results in DOP receptor insertion in the membrane. 

Dorsal horn neuronal release of enkephalins, or intrathecal DOP receptor agonists, 

trigger Ca
2+

-store-induced Ca
2+ 

entry to induce the surface expression of DOP receptors 

in the central terminals (Zhang et al., 2006). 

 

Contrary to previous findings, the ability of these heterodimers to form in the DRG was 

called into question after  a study was presented  in which knock-in mice expressing a 

DOP receptor, fused with green fluorescent protein (GFP) detected this receptor in 

approximately 5% of DRG neurones, instead locating them on different subsets of 

primary afferents to that of the MOP receptor (Scherrer et al., 2009).  These knock-in 

mice experiments also showed that, contrary to previous studies, the DOP receptor is 

trafficked to the cell surface under resting conditions, rather than being stored in 

LDCV’s (Scherrer et al., 2009). In response to these findings a number of studies were 

published using multiple methods demonstrating the co-expression of MOP and DOP 

in the neurones of the pain pathway. DOP receptors have been shown to be co-
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expressed in both large and small DRG neurones as well as in the dendrites of the 

striatum using in situ, single cell polymerase chain reaction experiments (PCR) and 

immunostaining, as well as electrophysiological studies showing a reduction in 

depolarisation-induced calcium currents for both MOP and DOP agonists in small DRG 

neurones (Wang et al., 2010, Fujita et al., 2014).  The contrasting results of the DOP-

GFP-tagged  mouse model are believed to be the result of overexpression of the GFP-

tagged receptor, as demonstrated in PC12 cell lines where the native DOP receptors 

were mainly located in the LDCV, whereas tagged DOP receptors displayed varying 

degrees of cell surface expression  (Wang et al., 2008). Furthermore, increased 

expression of DOP leads to a decrease in expression of MOP, leading to bias in the 

detection of DOP over MOP (Ong and Cahill, 2014). More recently, GFP-tagged MOP 

and DOP receptors have been shown to have high co-expression levels within the 

RVM, spinal cord and DRG’s, providing more evidence for the formation of 

heterodimers (Figure 1.17) (Erbs et al., 2014).  
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Figure 1.17: The distribution of MOP and DOP receptors within the mouse nervous 

system. (A) MOP brain distribution. The size of the red circle equates to the level of 

receptor expression in that given area, with pink circles indicating low expression. (B) 

DOP receptor brain distribution. The size of the green circles equates to the level of 

receptor expression in that area. Pale green circles indicate low expression. These 

studies demonstrate a large number of areas within the brain where overlap in MOP and 

DOP expression occurs  (Erbs et al., 2014).  

 

 

 

 

 



37 

 

The expression of a MOP/DOP heterodimer within neurones of the pain pathway led to 

speculations of its involvement in the development of tolerance. Initially, it was 

understood that DOP expression was increased in chronic opioid use (Chieng and 

Christie, 2009, Gendron et al., 2006, Cahill et al., 2001), however it is now thought that 

the increase in DOP receptors is more likely due to increased expression of the 

MOP/DOP heterodimer after chronic treatment with opioids (Gupta et al., 2010). 

Heterodimer expression is regulated by its own chaperone protein, receptor transporter 

protein 4 (RTP4) (Figure 1.18). RTP4 protects the heterodimer from ubiquitination, 

thereby increasing abundance at the cell surface (Décaillot et al., 2008).  

 

 

Figure 1.18: Selective transport of MOP/DOP heterodimers by the chaperone RTP4 

(Ong and Cahill, 2014). 

 

Formation of the heterodimer has direct effects on the development of tolerance. In 

studies in which disruption of the heterodimer occurs, it is demonstrated that the DOP 

receptor preferentially directs the heterodimer to the degradation pathway after 

internalisation. When the heterodimer was disrupted, via alteration of the MOP receptor 

to express duplicate TM3 (and deletion of TM1), the MOP receptor showed increased 

recycling to the cell surface (He et al., 2011). The ability of the heterodimer to 

internalise and enter the post-endocytotic pathway, however, has been questioned. The 

co-internalisation of MOP and DOP was demonstrated in response to agonist exposure 

in experiments, using immunolabelled MOP and DOP receptors expressed in HEK-293 
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(human embryo kidney) cells (He et al., 2002). Administration of either DAMGO ([D-

Ala2, N-MePhe4, Gly-ol]-enkephalin), or the DOP agonist’s Deltorphin-I, Deltorphin-

II and SNC80 led to internalisation of both receptors to a similar location within the 

cell. Moreover, immunoblotting demonstrated that deltorphin-I increased the co-

localisation of MOP and DOP to lysosome-like organelles and caused an increase in 

ubiquitination, which was not demonstrated following administration of DAMGO (He 

et al., 2002). In a contrasting experiment, it was demonstrated that methadone produced 

MOP/DOP internalisation and degradation, demonstrating the ability of a MOP agonist 

to cause degradation. The opposing findings could be due to the types of drugs used, or 

that MOP/DOP heterodimers are not so easily pigeonholed with regards to which 

receptor selectively chooses a receptor trafficking pathway (Ong and Cahill, 2014). 

 

From a signalling perspective, the heterodimer shows pharmacologically distinct ligand 

binding and activation when compared to either receptor alone (Fan et al., 2005). For 

instance, BRET studies demonstrated that the MOP/DOP heterodimer preferentially 

coupled to the pertussis toxin insensitive G-protein, Gαz (Hasbi et al., 2007). 

Interestingly, Gαz knock-out mice produce hyper-tolerance to Morphine (Leck et al., 

2004, Hendry et al., 2000). Gαz signalling may positively influence the attenuation of 

tolerance; however evidence suggests that the MOP/DOP heterodimer is favourably 

biased towards β-arrestin signalling. Rozenfeld et al (2007) demonstrated that 

constitutive recruitment of β-arrestins is increased by the heterodimerisation of MOP 

and DOP. In response to the formation of this receptor-arrestin complex, the spatio-

temporal regulation of ERK 1/2 is changed (Rozenfeld and Devi, 2007). There is a 

time-delay in the activation of ERK 1/2, indicating a shift from PKC-dependent 

activation to β-arrestin mediated activation (Rozenfeld and Devi, 2007). The delay in 

activity of ERK 1/2 and its effects on the development of tolerance remain unclear.  

 

In regards to the development of tolerance, the increased expression of MOP/DOP 

heterodimers, as well as their effects on signalling and receptor recycling makes them 

suitable targets for dual drug therapy for the delay of opioid tolerance. Numerous 

mixed molecules have been developed to target this heterodimer. The MDAN series of 

compounds, which linked a MOP agonist (oxymorphone) to a DOP antagonist, 

provided a large body of evidence supporting both the existence of heterodimers and 

structural requirements for developing a bivalent pharmacophore (Daniels et al., 2005).  
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In mouse model experiments, it was shown that MDAN molecules with linkers of 19 

atoms or greater produced an attenuation of tolerance and dependence. The most potent 

compound, MDAN-21 (linker distance 21 atoms) had 50-fold higher potency than 

Morphine, with a reduced side effect profile (Daniels et al., 2005). The effects of linker 

length would indicate that physical interaction between MOP and DOP is responsible 

for mediating MOP tolerance and dependence. However, inconsistent results in 

experiments involving rhesus monkeys, indicated that MDAN-21 may struggle to cross 

the blood brain barrier in higher primates or provide the tolerance seen in mice and rats 

(Aceto et al., 2012). These experiments highlighted the need for choice in the size of 

the compound as well as the properties of the molecules for ligation. Numerous MOP 

agonist/DOP antagonist bifunctional molecules have been developed. DIPP-

NH(2)[Psi], a peptidic molecule, was shown to act as a potent analgesic in rat tail flick 

assays, while showing no development of dependence or tolerance in an acute setting. 

The compound also showed subnanomolar binding affinities for both MOP and DOP 

(Schiller et al., 1999).  More recently, UFP-505 (a bifunctional molecule) was shown to 

act as a potent DOP antagonist, while demonstrating similar potency to Morphine 

(Dietis et al., 2012). The actions of MOP/DOP mixed ligands highlights the role DOP 

plays in tolerance and dependence. 

 

 NOP and addiction 1.4.8

 

Numerous studies have detailed the ability of NOP to block the rewarding properties of 

opioids, such as Morphine and Heroine, curtailing the addictive tendencies of these 

drugs (Ciccocioppo et al., 2000, Di Giannuario and Pieretti, 2000, Murphy and 

Maidment, 1999). This is represented by NOP expression within multiple regions of the 

brain associated with the reward pathways. This includes expression in the mesolimbic 

pathway regions including the VTA and nucleus accumbens (Zaveri, 2011, Neal et al., 

1999b, Neal et al., 1999a). Within these regions, NOP activity leads to a decrease in 

basal and drug induced dopamine release. Furthermore, presynaptic NOP receptor 

activation in  the nucleus accumbens or striatum inhibits tyrosine hydroxylase and, 

therefore, dopamine synthesis or it can act post-synaptically to down-regulate dopamine 

D1 receptors (Olianas et al., 2008). The net results of NOP activity in these neurones is 

an inhibitory effect on dopamine release. A number of opioids with addictive 

properties, such as heroin and Morphine, were co-administered with the NOP-selective 
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synthetic agonist Ro65-6570 in rats undertaking conditioned place preference (CPP) 

tasks. These studies are used to determine the reinforcing properties of drugs. The 

resulting study demonstrated that higher concentrations of Morphine and heroin where 

required to produce CPP in the presence of Ro65-6570 (Rutten et al., 2010). 

Furthermore, NOP knockout rats were more sensitive to the rewarding properties of 

Morphine than W/T rats (Rutten et al., 2011). NOP receptor stimulation has also been 

shown to be beneficial in non-opioid addictive states such as alcohol or cocaine 

addiction (Ciccocioppo et al., 2003, Sakoori and Murphy, 2008). The location of the 

NOP receptor within dopaminergic neurones of the reward pathway, and its inhibitory 

effects on these rewarding pathways, makes it an ideal target to study with regards to 

anti-addictive drug therapy. 

 

 MOP and NOP interactions in tolerance  1.4.9

 

The NOP receptor has demonstrated an ability to delay the onset of tolerance. While 

substantial evidence points to the direct interactions of MOP and DOP mediating opioid 

tolerance, the interactions of NOP in regards to the development of tolerance are still 

unclear. Both the formation of MOP-NOP heterodimers, or NOP mediated changes in 

pain pathway plasticity are potential candidates for the attenuation of tolerance and 

dependence via NOP.  In regards to the potential formation of a MOP-NOP 

heterodimer, both MOP and NOP receptors have been shown to co-localise in vitro 

(Figure 1.19), a core requirement of the formation of a heterodimer. The surface 

expression of NOP was also affected by MOP internalisation, suggesting a physical 

interaction between the two receptors (Pan et al., 2002, Evans et al., 2010, Wang et al., 

2005).  
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Figure 1.19: Confocal images of tsA-201 cells coexpressing His6/XPRESS-tagged NOP 

receptors (shown in red above) and YFP-tagged DOP (A), KOP (B) or MOP (C) 

receptors, under control conditions or 30 minute N/OFQ treatment. The graph (D) 

depicts the percentage overlap of His6/XPRESS-tagged NOP and the YFP-tagged 

opioids (Evans et al., 2010).  

 

Evans and colleagues also demonstrated that NOP is co-localised with both DOP and 

KOP (Figure 1.19), indicating its potential ability to form dimers with all members of 

the classical opioid family (Evans et al., 2010). The dimerization of MOP and NOP is 

believed to occur via the interactions of both receptors C-termini (Wang et al., 2005). 

On a cellular level, it would appear that NOP receptor activity can lead to cross-

desensitisation of MOP, with the MOP/NOP heterodimer having decreased efficacy 

after activation via the potent MOP agonist DAMGO (Khroyan et al., 2009b, Wang et 

al., 2005). Furthermore, the ability of MOP to stimulate ERK 1/2 was diminished in the 

presence of NOP (Wang et al., 2005). 

 

While cellular studies have provided strong evidence for co-expression and 

heterodimerisation, in vivo studies demonstrated conflicting results. Initial studies, 

using immunohistochemistry in rodents, demonstrated that while MOP and NOP had 

over-lapping distributions, they did not co-localise in the pain processing pathways 
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(Monteillet-Agius et al., 1998, Schulz et al., 1996). However, due to doubts about the 

specificity of the NOP antibody, further studies were undertaken, which demonstrated 

co-localisation of MOP and NOP in rat DRG neurons as well as co-expression and 

heterodimerisation in human neuroblastoma cells (Mandyam et al., 2003, Abdulla and 

Smith, 1998). Interestingly, studies of the rat RVM demonstrated that MOP and NOP 

are co-expressed on ON cells, while only NOP receptors are expressed on OFF cells 

(Vaughan et al., 2001, Pan et al., 2000). Work in non-human primates (NHPs) has 

demonstrated, that antinociception induced by spinally administered Morphine is 

potentiated by co-administration of N/OFQ (Ko and Naughton, 2009).  The 

administration of either N/OFQ or a NOP antagonist has led to varying success in the 

attenuation of tolerance. Due to its complex involvement in opposing cells of the pain 

pathway, the mechanisms by which NOP affects the development of tolerance at MOP 

requires further study.  

 

The evidence provided by animal studies has led to an increased interest in mixed 

MOP/NOP ligands, with the focus falling on dual agonism of these receptors. A 

number of studies have illustrated improved analgesia, reduced tolerance and 

dependence as well as increased ability to halt neuropathic pain, which MOP selective 

agonists fail to treat (Spagnolo et al., 2008, Khroyan et al., 2009a, Sukhtankar et al., 

2013). The most comprehensive study of mixed MOP/NOP agonist activity, involves 

the novel bifunctional non-peptide Cebranopadol. The drug displays subnanomolar 

affinity at MOP and NOP, while providing full agonist activity at MOP and high partial 

agonist activity at NOP.   Cebranopadol displayed a long duration of action, with potent 

analgesia in both acute and chronic pain states in rats. Side-effects of the drug, when 

compared to standard opioids, were significantly reduced. Motor co-ordination and 

respiratory processes were unaffected by high doses of cebranopadol. Tolerance to the 

drug was delayed in comparison to Morphine, taking 26 days of constant dosing to 

appear, whereas Morphine tolerance appeared within 11 days (Linz et al., 2014). These 

results demonstrate a unique target for prolonged, potent analgesics with a reduced side 

effect profile. The development of MOP/NOP agonists and MOP agonists/NOP 

antagonists, would allow for the cellular processes and interactions of these two 

receptors to be studied in greater detail. 
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1.5 Fentanyl Derivatives  

 

As mentioned in section 1.2.12, Fentanyl (a member of the phenylpepiridine series of 

synthetic opioids) is a potent MOP agonist, which provides strong analgesia when used 

therapeutically (Stanley, 1992). As Fentanyl is a synthetic opioid (Figure 1.20), it has a 

molecular structure which is different to that of opioids derived from Morphine. When 

administered to combat acute pain, Fentanyl can be delivered through multiple methods 

including: intravenous; buccal; epidural; intrathecal or inhalation. In cases involving 

chronic pain, Fentanyl is often administered as a transdermal patch (Nelson and 

Schwaner, 2009). While Fentanyl does have a higher potency than Morphine 

(approximately, 75-100 times greater), the introduction of tolerance, as well as most 

other negative effects associated with prolonged opioid use, occurs at an increased rate 

(Martini and Whistler, 2007). The ability of Fentanyl to provide potent analgesia 

through a variety of therapeutic routes (following many years of clinical development) 

makes it an ideal opioid to be used in a bivalent pharmacophore, as reducing its ability 

to induce tolerance will provide a potent and effective analgesic. 

 

Figure 1.20: The chemical structure of Fentanyl (Stanley, 1992).  
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1.6 The F-compound series of ligands (synthesised by Dr R. Vardanyan and Dr 

R Guerrini) 

 

Fentanyl is an ideal drug to use as the opioid agonist in a bivalent pharmacophore. A 

series of conjugates, labelled the F-compound series, have been formed linking 

Fentanyl with Dmt-Tic (2’ 6’-dimethyl-L-tyrosyl-1,2,3,4-tertahydroisoquinoline-3-

carboxylic acid). The Dmt-Tic pharmacophore is a high-affinity DOP receptor 

antagonist, which also has a high selectivity for the DOP receptor (Salvadori et al., 

1997). These two pharmacophores have been ‘glued’ together using three unique linker 

molecules. The first pharmacophore contains a linker which has two carbon atoms as a 

spacer, and will be referred to as the #4 compound from here on. The second compound 

contains three carbon atoms, which increases the distance between the pharmacophores, 

and will be further known as the #5 compound. The associated three carbon atom 

Fentanyl pharmacophore (#2) has demonstrated functional activity in vivo, when 

conjugated with Leu-Enkephalin (Podolsky et al., 2013). The third compound (#6) 

contains an oxygen atom in the linker molecule which can lead to further interactions 

through hydrogen bonding. When a molecule contains large groups, these groups may 

prevent chemical reactions when compared to related molecules that contain smaller 

groups, with this phenomenon being referred to as steric hindrance. Steric hindrance 

can be used to stop unwanted side-reactions, thereby changing the reactivity pattern of 

a molecule(s) (Weinhold, 2001). The final sets of MOP-DOP compounds are 

adaptations of #6, whereby either one (#7) or two glycine molecules (#8) have been 

added in order to test the effects of linker length on the pharmacophores (Table 1.4). 

Further Fentanyl derivatives (named RR4-RR9), with extended linker molecules in the 

northern hemisphere of the Fentanyl structure, were developed, with compounds of 

interest in this group conjugated with the NOP agonist, Ro65-6570. Three compounds 

were synthesised and called MN1, MN2 and MN3 (Figure 1.21). These ligands were 

synthesised and provided to us by Dr Ruben Vardanyan (University of Arizona), Dr 

Remo Guerrini and Dr Claudio Trapella (University of Ferrara). 
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Structure Compound # 

  

 

 

 

#4 

 

 

 

#5 

 

 

 

#6 

 

 

#7 

 

 

#8 

Table 1.4. The chemical structure of the [Fentanyl]-[Dmt-Tic] analogues. The 

nomenclature used in the thesis for the compounds is shown in the right hand column. 
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Figure 1.21: The MOP-NOP (MN) bivalent compounds based on the conjugation of 

Fentanyl and Ro-65-6570. 

 

1.7 PWT derivatives 

 

Opioid peptides have proven to have lower side-effect profiles than synthetic 

analogues, however  limitations such as degradation by peptidases limits their use in the 

clinical setting (Janecka et al., 2010). A novel chemical technique, termed protein 

welding technology (PWT), allows four peptides to be joined together around a scaffold 

structure (Figure 1.22) (Guerrini et al., 2014). We will determine how this process 

affects the binding and functional activity of N/OFQ and Leu-Enkephalin. These 

compounds were synthesised by Dr Guerrini (University of Ferrara). 
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Figure 1.22: The PWT1, PWT2 and PWT3 core molecules. The sections indicated with 

(*), are the conjugation points for the protein of interest (Guerrini et al., 2014). 

 

 

1.8 Dermorphin-N/OFQ and Dermorhpin-UFP-101 

 

In order to study the interactions between MOP and NOP, two novel Dermorphin 

peptidic pharmacophores have been synthesised. Dermorphin is a peptide originally 

isolated from the skin of South America frogs, from the genus Phyllomedusa 

(Melchiorri and Negri, 1996). It is a potent MOP agonist. Either N/OFQ (Figure 1.23) 

or the antagonist, UFP-101 (Figure 1.24), have been conjugated with Dermorphin. 

These compounds were synthesised by Dr Guerrini (University of Ferrara). 

 

 



48 

 

 

 

Figure 1.23: The chemical structure of the bivalent pharmacophore, DeNO.   
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Figure 1.24: The chemical structure of the bivalent pharmacophore, DeUFP. 

 

1.9 Aims 

 

With regards to the treatment of chronic pain, the MOP receptor provides the best target 

for the production of analgesia. The large number of studies implicating DOP or NOP 

opioid receptors in the development of tolerance and dependence provides a target to 

exploit through the use of bivalent pharmacophores. Furthermore, direct targeting of the 

DOP and/or NOP receptors may provide potent analgesics without the adverse affects 

seen in MOP-based drugs. The basis of this thesis is the investigation of these multi-

pharmacophoric ligands, through monitoring of their cellular activities. 

 

During this PhD, the aims will be initially to determine how conjugation of two or more 

pharmacophores affects binding affinity for the opioid receptors of interest. Once 
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binding affinity has been determined, the functional activity of these novel, multi-

branched opioids will be assessed at various stages in the signal transduction pathway 

(Gαi-pathway, β-arrestin activity, MAPK pathway) to determine any potential changes 

caused by chemical conjugation of the pharmacophores.   
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  Materials and Methods Chapter 2

 

2.1 Materials 

The materials used in this thesis for buffer preparation were of the highest quality. The 

materials used, the company they were purchased from and the buffer recipes are 

described below. 

BDH Limited (Poole, UK): Potassium dihydrogen phosphate 

Biorad: Tris-gly-SDS (10x). 

Biological Research Center of Hungarian Academy of Sciences (Szeged, Hungary): 

[
3
H]UFP-101 

Cell Signalling: phosphorylated p38 primary antibody, phosphorylated ERK 1/2 

primary antibody, total p38 primary antibody, total ERK 1/2 primary antibody, 

prestained ladder, biotinylated ladder, anti-biotin secondary antibody. 

Fisher Chemicals (Leicestershire, UK): Absolute ethanol, 

tris(hydroxymethyl)aminomethane hydrogen chloride (Tris-HCl) & 

tris(hydroxymethyl)aminomethane Base (Tris-Base), magnesium sulphate (MgSO4), 

potassium hydroxide (KOH), sodium hydroxide (NaOH), Protein A, Protein B, 

penicillin/streptomycin, Scintisafe gel, HiSafe3, Glucose, Glycerol, sodium hydrogen 

carbonate (NaHCO3), disodium hydrogen phosphate (Na2HPO4).  

Fisons (Loughborough): Calcium chloride (CaCl2), potassium dihydrogen sulphate 

(KH2PO4). 

GE Healthcare: ECL developing reagent, photographic film. 

Gibco (Scotland): Foetal bovine serum, fungizone, geneticin (G418), Hams nutrient 

mixture F-12 Media, Dulbecco’s modified Eagle medium: nutirent Mixture F-12 media. 

Gilson Scientific (Luton, UK): Nitrocellulose membrane.  

Invitrogen (Scotland): Hygromycin B, RNAlater
®
 stabilisation solution, TURBO 

DNA-free
™ 

kit, cDNA reverse transcription kit, TaqMan
®

 universal PCR master mix, 

TaqMan
®
 probes 

Lonza (Slough, UK): Trypsin-EDTA 
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Perkin-Elmer (Massachusetts, US): [
3
H]-Diprenorphine ([

3
H]-DPN), guanosine 5’-

[γ-thio-triphosphate [
35

S] (GTPγ[
35

S]), [
3
H]-3’-5’-cyclic adenosine monophosphate 

([
3
H]-cAMP). 

Roche Applied Sciences: Water (PCR-grade). 

Sigma Aldrich (Poole, Dorset, UK): Bovine serum albumin (BSA), naloxone, 

Polyethylenimine (PEI), Ethylene glycol tetraacetic acid (EGTA), sodium chloride 

(NaCl2) , magnesium chloride hexahydrate (MgCl2-6H2O), guanosine 5’-diphosphate 

(GDP), guanosine 5’-[γ-thio]triphosphate (GTPγS), activated charcoal, sodium dodecyl 

sulphate (SDS), bromophenol blue, Tween-20, Glycine, anti-rabbit IgG secondary 

antibody, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), forskolin, 3-

isobutyl-1-methylxantine (IBMX), ethylenediaminetetraacetic acid (EDTA), 3’-5’-

cyclic adenosine monophosphate (cAMP), pepstatin, leupeptin, benzamadine, 

phenylmethylsulfonyl fluoride (PMSF), Tri-reagent
®
, Chloroform, Propan-2-ol, β-

glycerolphosphate, Sodium orthovanadate. 

Thermo Scientific: Restore Plus
™

 stripping buffer, DL-dithiothreitol (DTT). 

Tocris: [D-Pen(2),D-Pen(5)]-enkephalin (DPDPE), Norbinaltorphimine (Nor-BNI), 

Naltrindole. 

University of Arizona: Fentanyl derivatives. 

University of Ferrara Peptide Research (Ferrara, Italy): Dermorphin, N/OFQ, 

UFP-101, DeNO, DeUFP, PWT1-N/OFQ, PWT2-N/OFQ, PWT3-N/OFQ, PWT2-Leu-

Enk, Leu-Enkephalin, Dynorphin-A. 

 

2.2 Buffer compositions 

 

 Tissue culture buffers 2.2.1

 

Harvest Buffer: HEPES (10mM), EDTA (1.1mM), NaCl (154mM), pH7.4 NaOH. 

 

 Saturation/Displacement Buffers 2.2.2

 

Saturation/Displacement Wash Buffer: Tris-HCl (50mM), pH7.4 KOH 

Sat/Disp Binding Buffer: Tris-HCl (50mM), 0.5% BSA, pH7.4 KOH 

MgSO4 (For CHOhNOP cells only)     
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 GTP35
S buffers 2.2.3

 

GTP[
35

S] Reconstitution: Tris-HCl (50mM), DTT (10mM), pH7.4 NaOH. 

GTP[
35

S] Homogenising: Tris-HCl (50mM), EGTA (0.2mM), pH7.4 NaOH. 

GTP[
35

S] Assay (CHO): Tris-HCl (50mM), EGTA(0.2mM), NaCl(100mM),          

MgCl2 (1mM), pH7.4 NaOH. 

GTP[
35

S] Assay (HEK) : HEPES (50mM), MgCl2 (5mM), NaCl (100mM), EDTA 

(1mM), DTT (1mM), pH 7.4 NaOH. 

 

 Cyclic Adenosine Monophosphate Buffers 2.2.4

 

cAMP experimental Buffer (Krebs/HEPES): NaCl (143mM), HEPES (10mM), 

glucose (12mM), KH2PO4, KCl (1.2mM), CaCl2 (2.6mM), MgSO4 (1.2mM), pH to 7.4 

with NaOH. 

cAMP Assay Buffer: Tris-HCl (50mM), EDTA (4mM), pH 7.4 with NaOH. 

Charcoal Suspension: Activated charcoal (250mg), BSA (100mg) in 25ml cAMP 

assay buffer. 

 

 Calcium mobilisation buffers 2.2.5

 

Hank’s balanced salt solution (HBBS) buffer: NaCl (137mM), KCl 

(5.4mM),NA2HPO4 (0.25mM), CaCl2 (1.3mM), KH2PO4 (0.44mM), MgSO4 (1mM), 

NaHCO3 (4.2mM), glucose (5mM) , HEPES (20mM) and 0.005% BSA fraction V.  

Loading Buffer; HBBS buffer: probenecid (2.5mM), Fluo-4-AM (3μM) pluronic acid 

(0.01%). 

Experimental buffer; HBBS, HEPES (20mM), probencid (2.5mM), Brilliant Black 

(500μM). 

 

 Western blot buffers 2.2.6

 

Krebs-HEPES buffer:  NaCl (118mM), KCl (4.7mM), KH2PO4 (1.2mM), MgSO4 

(1.2mM), NaHCO3 (1.3mM), Glucose (11.9mM), HEPES (10mM), CaCl2 (1.3mM),   

ph 7.4 NaOH. 
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Lysis Buffer: Tris-HCl (20mM), NaCl (137mM), EDTA (2mM), Glycerol (10% w/v), 

Triton X-100 (10% w/v), β-glycerolphosphate (54mg/10ml), Sodium orthovanadate 

(18mg/1oml), benzamadine (200µg/ml), Pepstatin (2mM), leupeptin (10mg/ml), PMSF 

(560mM). 

2x SDS Sample/loading buffer: Tris-HCl (100mM), SDS (2% w/v), glycerol (10% 

w/v), bromophenol blue (0.1% w/v), dH2O. 

Running buffer: 10x Tris/Glycine/SDS buffer, H2O. 

Semi-dry blotting buffer: Tris-vase (48mM), glycine (39mM), SDS (0.037% w/v), 

Methanol (20% w/v). 

Tris-buffered saline/tween (TBS-T): NaCl (5M), Tris-HCl (1M), Tween-20 

Stacking gel; ddH2O, Acrylamide, Tris-HCl (1M, pH6.8 with NaOH), SDS (10% w/v). 
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2.3 Methods- Overview  

 

 

 

Figure 2.1: Drug interactions lead to numerous measureable events within the cell. 

Techniques described in the materials and methods to measure these events include: (1) 

The affinity of the drug to interact with the receptor can be measured in a displacement 

binding assay (section 2.8). (2) The activation of an opioid receptor leads to an 

increase in Gα subunit activity, which was measured in a GTPγ[
35

S] functional assay 

(section 2.9). (3) The recruitment of β-arrestins to the opioid receptor was monitored 

using a PathHunter
™

 β-arrestin recruitment assay (section 2.11) (4) The activation 

of opioid receptors leads to inhibition of adenyl cyclase (A.C), which was measured 

using a cyclic AMP (cAMP) assay (section 2.10). (5) Opioid receptor activation leads 

to the up-regulation of the MAPK pathway, specifically p38 and ERK1/2. The effects 

of opioids on this pathway was through Western blotting densitometry (section 2.14). 
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2.4 Cell culture 

 

Chinese hamster ovary (CHO) cells and human embryo kidney (HEK) cells were used 

as in vitro models. Cell-lines were cultured in 5% carbon dioxide humidified air, at 

37C, and sub-cultured using trypsin EDTA as required. Cells were used 

experimentally when confluent. CHOhMOP/DOP/KOP cells were cultured in Dulbeccos 

HAMS F12, which was supplemented with 10% foetal bovine serum (100 IU/ml), 

streptomycin (100g/ml) and fungizone (2.5g/ml). CHOhNOP cells were cultured in 

Dulbecco's MEM / HAMS F12 (50/50) supplemented with 5% FCS, penicillin (100 

IU/ml), streptomycin (100g/ml) and fungizone (2.5g/ml). HEKhMOP, HEKhNOP and 

the co-expressed HEKhMOP/NOP cells were cultured in minimum essential medium 

(MEM) supplemented with 10% foetal bovine serum (100 IU/ml), streptomycin 

(100g/ml) and fungizone (2.5g/ml). The CHOhMOP/DOP/KOP and HEKhMOP stocks were 

supplemented with geneticin (G418) (400g/ml), while CHOhNOP cells and 

HEKhMOP/NOP cells were supplemented with Geneticin (G418) (400g/ml) and 

hygromycin B (200g/ml). HEKhNOP were supplemented with hygromycin B 

(200g/ml). Treatment with the novel compounds, as well as control ligands, did not 

lead to cell death in the experimental models. 

 

2.5 Radioligand Binding assays-Cell preparation 

 

 Membrane preparation 2.5.1

 

In order to harvest cells, harvest buffer and gentle agitation of the flasks was required. 

Cells were collected and centrifuged at 1500rpm for 3 minutes before being 

resuspended in the appropriate buffer. Dependent on the experiment, cells were 

suspended in either wash buffer (displacement, saturation assays) or homogenizing 

buffer (GTP
35

S assay). An Ultra-Turrax was used, to homogenise the cells, for a 

minimum of 10 seconds. The homogenate was then centrifuged at 13,500rpm for 10 

minutes, at 4C. This step is repeated three times. 
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 Lowry Protein Assay 2.5.2

 

In order to obtain the protein concentrations from the membrane fractions obtained 

from the previous steps, methods set out by Lowry (Lowry et al., 1951)were used:  

BSA protein standards were made in 0.1M NaOH, at set concentrations of 0, 50, 100, 

150, 200, 250g protein/ml. The membrane fractions were diluted in 0.1M NaOH. 

0.5ml volumes of the samples and standards were incubated in 2.5 ml of a solution, 

which consisted of: A (NaHCO3 in 0.1M NaOH) B (1% CuSO4) and C (2% Na
+
 K

+
 

tartrate) mixed to the ratio 100:1:1, for 10 minutes. Folin’s reagent, which is diluted at a 

1:4 ratio in H2O, is then added to the standards and sample and incubated at room 

temperature for 30 minutes. A spectrophotometer is used to determine the absorbance, 

at 750nm, of the standards and samples. A standard curve is produced from the linear 

regression of the known BSA standards, which then allows the sample protein 

concentration to be determined from this curve. A typical BSA standard curve can be 

seen in Figure 2.2, below. 

 

 

 

Figure 2.2:  The standard curve generated by a Lowry protein assay.  An unknown 

amount of protein can be determined from this line using its absorbance values. R
2 

= 

0.99 
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2.6 Basic principles of ligand binding 

 

 Theory 2.6.1

 

The law of mass action is the basis for the model of receptor-ligand binding and is 

interpreted in such a way as to show that, at any given time, for a proportion of 

receptors that are bound to a ligand, there are also proportions that remain unbound. 

This law can be represented by the equation: 

 

 L + R ↔LR 

 

In the above equation, L represents the ligand, R the receptor and LR would be the 

ligand-receptor complex formed after binding. The rate of association of the ligand and 

receptor to form the ligand-receptor complex, is termed K+1, while the dissociation rate 

from bound to unbound state is termed K-1. Both these values are expressed as 

constants, and are contingent on various factors, such as the affinity of the receptor for 

the ligand and which of these states best exhibits a state of minimal free energy. When 

equilibrium is reached in the above equation, it can be defined in terms of concentration 

by the following equation: 

 

[L]x[R]xK+1=[LR]xK-1  therefore 

[L]x[R] /[LR] = K-1/K+1 = Kd 

 

When the equation is rearranged in this way, the dissociation constant Kd can be 

determined. The dissociation constant is considered to represent the concentration of 

ligand required to bind to half the total number of receptors at equilibrium. It is 

expressed in units of M. The Kd is usually expressed on a logarithmic value. This is 

represented by the equation: 

 

pKd = -log(pKd) 

 

 Radioligands 2.6.2
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In order to measure ligand binding, radioactive isotopes are incorporated into the 

structure of the ligand. Isotopes such as tritium [
3
H] and radioactive sulphur [

35
S] are 

popular choices, as they can be incorporated into the structure of ligands without 

compromising biological activity or native structure of the ligand of choice. Both of 

these isotopes emit beta (ß) radiation, which has a low intrusion profile due to their low 

energy capacity. This procedure proves to be a reliable method of measuring the 

interaction between the receptor and ligand bound. The radioactive isotopes attached to 

these ligands are subject to decay over time, which is represented by the isotopes half-

life (represented as t1/2). Different isotopes have unique half-lives’, with tritium being 

12.43 years and [
35

S] being 87 days.  The activity per unit mass of a sample of 

radioactive material is referred to as its specific activity and is measured in curies per 

mmol (Ci.mmol
-1

). 

 

In order to detect the amount of radioactivity being emitted from a sample, it is first 

mixed with scintillation cocktail. As the radioligand disintegrates, it emits ß-particles 

that collide with fluor molecules present in the scintillation cocktail. This collision 

produces photons, which in turn produce a measurable luminescence. A scintillation ß-

counter is used to detect and measure radioactivity through detection of this 

luminescence. The counter measures this luminescence and expresses it as counts per 

minute (cpm). When this figure is corrected for quenching, it is represented as 

disintegrations per minute (dpm). The reading is therefore a quantified expression of 

the radioactivity present in the sample, since 2.22x10
6
 disintegrations per minute are 

detected in 1µCi of radioactive material. 

 

2.7 Saturation Binding Assay 

 

 Theory 2.7.1

 

This assay allows for the experimental determination of the Kd of the radioligand and 

the Bmax (the maximum number of receptor binding sites). In order to determine these 

values, an increasing concentration of the radioligand is incubated in both the presence 

and absence of a saturating concentration of a non-specific binding ligand (NSB). An 

NSB is usually a ligand with a high affinity for the receptor, and will out-compete the 

radioligand in regards to binding to the target receptor. This allows us to determine 
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whether radioligand binding occurs at any other sites beside that of the target receptor. 

The results of this experiment produce a hyperbolic curve, which is dependent on the 

varying concentrations of the radioligand and the amount of radioligand bound to the 

target receptor. The results of the NSB are subtracted from the total binding to provide 

specific binding. Typical results can be seen in Figure 2.3 below. The Kd is defined as 

the concentration of the radioligand which occupies 50% of the receptor sites. The Bmax 

(receptor density) is determined at the point where specific binding will no longer 

increase (saturated) with increasing concentrations of radioligand.  

 

 

 

Figure 2.3: Saturation binding assay hyperbolic curve graph, which determines both the 

Kd and Bmax. 

 

The data acquired from these experiments is usually transformed into a semi-

logarithmic plot, as shown in Figure 2.4, which measures the amount of radioligand 

bound against the Log [radioligand concentration]. 
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Figure 2.4: Semi-logarithmic sigmoidal curve of receptor binding versus the log 

[radioligand concentration obtained from the saturation assay]. 

 

 Methods 2.7.2

 

In order to prepare such an assay, confluent cells were harvested using a harvest buffer 

(section 2.2) at 37
0
C. After harvesting, cells were centrifuged at 1500rpm for 3 minutes, 

before being resuspended in wash buffer (section 2.2). This suspension was 

homogenized and centrifuged at 13500rpm for 10 minutes at 4
0
C. The cell homogenate 

was then resuspended and centrifuged twice more in wash buffer. Forty micrograms of 

membrane protein was incubated in 0.5ml volumes of Binding buffer (section 2.2). The 

CHOhMOP/DOP/KOP/HEKhMOP/HEKhMOP/NOP protein was incubated with varying 

concentrations of [
3
H]-DPN for 1 hour, while CHOhNOP/HEKhNOP/HEKhMOP/NOP was 

incubated with [
3
H]UFP-101for 1 hour. The NSB was determined by the presence of 10 

µM naloxone for CHOhMOP/DOP/KOP/HEKhMOP/HEKhMOP/NOP cell lines, where [
3
H]-DPN 

was used, while 1 µM N/OFQ was used to define the NSB in CHOhNOP/ 

HEKhNOP/HEKhMOP/NOP cell lines, where [
3
H]UFP-101 was used. Following the 

incubation period, the free and bound radioligand was separated using vacuum filtration 

onto polyethylemine (PEI 0.5%)-soaked Whatman glass fibre filters in a Brandel 

harvester. The collected filters were placed in scintillation fluid for an incubation period 

of 8hrs before being counted in a liquid scintillation spectrometer. The typical 

components of a saturation binding assay are shown in Table 2.1. 
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Solution Elements 

Solution Type 
Binding 

Buffer 
Radioligand  Membrane NSB 

Total Binding 300µl 100µl 100µl - 

Non-Specific 

Binding 
200µl 100µl 100µl 100µl 

 

Table 2.1: Solution components and volumes (total volume used was 500µl) used in a 

standard saturation binding assay. Total and non-specific binding tubes were prepared 

for each radioligand concentration. 

 

2.8 Displacement Assay 

 

 Theory 2.8.1

 

This experiment is used to determine the binding affinity of non-radiolabelled ligands 

for target receptors. The experiment requires the use of a set concentration of a 

radioligand incubated alongside increasing concentrations of the non-labeled ligand. 

The amount of radioligand that is displaced by the ligand of interest depends upon this 

ligands affinity for the receptor. The IC50 of the radioligand is determined using a semi-

logarithmic plot, depicted in Figure 2.5. The graph describes the bound ligand, as a 

percentage displacement of the radioligand, against the log of the free ligand.  

 

The concentration of the radioligand has an effect on the position of the curve, with 

higher concentrations of a radioligand causing the curve to shift further to the right. 

Since the amount of radioligand used may vary slightly in each experiment, the Cheng-

Prusoff equation is used to normalize the resulting curve shifts and produce the Ki 

(Cheng and Prusoff, 1973). The equation reads as follows: 

 

Ki = IC50/1+ ([L]/Kd) 

 

In the above equation, Ki represents the binding affinity; [L] the concentration of 

radioligand and Kd the dissociation constant of the radioligand. The Ki is usually 

expressed as a logarithmic value and is then referred to as the pKi. This changes the 

equation as follows: 
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pKi = -log10[IC50/1+([L]/Kd)] 

 

 

Figure 2.5: Semi-logarithmic sigmoidal plot of percentage displacement of radioligand 

versus the log of the concentration of the ligand used as a competitive displacer in the 

experiment. 

 

 Methods 2.8.2

 

This experiment requires the use of a single concentration of the radioligand in all 

experimental tubes. The ligands of interest, however, were used in varying 

concentrations (1 pM- 10µM).  Dependent on the cell line and its receptor expression 

between 20-200µg of membrane protein was used in each experiment. 

CHOhMOP/DOP/KOP/HEKhMOP/HEKhMOP/NOP cells were incubated with ~0.8nM of [
3
H]- 

Diprenorphine, while CHOhNOP/ HEKhNOP/HEKhMOP/NOP cells were incubated with ~1 

nM of [
3
H]UFP-101. In order to define non-specific binding, 10µM of naloxone was 

used in CHOhMOP/DOP/KOP/HEKhMOP/HEKhMOP/NOP cells, where [
3
H]-DPN was used, 

while 1µM of N/OFQ was used for the CHOhNOP/ HEKhNOP/HEKhMOP/NOP cells, where 

[
3
H]UFP-101 was used. The cells were incubated for one hour at room temperature, 

followed by separation of the free and bound radioligand using vacuum filtration onto 

polyethylemine (PEI 0.5%)-soaked Whatman glass fibre filters in a Brandel harvester. 

The collected filters were placed in scintillation fluid for an incubation period of 8hrs 

before being counted in a liquid scintillation spectrometer. The typical components of 

displacement binding assay are shown in Table 2.2.  
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Solution Elements 

Solution Type 
Binding 

Buffer 
Radioligand  Membrane NSB Drugs 

Total Binding 300µl 100µl 100µl - - 

Non-Specific 

Binding 
200µl 100µl 100µl 100µl - 

Displacer 200µl 100µl 100µl - 100µl 

 

Table 2.2: The typical solution components and volumes for a 500 µl total volume 

displacement binding assay. In a displacement binding assay, there are typical 8 

displacer tubes. 

 

2.9 GTPγS functional assay 

 

 Theory 2.9.1

 

The activation and response of receptors to drug interactions is measured by functional 

assays. The GTP[
35

S] assay measures the coupling of the receptor to a G-protein.  

When a ligand binds to a GPCR, it alters the conformation of the receptor and its ability 

to interact with G-proteins. This change in interaction leads to the G-protein 

exchanging GDP for GTP. The exchange of GDP for GTP can be measured using a 

stable, radiolabelled analogue of GTP, namely GTP[
35

S], which replaces GTP in these 

interactions. Rather than the GTPase activity of the Gα subunit hydrolyzing the γ-

phosphate bond of the bound GTP (releasing a phosphate group and transforming the 

purine group back to GDP), the presence of the γ-thiophosphate bond in GTP[
35

S] 

prohibits this action from occurring. This process requires the presence of GDP in order 

to reduce the basal binding of GTP[
35

S]. The conformational state of the receptor is in 

a constant state of flux, and there will therefore be some tonic activation of G-proteins 

through non-ligand bound receptors. This allows for the basal level activation of G-

proteins to be measured, in the absence of any ligands, and the results expressed as the 

increase above basal, which can be seen in Figure 2.6. 
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Figure 2.6: The above diagram represents the stimulation factor of various 

concentrations of a ligand (the amount of stimulation of the ligand when compared to 

the cells own basal levels.) 

 

 Methods-GTPγ[
35

S] agonist assay 2.9.2

 

The cell membranes for this assay are prepared using the methods described in section 

2.7.2 , except with the homogenization buffer, mention in section 2.2.2, replacing the 

wash buffer. Forty micrograms of the CHO membrane protein is resuspended in 0.5ml 

volumes of the CHO assay buffer (section 2.2.3). This volume includes bacitracin 

(0.15mM), BSA (0.15mM), GDP (classical opioids-33 M; NOP-100M) and ~150pM 

of GTPγ[
35

S] (Table 2.3). For HEK cell membranes, 20µg is resuspended in HEK assay 

buffer with the volume including bacitracin (0.15mM), BSA (0.15mM), GDP 

(HEKhMOP-3M; HEKhNOP/HEKhMOP/NOP-33M) and ~150pM of GTPγ[
35

S].  In order 

to define non-specific binding, 10µM of non-radiolabelled GTPγS was used in all cell 

membranes.  The assay was incubated for 1hr in a 30
0
C degree water bath, before being 

harvested, in the absence of PEI, using the protocols mentioned in section 2.7.2.  
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Solution Elements 

Solution 

Type 
AB RL M NSB Drugs BAC GDP BSA 

Total 

Binding 
240µl 100µl 100µl - - 20µl 20µl 20µl 

Non-

Specific 

Binding 

220µl 100µl 100µl 20µl - 20µl 20µl 20µl 

Drug 220µl 100µl 100µl - 20µl 20µl  20µl 20µl 

 

Table 2.3: The typical volumes and components used in a GTPγ[
35

S] assay (total 

volume: 500µl). There are typically 8 tubes prepared per agonist. AB; assay buffer, 

BSA; bovine serum albumin, BAC; bacitracin, GDP; guanosine diphosphate, RL; 

radioligand, M; membrane, NSB; non-specific binding. 

 

 Antagonist determination (pKb) in a GTPγ[
35

S]  functional assay 2.9.3

 

In order to determine whether compounds of interest have any antagonist properties, a 

GTPγ[
35

S] assay was undertaken, whereby a control agonists activity is monitored with 

or without ligand of interest. In this assay, various concentrations of a known agonist 

(e.g. Fentanyl) are co-incubated with, and without, a single concentration of the ligand 

of interest (Table 2.4). Should the ligand of interest have antagonist activity, it may be 

seen to shift the functional curve to the right when compared to the control assay, 

altering the pEC50 (Figure 2.7). The shift in pEC50 can be used to determine the 

antagonist affinity of the compound of interest by using the Gaddum-Schild equation: 

 

pKb=log[(EC50 (test)/EC50 (control)-1]-log[concentration of antagonist(M)] 
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Solution Elements 

 
Solution 

Type 
AB RL M NSB Drugs BAC GDP BSA A 

Total 

Binding 
240µl 100µl 100µl - - 20µl 20µl 20µl - 

Non-

Specific 

Binding 

220µl 100µl 100µl 20µl - 20µl 20µl 20µl - 

Antagonist 200µl 100µl 100µl - 20µl 20µl  20µl 20µl 20µl 

Drug 220µl 100µl 100µl - 20µl 20µl  20µl 20µl - 

 

Table 2.4: The typical volumes and components used in a GTPγ[
35

S] assay (total 

volume: 500µl). There are typically 8 tubes prepared per agonist. A; Antagonist. 

 

 

 

 

Figure 2.7: The above diagram represents the stimulation factor of various 

concentrations of a ligand in the absence, and presence of an antagonist. The antagonist 

leads to a rightward shift of the concentration response curve (indicated by the arrow). 

This resulting change in the pEC50 can be used to determine the antagonists pKb value, 

through the Gaddum-Schild equation. 
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2.10 Cyclic adenosine monophosphate assay 

 

 Theory 2.10.1

 

Opioid receptors are Gαi/o coupled receptors and, upon activation, leads to the inhibition 

of adenyl cyclase (which converts ATP to adenosine 3’,5’ cyclic monophosphate or 

cAMP), resulting in a measurable reduction in cAMP levels. The cAMP assay allows 

for the quantification of downstream opioid signalling through the measurement of 

cAMP. 

 

In order to determine the concentration of cAMP in a sample, tritiated-cAMP ([
3
H]-

cAMP) and bovine binding protein (BB), extracted from bovine adrenal glands, are 

used in a protein binding assay. In this assay, unlabelled cAMP and [
3
H]-cAMP bind 

competitively to the BB binding sites (protein kinase A), producing an inverse 

relationship between the two. The larger the concentration of unlabelled cAMP, the 

more [
3
H]-cAMP is displaced from the binding protein, which in turn leads to a 

measurable decrease in radioactivity. A concentration-related displacement curve is 

developed using increasing amounts of unlabelled cAMP (0, 0.25, 0.5, 1, 2, 4, 6, 8 and 

10pmol/50 µl
-1

). Using this standard curve (Figure 2.8), the displacement of [
3
H]-

cAMP by unknown quantities of cAMP in the samples of interest can be calculated 

using the RIASMART software associated with the β-counter (Packard Bell, Berkshire, 

UK). 
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Figure 2.8. A cAMP standard curve produced by the RIASMART software. 

 

 Methods 2.10.2

 

Cells were harvested, when confluent, using harvest buffer and centrifuged at 1500rpm 

for 3 minutes. The supernatant was discarded and the cell pellet was resuspended in 

Krebs/HEPES buffer. The cells were washed twice more, following which they were 

resuspended in the desired amount of Krebs/BSA buffer (0.5% BSA). 

 

Whole cell suspensions were incubated in 300µl of Krebs/BSA for 15 minutes at 37
0
C, 

in the presence of 1mM isobutylmethylxanthine (IBMX). Barring cells in which the 

basal activity was to be measured, cells were also incubated with 1µM forskolin, an 

adenyl cyclase activator, and an opioid ligand (10µM) (Table 2.5). 

 

Solution Elements 

Solution Type Buffer 
Forskolin 

1µM 
Drug 

IBMX 

1mM Cells 

Basal 60µl 
  

    40µl     200µl 

Forskolin 40µl 20µl 
 

40µl 200µl 

Drug 20µl 20µl 20µl 40µl 200µl 

 

Table 2.5: The components of a cAMP assay. IBMX; isobutylmethylxanthine 
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Reactions were terminated by the addition of 20µl of HCl (10M) and the pH was 

equilibrated with the addition of 20µl NaOH (10M) and 200µl Tris-HCl buffer (pH 

7.4). Following vortexing, the solutions were centrifuged at 16100g for 2 minutes. 

Subsequently, the concentration of cAMP in the supernatant is measured using binding 

protein (BP), with this assay being undertaken at 4
0
C. A low concentration of [

3
H]-

cAMP (100µl, ~0.5nM) and diluted BP (150µl, ~1/20 from pre-prepared stock) was 

added to each standard and sample, with a minimum of 4 hours incubation period 

(preferred overnight incubation), at 4
0
C,  undertaken to allow for equilibration of the 

samples. In order to determine non-specific binding, 5µM of cAMP was used (Table 

2.6).  

 

Solution Elements 

Solution   Buffer NSB Standards SS Radioligand Binding Protein 

Total 50µl - - - 100µl 150µl 

NSB - 50µl - - 100µl 150µl 

Standards - - 50µl - 100µl 150µl 

Sample - - - 50µl 100µl 150µl 

 

Table 2.6: Components of a cAMP assay. A known amount of cAMP is included in the 

standards solutions, allowing for the construction of a standard curve. The total volume 

for this assay is 300µl. SS; supernatant sample. 

 

Two hundred and fifty microliters of charcoal suspension was added to the solution to 

separate free and bound radiolabel. After one minute, tubes were centrifuged at 16100g 

at room temperature, following which the supernatant was collected and mixed with 

1ml of Optiphase Hi-Safe scintillation fluid. Radioactivity was measured using liquid 

scintillation spectroscopy. 

 

2.11 PathHunter β-Arrestin recruitment Assays 

 

 Theory 2.11.1

 

In the PathHunter
®

 β-arrestin recruitment assay, translocation of β-arrestin to the active 

receptor leads to complementary β-galactosidase fragments, fused to both the arrestin 

and receptor, interacting to form a functional enzyme (Figure 2.9). Formation of the 
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enzyme leads to increased production of a substrate which can be detected by 

chemiluminescent PathHunter
®
 detection reagents (DiscoveRx, 2013).  

 

 

Figure 2.9: In a PathHunter®  β-Arrestin recruitment assay, the MOP or DOP receptor 

is fused with the small enzyme fragment (ProLink™). This receptor is co-expressed in 

a system which stably expresses a fusion protein of β-Arrestin and the N-terminal 

deletion mutant of β-gal (in the above diagram referred to as β-Arrestin-EA). 

Activation of the GPCR leads to binding of β-Arrestin-EA, which forces 

complementation of the two enzyme fragments, resulting in the formation of an active 

β-gal enzyme. This newly formed enzyme activity can be measured through 

chemiluminescence (DiscoveRx, 2013).     

 

 Methods 2.11.2

 

Assays were undertaken as described by DiscoveRx (DiscoveRx, 2013). The necessary 

reagents for experiments are provided with the PathHunter
® 

express β-arrestin assay kit. 

Frozen cells, expressing either human MOP or human DOP receptor, are thawed and 

resuspended in 12 ml cell plating reagent (warmed to 37
0
C) provided with the kit. Cells 

are plated onto transparent bottom 96 wells plates (100 μl/well) and are incubated for 

24 hours, following which the desired concentration of the compound of interest is 

added. For MOP cells, a range of concentrations of Fentanyl (1pM-10μM) or Morphine 

(1pM-10μM) was added. A single concentration (10μM) of the compounds of interest 

incubated with MOP cells. For DOP cells, a range of concentrations of DPDPE (1pM-

10μM) is added in the absence and presence of 1µM Dmt-Tic-OH. A top concentration 

of DPDPE (10μM) was incubated with 10μM of the compounds of interest to determine 

antagonist ability. The cells are incubated for 90 minutes at 37
0
C, following which 55μl 
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of the working detection reagent solution is added. The cells are incubated at room 

temperature for 1 hour, following which the plates are read using a Dynex MLX 

luminometer, set at 1 second/well to measure relative light units (RLU).  Compound 

Activity is measured relative to basal activity. 

 

2.12 Calcium mobilisation assays 

 

 Theory 2.12.1

 

Calcium mobilisation assays, in which increases in intracellular calcium levels can be 

monitored, allow for high throughput screening of the pharmacological profile of Gαq 

coupled GPCR’s. This method can be adapted to Gαi coupled receptors. This adaptation 

is possible through the alteration of the C-terminal amino acids which confer selectivity 

to the desired G-protein. By changing between three and nine amino acids to match 

those of a Gαq coupled receptor, Gαi coupled receptors can stimulate the Gαq-

phospholipase C (PLC) - inositol trisphosphate (IP3)/ diacyl glycerol (DAG) pathway 

(Conklin et al., 1993). Activation of this pathway leads to an increase in intracellular 

calcium levels.  

 

Measurement of calcium release is facilitated by the green-fluorescent calcium 

indicator, Fluo-4. Fluo-4 is usually provided as a non-fluorescent acetoxymethyl (AM) 

ester, called Fluo-4 AM, which is cleaved inside the cell to produce the fluorescent 

molecule, Fluo-4. Fluo-4 binds to calcium, and this complex is excited by light at 

488nm wavelengths, emitting light at 516nm, providing high fluorescence levels 

(Figure 2.10) (Simpson, 2006).  
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Figure 2.10: Following activation of a Gq α-subunit, cellular calcium levels increase. 

Fluo-4 binds to intracellular calcium, and this complex can be excited by light at 488nm 

wavelengths. Excitation of this complex leads to light being emitted at 516nm, which 

provides a detectable and measurable fluorescence level.  

 

 Methods 2.12.2

 

Stocks of cells are seeded in 96-well black clear bottomed plates at a density of 50 000 

cells/well and incubated at 37
0
C overnight. Following this incubation period, cell media 

is aspirated and replaced with loading buffer (section 2.2.5) and incubated for a further 

30 minutes at 37
0
C. Ligands of interest are used at a range of between 0.1pM-10μM.  

The loading buffer is aspirated and replaced with 100μl experimental buffer, placed in a 

FlexStation II and left at room temperature for 10 minutes, allowing for equilibration of 

basal fluorescence. Next, the basal fluorescence is measured (excitation 488nm, 

emission wavelength 516nm). The drugs are added and the Softmax software calculates 

the difference between the maximum and minimum fluorescence intensity units (FIU) 

in each well, expressing these results as a percentage.  
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2.13 Mouse Vas deferens Bio-assays 

 

 Theory 2.13.1

 

The mouse vas deferens (MVD) is an ideal model for testing opioid ligands as it 

expresses  all opioid receptor subtypes (Lord et al., 1977).  Isolated MVD can be 

electrically stimulated to produce a measurable contraction. Opioid receptors in nerves 

inhibit the release of neurotransmitters, and therefore are able to inhibit the contractile 

response produced by electrical stimulation. It is therefore possible to measure the 

inhibition of contraction caused by opioid agonists in the MVD (Guerrini et al., 2005). 

 

 Methods 2.13.2

 

Tissues were taken from male CD-1 mice (30-35 g). The animals were treated in 

accordance with European guidelines (86/609/ECC) and national regulations (DL 

116/92). On the day of the experiment, the animals were culled with isofluorane. The 

prostatic portion of the vas deferens was removed from mice, using the technique 

described by Hughes (Hughes et al., 1975). The tissues were mounted in a glass bath 

for isolated organs, consisting of two chambers: an outer chamber, containing water 

heated at 33° C and an internal chamber, where the tissue was placed, which contained 

5 ml of Krebs. In order to buffer the solution to pH 7.4, gaseous mixture composed of 

95 % O2 and 5% CO2 was bubbled through the solution.  

 

The tissues were positioned inside the bath and fixed using cotton wire. The upper 

support is connected to a rack, which is in turn connected to an isotonic force 

transducer (Basile 7006; srl Ugo Basile, Varese, Italy), while the lower support serves 

as an anchor at the base of the bath. The operating conditions were the following: 

preload of 0.3 g (maintained throughout the duration of the experiment); electrical 

stimulation was maintained by means of two platinum electrodes placed in the bath and 

these in turn were connected to an electrical stimulator in order to produce rectangular 

waves (duration of 1 ms), supramaximal voltage amplitude and 0.05 Hz frequency. 

Electrical stimulation induces contractions (twitch) in tissues which are converted by an 

isotonic transducer into an electrical signal, amplified and recorded by the digital 

acquisition system Power Lab 4/25 (model ML845, AD Instrument, USA). Under these 
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conditions, whilst changing the Krebs solution every 20 minutes, a stable twitch is 

obtained after 60 minutes at which point the experiment proceeds. The substances 

functional activity is studied with cumulative concentration response curves. These 

tests involve injecting volumes of increasing concentrations of the test compound into 

the bath, without changing the Krebs solution between injections. The curve can be 

regarded as completed when the concentration injected is no longer producing any 

effect on the twitch, at which point the maximum response is obtained.  

 

2.14 Western Blotting for MAPK activity 

 

 Theory 2.14.1

 

Sample preparation begins with 24 hour foetal calf serum (FCS) starvation. The MAPK 

pathway is involved in a number of cell cycle and cell proliferation pathways. Removal 

of FCS allows for a quiescent state, lowering basal levels of phosphorylated MAPK’s 

and making changes in this pathway more detectable. In western blotting, cell lysates 

are the most common samples used, and protein extraction, through cell lysis, attempts 

to collect all the protein released from the cell cytosol. The cell lysis buffer contains 

detergents which disrupt the plasma membrane, releasing the aforementioned protein. 

Ice-cold lysis buffer is administered and contains protease inhibitors to stop protein 

degradation. Following collection of the intracellular protein supernatant through 

sedimentation, it is diluted into a loading buffer containing bromophenol blue, which 

allows for the progression of the gel to be monitored, and sodium dodecyl sulphate 

(SDS) which acts as a denaturing detergent. The mixture is heated to ensure denaturing 

of the protein higher order structure. Denaturing the protein in this manner facilitates 

the movement of the protein in an electric field, as the negative charge of the amino 

acids is not neutralised (Mahmood and Yang, 2012). 

 

Following denaturing of the protein, the sample is run in a gel (Figure 2.11). The gel is 

separated into two sections, the stacking gel and the resolving gel. The stacking gel is 

moderately acidic (pH 6.8).  It also has lower concentrations of acrylamide which 

makes the gel more porous. This leads to poorer separation of the protein, but does 

allow them to form thin, sharply defined bands. Conversely, the resolving gel has a 

higher acrylamide concentration and is basic (pH 8.8). This in turn, makes the gels 
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pores narrower, allowing protein to be separated by size, with smaller proteins 

travelling further than larger proteins. This movement is facilitated by the negative 

charge of the protein, which is attracted to the positive electrode in a gel tank 

(Mahmood and Yang, 2012). 

 

Following the running and separating of the proteins in the gel, they are transferred to a 

nitrocellulose membrane. In this case the electric field moves the protein from its 

position on the gel to the nitrocellulose membrane, which is placed between the gel and 

a positive electrode. During this process the gel should be in close contact with the 

membrane to allow for a clear image. The blotting of the protein from the gel to the 

membrane can be done in wet (submersed in a transfer buffer) or semi dry (soaked filter 

pads in a semi-dry blotter) conditions.  

 

 

 

 

Figure 2.11: Schematic representation a of a SDS-PAGE gel separating proteins by 

size, through electrophoresis (Leinco Technologies, 2014). 

 

In order to ensure that the antibodies used in this process do no bind to non-specific 

binding sites, the membrane is washed in blocking buffer made from TBST and 5% 

milk solution. This will reduce background noise. 

 

The antibody used to detect the protein of interest (phospho-p38, phospho-ERK1/2, 

total p38 and total ERK1/2) is diluted in the desired ratio with TBST-5% BSA solution 

and incubated overnight. Following this incubation period, the membrane is washed 

several times to ensure removal of any excess antibody, decreasing background noise. 
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The membrane is then incubated in a secondary antibody targeted to the primary 

antibody. The secondary antibody is labelled with horseradish peroxidase (HRP), which 

is detected by the signal it produces relevant to the target proteins position (Figure 

2.12).  

 

 

Figure 2.12: A primary antibody binds to the protein of interest on the nitrocellulose 

membrane. The primary antibody can be targeted by secondary antibodies which are 

attached to an enzyme. Addition of an enzyme substrate leads to a product which can 

be detected through chemiluminescence (Leinco Technologies, 2014). 

 

 Methods 2.14.2

 

Cells are plated on 6 well plates and allowed to grow to 90% confluency. Cells are 

serum-starved for 24 hours, following which the media is replaced by Krebs buffer 

(pre-warmed to 37
0
C) and incubated for a further 15 minutes. The desired 

concentrations of agonist are added to the wells and are again incubated at 37
0
C for 15 

minutes.  A ligand free well is also maintained to measure basal levels of the MAPK 

pathway of interest. The assay is terminated by aspirating the buffer and replacing it 

with ice cold lysis buffer (200μl), placing the plate on ice. Cells are removed by gentle 

scraping and trituration of the lysis buffer across the cell monolayer, and transferred 

into Eppendorf tubes. The lysate is spun at 14000rpm for 10 minutes at 4
0
C, whereupon 

150µl of the supernatant is removed and added to 150µl 2x loading buffer. The protein 

is then denatured at 95
0
C, at which point it can be immediately used for 

experimentation or stored at -20
0
C.  
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In order to separate and identify the protein of interest, 50µl of denatured protein is run 

through 10% SDS-PAGE gels, alongside a protein ladder. Gels are loaded into a tank 

with 1x running buffer in a current of 150V for approximately 1.5 hours. Following 

running of the gel, it is placed onto a nitrocellulose membrane, placed into a semi-dry 

transfer buffer and transferred using a Trans-Blot
® 

Turbo
™

 Transfer system (Bio-Rad, 

Hemel Hempstead) at 21V for 25 minutes. Immediately after completion of the 

transfer, the nitrocellulose membrane is blocked in a 5% milk/TBS-T solution for 1 

hour. The blocking process is followed by incubation with the antibody of interest, 

either phosphorylated-p38 antibody (p-p38) (1µl in 3ml TBS-T) or phosphorylated-

ERK1/2 (p-ERK1/2) (1µl in 6ml TBS-T), overnight with gentle agitation, at 4
0
C.  The 

nitrocellulose is washed in TBS-T for 15 minutes, with this process being repeated 

three times. The nitrocellulose is then incubated in the secondary antibody, anti-rabbit 

IgG conjugated with horseradish peroxidase. The secondary antibody is diluted in a 5% 

milk/TBS-T solution (10µl on 10ml) for one hour, and then washed a further three 

times at 15 minute intervals.  

 

The nitrocellulose membrane is coated with ECL (enhanced chemiluminescence) 

reagent, and left for 5 minutes. Excess reagent is removed, and the membrane is read in 

a ChemiDoc™ MP System (Bio-Rad, Hemel Hempstead).   

 

Following analysis of the phosphorylated protein, the nitrocellulose membrane is 

washed in TBS-T, to remove excess ECL reagent, and the antibody is removed using 

Restore Plus
™

 stripping buffer. Following several washes to remove the stripping 

buffer, the membrane is again blocked in 5% milk-TBS-T solution and incubated with 

antibodies specific to the total (phosphorylated and unphosphorylated) protein present. 

The process is repeated as previously mentioned and the levels of total protein are 

measured, and used to normalise the phosphorylated protein measurements. This 

process is undertaken so that any variances in protein quantity in the loading process 

are accounted for. 
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2.15 Development of a MOP/NOP co-expression system 

 

 Theory 2.15.1

 

In order to determine how the presence of both receptors affects both the binding 

affinity of our drugs and the effects on the signal transduction pathways, a cell line was 

produced that stably expressed both MOP and NOP receptors. Expression of receptors 

in continuous cell lines is often higher than in ex vivo tissue. Furthermore, ex vivo tissue 

also expressed other members of the opioid family, which are also known to form 

heterodimers with our receptors of interest. The continuous cell line will allow for the 

interactions of MOP and NOP only to be studied. In the case of the CHO cell lines, a 

NOP plasmid vector, with hygromicin B
+
 resistance (pcDNA 3.1/Hygro (+)), was 

transfected into CHO cells which express the MOP receptor, and had resistance to 

G418 (geneticin). In the case of the HEK cells, both MOP and NOP vectors were 

individually expressed into HEK wild type cells and cells with stable expression chosen 

to be transfected with either the MOP or NOP cell lines, creating the dual expression 

system. Confirmation of transcription levels of MOP and NOP were measured by 

reverse transcription-quantitative polymerase chain reactions (RT-qPCR), using 

extracted RNA from monoclonal cell lines, following which cells demonstrating the 

desired transcription levels were screened in radioligand saturation binding assays. 

 

 Concentration-death plot 2.15.2

 

In order to ensure successful transfection, as well as avoiding reversion in monoclonal 

co-expressing cell lines, selected concentrations of the desired antibiotic are used. 

Concentration-death plots  for hygromycin B  and geneticin were constructed for 

HEKw/t cells, using previously defined methods (Liu et al., 2004). A range of 

concentrations of hygromycin B (50-1000µg.ml
-1

) and geneticin (50-1000µg.ml
-1

) were 

separately added, in random order, to two 12-well plates containing HEKw/t cells and 

observed by two blinded observers under the light microscope for 14 days. Observers 

estimated the percentage of live cells in each well when compared to an antibiotic free 

well and mean values were recorded.  The concentration of geneticin or hygromycin B 

that causes 100% cell death at 4 days was used as the selection pressure, while the 

concentration that caused 100% cell death at 14 days was used as the stock pressure.  
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 Stable transfection 2.15.3

 

An OPRM1-pcDNA 3.1/geneticin (+) plasmid vector (human MOP gene) was 

purchased from S&T (Missouri University of Science and Technology, cDNA 

Resource Centre, USA). For NOP receptor transfections, a pcDNA 3.1/hygromycin B 

plasmid vector was purchased from Invitrogen which S&T used to produce an OPRL1-

pcDNA/Hygro (+) plasmid vector. Vector concentrations were estimated to be 

500ng/µl using a NanoDrop
®
. 

 

Two 6-well plates of CHOhMOP,, or two 6-well plates of HEKw/t cells, were cultured to 

~60% confluency, following which medium was substituted with serum-free antibiotic 

free (SF-AF) medium, in order to promote optimal transfection. The desired plasmid 

vector was transfected using a FuGene
®
 HD transfection reagent kit. The FuGene

®
 HD 

transfection reagent kit uses a multi-component reagent that forms a complex with the 

cDNA which promotes access into the cells. Based on previous work, a transfection 

complex of 3:1 was prepared using 1861µl of SF-AF medium and 119µl of FuGene
®

 

HD reagent. The complex was incubated at room temperature for 15 minutes, following 

which 150µl of the complex was added to each well. The cells were incubated at 37
0
C 

for 24 hours to allow for incorporation of the complex. 

 

 Sub-cloning 2.15.4

 

Following the 24 hour incubation period, medium in the 6-well plates was substituted 

by the desired selection pressure medium (supplemented by the antibiotic required). 

Cells were incubated at 37
0
C, with the medium changed frequently to remove dead 

non-transfected cells, until 100% confluency was reached. Following this, cells were 

trypsinised and resuspended in 10ml of stock medium. The concentration of cells 

(cells.µl
-1

) was estimated using a haemocytometer and then adjusted to a desired 

concentration of 0.1cells. µl
-1

. The cell suspension was distributed into 96-well plates 

(200 µl/well). Plates were incubated in a humidification box, at 37
0
C, for two weeks, 

during which time the medium was replaced every three days. Wells were observed 

under a microscope every four days. Wells which included one clear and spherical 

colony were identified as having grown from a single cell, and were marked and 
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allowed to grow to confluency. Wells that appeared to grow from more than one cell 

were excluded. Confluent cells were moved to 6-well plates and grown to confluency in 

stock medium, following which they were moved to T75 flask and measured in a 

primary PCR screen, to determine the relevant RNA expression levels, before 

saturation binding assays were undertaken. For CHOhMOP/NOP cells, 42 monoclonal cell 

lines were grown. HEKhMOP produced 10 monoclonal cell lines, HEKhNOP 11 

monoclonal cell lines and HEKhMOP/NOP produced 8 monoclonal cell lines.  

 

2.16 Reverse Transcription-PCR 

 

 Theory 2.16.1

 

In polymerase chain reaction (PCR) experiments, DNA can be amplified exponentially 

and allows for the starting quantity of DNA to be measured. PCR enables the 

identification of the presence or absence of a gene in an organism’s genome. In the 

experiments detailed in this thesis, reverse transcription PCR, a variant of the PCR 

technique, was used to determine relative gene expression. 

 

Total RNA is extracted from the sample of interest (section 2.16.3); following which 

genomic DNA (gDNA) is degraded, using DNase treatment, from the sample. This 

process is undertaken to ensure that gDNA is not amplified in the ensuing PCR 

reaction. The cleaned RNA is reverse transcribed, creating copy DNA (cDNA) from 

messenger RNA (mRNA). In order to ensure that DNase treatment was successful, two 

sets of samples are incubated, called RT
+
 and RT

-
. The RT

+ 
sample contains the reverse 

transcriptase enzyme, which allows gene expression to be quantified during PCR. The 

RT
-
 reaction does not contain the reverse transcriptase enzyme and acts as a negative 

control. Any positive signal generated from thr RT
-
 sample may indicate contamination 

by gDNA.  

 

The reverse transcription PCR technique uses repeated thermal cycles to amplify 

sample cDNA. The thermal cycle can be broken down into three stages. The first of 

these stages separates the double-stranded DNA into single strands, and is known as the 

denaturation stage. The hybridisation stage follows and involves the binding of specific 

oligonucleotide primers, which are specifically designed for both strands of the 
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sequence. In the final stage, called the extension stage, the thermo-stable DNA 

polymerase enzyme is directed by the bound primers to produce complimentary strands 

to the single stranded DNA (from 5’ to 3’ end). Due to both the sense and antisense 

strands being duplicated during each cycle the amplicon (a piece of DNA or RNA that 

is the source and/or product of a replication event) is theoretically doubled per cycle. 

 

In RT-qPCR, a fluorometric probe is used to measure the relative quantity of DNA at 

the end of each cycle. From these measures, an amplification curve is produced which 

demonstrates the amplification of DNA. Specialist software (in this thesis the 

StepOne™ programme) determines at which point the threshold quantity of 

fluorescence is reached (termed cycle threshold; Ct) (Figure 2.13). The Ct is inversely 

proportional to the starting quantity of cDNA. Therefore, a low Ct value is indicative of 

a high starting quantity of cDNA and vice versa. The Ct value is normalised to that of 

an endogenous control (EC) gene producing the ΔCt, allowing the gene of interest 

(GOI) to be quantified. This is shown by the formula: 

 

ΔCt=CtGOI-CtEC 

 

The EC is selected on the basis that its expression remains unchanged regardless of the 

experimental conditions and effectively normalizes for variation and starting quantity in 

the reaction. 
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Figure 2.13: A representative PCR curve. The point at which the endogenous control 

(EC) and the gene of interest (GOI) cross the threshold level and produce their 

respective Ct values is shown above. The ΔCt is the difference between these two 

values, in this case 26-19=7. 

 

 

 TaqMan
™

 probes 2.16.2

 

TaqMan
™

 probes are hydrolysis probes that are designed to increase specificity in RT-

qPCR experiments. These probes are specific to the target sequence which is to be 

amplified. The TaqMan
™

 probe possesses a fluorophore (6-carboxyfluoscein; FAM, 

VIC) covalently bonded to the 5’-end of the oligonucleotide probe and a quencher 

(minor groove binder; MGB) at the 3’-end (Kutyavin et al., 2000). These are bound in 

close proximity so that the fluorophores fluorescence is suppressed by the quencher. 

The quencher molecule quenches the fluorescence emitted by the fluorophore when 

excited by the cycler’s light source via FRET (Fluorescence Resonance Energy 

Transfer). During the complementary strand extension, Taq polymerases nuclease 

activity hydrolyses the probe which, in turn, leads to separation of the fluorophore and 

quencher, releasing detectable fluorescence (Figure 2.14).  TaqMan
™

 probes are 

specifically designed for a target sequence and, therefore, fluorescence is only 

generated by extension of this target sequence.  

 

 

http://en.wikipedia.org/wiki/Fluorescence
http://en.wikipedia.org/wiki/F%C3%B6rster_resonance_energy_transfer
http://en.wikipedia.org/wiki/F%C3%B6rster_resonance_energy_transfer
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Figure 2.14: TaqMan probe activity in the PCR assay. The primers and probe bind to 

the template DNA and fluorescence is suppressed due to the close proximity of the 

probe and quencher.  As the Taq polymerase extends the complementary strand in a 5’ 

to 3’ direction, the fluorophore is irreversibly cleaved due to polymerase nuclease 

activity. The cleaved fluorophore produces a signal (yellow) which can be measured 

(Wikipedia, 2014). 

 

 Total RNA extraction and reverse transcription 2.16.3

 

Total RNA from T75 flasks containing CHOhMOP/NOP, HEKhMOP, HEKhNOP or 

HEKhMOP/NOP cells were extracted using TriReagent
®
. Addition of 1ml TriReagent

®
, 

which combines phenol and guanidine thiocyanate in a monophase solution, leads to 

the immediate inhibition of RNase activity. The TriReagent
®
 lyses the cells.  

Chloroform is added and the mixture was vortexed until an emulsion has formed. The 

emulsion was centrifuged (13000rpm/15 min/ 4
0
C), resulting in the separation of 

homogenate into aqueous and organic phases. RNA is separated into the aqueous phase, 

separating from DNA in the interphase, while proteins are located in the organic phase. 

The aqueous phase is collected, and RNA is precipitated from this phase by the addition 
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of isopropanol and incubation on ice for 10 minutes. The RNA was centrifuged at 

13000rpm for 10 min at 4
0
C. The supernatant was removed and the pellet was 

resuspended in 50-100µl of PCR-grade water (dependent on size). Samples were stored 

at -80
0
C until DNase treatment. 

 

The samples mentioned previously, were treated with TURBO
™

 DNase to 

enzymatically degrade any gDNA present. The total RNA present was determined by 

NanoDrop™. The concentration of RNA was adjusted so that a maximum of 10µg was 

included in each reaction. The reaction was incubated for 30 minutes at 37
0
C (Table 

2.7). 

 

Component Volume (µl) 

10x buffer 5 

Dnase I 1 

≤10µg RNA in PCR-grade water 44 

 

Table 2.7: Reaction volumes for TURBO
™

 DNase total RNA treatment. 

 

Following this incubation perioid, 5µl of inactivation reagent was added to the mixture. 

Following a further 3 minutes incubation period, the mixture was 

centrifuged(13000rpm/2 min/RT) and the supernatant (RNA solution) was removed and 

stored at -20
0
C. 

 

 Reverse transcription 2.16.4

 

The RNA solution was reverse transcribed using a cDNA reverse transcription kit. The 

master mix was prepared as per the manufacturers instructions (Table 2.8). 
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Component Volume (µl) 

10x RT buffer 2 

25x dNTP mix 0.8 

10x RT random primers 2 

Multiscribe™ reverse transcriptase 1 

Rnase inhibitor 1 

PCR-grade water 3.2 

 

Table 2.8: Reaction mixture for a cDNA reverse transcription master mix. 

 

10µl of the DNase-treated RNA was mixed with an equal amount of the RT master mix 

and then incubated according to a predefined thermal cycler program (Table 2.9). 

Following this process, the samples were stored at -20
0
C until PCR was performed. 

 

 

Stage 

Temperature 

(
0
C) 

Time 

(min) 

Pre-incubation 1 25 10 

Reverse 

transcription 2 37 120 

Enzyme 

inactivation 3 85 5 

Hold 4 4 indefinite 

 

Table 2.9: The thermal cycler program for the reverse transcription process. 

 

 Polymerase chain reaction 2.16.5

 

The TaqMan™ PCR kit was used in order to prepare the samples for the polymerase 

chain reaction using the StepOne® software, with components prepared as shown in 

Table 2.10. The master mix consists of the necessary components for a reaction (DNA 

polymerase, dNTPs, dUTP and uracil-DNA glycosylase). The assay mix for the EC or 

GOI contained the forward and reverse primers (final concentration of 900nM) and the 

dye-labelled (FAM or VIC) Taqman™ probe at a final concentration of 250nM. All 

samples were incubated according to the therma cycler programme of the StepOne® 

instrument (Table 2.11). The assay mix for the EC or GOI contained the forward and 
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reverse primers (final concentration of 900nM) and the dye-labelled (FAM or VIC) 

Taqman™ probe at a final concentration of 250nM. 

 

Component Volume (µl) 

2x Master Mix 10 

20x Assay Mix for EC or 

GOI 
1 

Template cDNA 2 

PCR-grade water 7 

 

Table 2.10: Reaction mixture preparation for TaqMan™ PCR. 

 

 

Stage 

Steps per 

cycle Description 

Temperature 

(
0
C)  Time  

1 1 

Uracil-DNA glycosylase 

incubation 50 2 min 

1 2 Polymerase activation  95 10 min 

1 3 denaturation 95 15 sec 

2 - Annealing/extension* 60 1 min 

 

Table 2.11: Thermal cycler programme for polymerase chain reaction. *Fluorescence 

measured at the end of this stage. 

 

2.17 Data analysis 

 

Data representation (i.e mean (±SEM)) and n values are shown in the figure legends of 

each graph, as are the details of the statistical analysis undertaken. GraphPad PRISM 

v6.01 (GraphPad Software Inc., San Diego, USA) was used to undertake all statistical 

analysis, curve fitting and linear or non-linear regression analysis. Saturation and 

displacement curves were analysed using non-linear regression (fit) one-site binding 

(hyperbolae) or dose-response with variable slope (sigmoidal). pKi values were 

determined from displacement curves and values were determined using non-linear 

regression (corrected using the Cheng and Prusoff equation) (Cheng and Prusoff, 1973). 

pEC50 and Emax values in functional experiments were obtained from the sigmoidal 

curve with variable slope. 
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 Characterisation of Novel Fentanyl-Based Bivalent Chapter 3

Pharmacophores 

 

3.1 Introduction 

Chemical alteration and conjugation of two ligands, for adaptation to form bivalent 

pharmacophores, can lead to the possibility of potential changes to each 

pharmacophore’s selectivity and/or functional activity. Many attempts at synthesising 

bivalent pharmacophores have led to changes in functional ability, while some have 

shown a loss of selectivity, or gain in affinity, for receptor sub-types. This can be due to 

chemical alterations to the pharmacophores themselves, or involve the distance between 

the pharmacophores associated with linker length or chemical structure (Daniels et al., 

2005, Del Giudice et al., 2011). 

With this in mind, the newly synthesised Fentanyl bivalents (Table 3.1, Figure 3.2 and 

Figure 3.4) will be tested in traditional radioligand binding assays to determine affinity 

(pKi) and functional assays, used to determine potency (pEC50) and efficacy (Emax) at 

various stages through the signal transduction pathway (Figure 3.1), to determine how 

the chemical alterations and numerous linkers could potentially affect our synthetic 

MOP agonist(Fentanyl)-DOP antagonists (Dmt-Tic-OH). In this case, signal 

transduction will be monitored through activation of G-proteins and recruitment of β-

arrestins. Furthermore, newly conjugated [Fentanyl]-[Ro65-6570] (MOP agonist/NOP 

agonist) bivalent pharmacophores will be screened to assess G-protein activation. 
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Figure 3.1: Ligand interactions will be studied through radioligand displacement 

bindings assays (Affinity of the drug), GTPγ[
35

S] functional assays (to determine 

potency and efficacy) and the PathHunter™ β-arrestin recruitment assay (to determine 

ability to recruit β-arrestins). (Whalen et al., 2011). 

 

3.2 Hypothesis 

 

In this chapter we will investigate the hypothesis that chemical alteration of Fentanyl 

and linking of this novel structure to the DOP antagonist Dmt-Tic-OH, or the NOP 

agonist Ro65-6570, will lead to the formation of a compound that retains the full 

agonist ability of Fentanyl, while obtaining DOP antagonist activity or NOP agonist 

activity. 

 

3.3 Aims 

 

In this chapter, we will study the effects of conjugating synthetic pharmacophores by 

using CHO cells expressing recombinant opioid receptors (CHOhMOP, CHOhDOP, 

CHOhKOP and CHOhNOP) to define their pharmacological properties (binding affinity 

and functional activity). Binding affinity will be determined using previously 

determined radioligand affinities (Ibba et al., 2008). Functional activity will be 

determined using GTPγ[
35

S] and a β-arrestin recruitment assay. This work will allow us 

to determine whether the formation of [Fentanyl]-[Dmt-tic] bivalents, or the [Fentanyl]-

[Ro65-6570] bivalents, has successfully retained the desired activity (MOP agonist and 

DOP antagonist/NOP agonist) and whether linker length has an effect on the actions of 

these novel compounds. 
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For reference, the unconjugated functionalised Fentanyl molecules (no linker molecule 

or second pharmacophore attached) will be referred to as an RR compounds. 

Compounds with a second pharmacophore and/or linker molecule (Figure 3.3) attached 

will be referred to by number (Table 3.1) or, when discussed as a group, the F-

compound series. For the [Fentanyl]-[Ro65-6570] bivalents, these compounds will be 

referred to as Mop/NOP1-3 (MN1-MN3) (Figure 3.4). 

 

 

 

Figure 3.2: Chemical structures of the unconjugated Fentanyl derivatives. The 

compounds have linker molecules attached in the northern hemisphere of the Fentanyl 

structure. Compound #1 has a linker of 2 carbon atoms, #2 has a linker of 3 carbons 

atoms and #3 has a linker consisting of two carbon atoms and an oxygen atom. These 

derivatives were developed by Dr Ruben Vardanyan (University of Arizona). 
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Figure 3.3: Synthesis of Fentanyl/Dmt-Tic based bivalent ligands. The intermediate 

compounds (F-compound attached to a linker molecule), are called #1, #2 and #3, while 

final compounds (Fentanyl-linker-Dmt-Tic-OH) are called #4 - #8 respectively. 
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Structure Compound # 

  

 

 

 

#4 

 

 

 

#5 

 

 

 

#6 

 

 

#7 

 

 

#8 

 

Table 3.1: The chemical structure of the [Fentanyl]-[Dmt-Tic] analogues. The 

nomenclature used in the thesis for the compounds is shown in the right hand column. 
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Figure 3.4: The MOP-NOP (MN) bivalent compounds based on the conjugation of 

Fentanyl and Ro65-6570. 

 

 

3.4 Results 

 

 Displacement binding assays-unconjugated F-compounds (#1, #2, #3). 3.4.1

 

F-compounds attached to a linker, but without the second pharmacophore, (#1; #2; #3) 

failed to displace [
3
H]-DPN in CHO cell membranes expressing the MOP, DOP and 

KOP receptors. These compounds also failed to displace [
3
H]UFP-101 in CHO cell 

membranes expressing NOP receptors (Figure 3.5).  
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Figure 3.5: Displacement of tritiated Diprenorphine ([
3
H]-DPN) by Fentanyl, the unconjugated F-compounds (#1, #2, #3) and reference ligands 

at (A) CHOhMOP, (B) CHOhDOP, (C) CHOhKOP and the displacement of tritiated UFP-101 ([
3
H]UFP-101) by the unconjugated F-compounds, 

Fentanyl and Nociception/Orphanin FQ at (D) CHOhNOP cell membranes. Data are means (±SEM) of five experiments for all cell lines. 

Reference ligands: Fentanyl; Naltrindole; Nor-BNI (Norbinaltorphimine); N/OFQ, (Nociceptin/Orphanin FQ). 



95 

 

 

 Displacement Binding assays- F-compounds (#4, #5 and #6) 3.4.2

 

At the MOP receptor, #4, #5, #6 displaced the binding of [
3
H]-DPN in a concentration 

dependent and saturable manner. Binding affinities (pKi) were: #4 (7.31), #5 (7.58) and 

#6 (7.91) (Figure 3.6; Table 3.2). The binding affinities of the test compounds #5 and 

#6 were not statistically different to that of the reference ligand, Fentanyl (8.13). 

Compound #4 was significantly different, displaying a lower binding affinity for MOP. 

At the DOP receptor, all ligands had nanomolar affinity: #4 (8.03), #5 (8.16) and #6 

(8.17). Of the test compounds, only #4 was significantly different compared to Dmt-

Tic-OH (8.95). Compounds (#4, #5, #6) displaced [
3
H]-DPN binding to CHOhKOP 

membranes [NorBNI (10.16); #4 (7.29); #5 (7.02); #6 (7.13)]. [
3
H]UFP-101 was also 

displaced by the test compounds in CHOhNOP membranes [N/OFQ (10.69) #4(7.28); 

#5(6.96); #6(7.48)].  
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Figure 3.6: Displacement of tritiated diprenorphine ([
3
H]-DPN) by Fentanyl, the conjugated F-compounds (#4, #5, #6) and reference ligands at 

(A) CHOhMOP, (B) CHOhDOP, (C) CHOhKOP and the displacement of tritiated UFP-101 ([
3
H]UFP-101) by the conjugated F-compounds and 

N/OFQ at (D) CHOhNOP cell membranes. Data are means (±SEM) of eight experiments for all cell lines.  
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 GTPγ[
35

S] functional assays-Compounds #4, #5 and #6 3.4.3

GTPγ[
35

S] assays were used as a functional activity screen.  Compounds #4, #5 and #6 

stimulated the binding of GTPγ[
35

S] in a concentration dependent and saturable manner 

at the MOP receptor (Figure 3.7). The pEC50 values of #5 (7.13) and #6 (7.52) showed 

no significant difference to that of Fentanyl (7.31) at MOP. The pEC50 for #4 (6.74) 

was significantly different to that of Fentanyl (7.32) at MOP. Emax values, compared to 

Fentanyl (3.88), for compounds #4: 1.18; #5: 2.19; #6: 1.98 were significantly different. 

Relative intrinsic activity (α-Emax) and potency (pEC50) values are summarised in Table 

3.3. 
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Figure 3.7: Ligand stimulated GTPγ[
35

S] binding by A) Fentanyl, and compounds #4, 

#5 and #6 are shown in CHOhMOP cell membranes. (B) The compounds were co-

incubated, at a concentration of 1µM, with Fentanyl. Data are shown as mean (±SEM) 

for 5 experiments. The arrows within the graph demonstrate residual agonism. 

 

Since compounds #4, #5 and #6 showed reduced efficacy at CHOhMOP, these were 

screened in an antagonist assay (Figure 3.7). A fixed concentration (1µM) of the 
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bivalent compounds was added to varying concentrations of Fentanyl, in CHOhMOP 

cells; there was a rightward shift in the Fentanyl concentration response curve. Both #5 

and #6 displayed Emax values similar to Fentanyl (Table 3.3). Emax in the presence of #4 

was significantly different to Fentanyl.  The resulting pKb values were: #4 (6.87), #5 

(7.55) and #6 (7.81).  

 

In the CHOhDOP membranes, DPDPE (D-Pen
2
, D-Pen

5
 Enkephalin) stimulated the 

binding of GTPγ [
35

S] (pEC50
: 

7.70; Emax: 2.76). Compounds #4, #5 and #6 did not 

stimulate the binding of GTPγ [
35

S] (Figure 3.8). When compounds #4, #5 and #6 were 

co-incubated with the DOP agonist DPDPE, all compounds caused a rightward shift in 

the concentration response curves (Figure 3.8). Compounds, #5 and #6, produced pKb 

values of 8.06 and 8.11 respectively. Compound #4 produced a pKb of 6.85 (Table 3.3). 
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Figure 3.8: GTPγ[
35

S]  functional response curves demonstrating (A) DPDPE 

stimulated GTPγ[
35

S] binding. The F-compounds (#4, #5, and #6) showed no activity in 

CHOhDOP cell membranes. (B) DPDPE stimulated binding in the absence and presence 

of 100nM of test ligands. All data are the mean (±SEM) of five experiments. Reference 

ligand, DPDPE; [D-Pen
2
, D-Pen

5
 Enkephalin]. 

 

Functional assays were performed in cell membranes expressing the KOP and NOP 

receptor; bivalents #4-#6 showed no agonist or antagonist activity at these receptors 

(Figure 3.9). 
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Figure 3.9: GTPγ[
35

S]  functional response curves demonstrating (A) Dynorphin-A 

stimulated GTPγ[
35

S] binding. The F-compounds (#4, #5, and #6) showed no activity in 

CHOhKOP cell membranes. (B) N/OFQ stimulated GTPγ [
35

S] binding. The F-

compounds (#4, #5, and #6) showed no activity in CHOhNOP cell membranes. All data 

are mean (±SEM) of five experiments. 

 

With respect to the reference compounds #1, #2, #3; compounds #4-#6 restore MOP 

binding. The substantial loss in MOP efficacy compared to Fentanyl indicated an 

alteration in the interaction between the Fentanyl pharmacophore and the MOP 

receptor. As previously noted in bivalent ligands, the distance between pharmacophores 

can affect both affinity and efficacy (Dietis et al., 2009). Moreover, the chemical nature 

of the linker may be important for bioactivity. With this in mind, with respect to 

compound #6, the linker length was simply increased by the addition of either one or 

two glycine molecules. Glycine was chosen as it is an extremely easy amino acid to 
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chemically alter. This makes it ideal for rapid synthesis and screening, to determine 

whether linker length is affecting the functional ability of the bivalent pharmacophores. 

 

 Displacement Binding Assays- The Gly-extended (#7-extended by 2 carbon 3.4.4

atoms and #8- extended by 4 carbon atoms) linker compounds 

 

Compounds #7 and #8 displaced [
3
H]-DPN at the MOP, DOP and KOP receptors in a 

concentration dependent and saturable manner, but failed to displace [
3
H]UFP-101 

(Figure 3.10; Table 3.2). At the MOP receptor, #7 (pKi: 7.94) and #8 (8.03) were not 

significantly different from Fentanyl (8.13). At the DOP receptor, the #7 (9.67) and #8 

(9.71) both showed an increased affinity for the DOP receptor, when compared to both 

#6 (8.17) and the parent compound Dmt-Tic-OH (8.95). Differences in binding affinity 

between the two Gly-linker extended molecules were evident at the KOP receptor; #7 

(8.14) showed nanomolar affinity for the KOP receptor. While there was no significant 

difference in the binding affinities of #6 (7.13) and #8 (7.35), #7 showed statistical 

differences from both of these compounds. The Gly extended compounds showed 

either weak (#8; 6.63), or no affinity (#7; inactive) for the NOP receptor (Table 3.2).  
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Figure 3.10:  Displacement of tritiated Diprenorphine ([
3
H]-DPN) by the #6, the extended #6 compounds (#7 and #8) and reference ligands at 

(A) CHOhMOP, (B) CHOhDOP, (C) CHOhKOP and the displacement of tritiated UFP-101 ([
3
H]UFP-101) by #6 , #7, #8 and N/OFQ at (D) CHOhNOP 

cell membranes. Data are means (±SEM) of five experiments for all cell lines. 
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pKi (±SEM) 

 
CHOhMOP CHOhDOP CHOhKOP CHOhNOP 

 Fentanyl Dmt-Tic-OH Nor-BNI N/OFQ 

Control 8.13(±0.04) 8.95(±0.04) 10.16(±0.02) 10.69(±0.10) 

#1 N/A N/A N/A N/A 

#2 N/A N/A N/A N/A 

#3 N/A N/A N/A N/A 

#4 7.31(±0.06)
* 8.03(± 0.28)

 * 7.29(±0.04)
 **** 7.28(±0.07)

 **** 

#5 7.58(±0.10) 8.16(±0.17) 7.02(±0.08)
 **** 6.96(±0.12)

 **** 

#6 7.91(±0.23) 8.17(± 0.22) 7.13(±0.04)
 **** 7.48(±0.05)

 **** 

#7 7.94(±0.04) 9.67(±0.04)
 *** 8.14(±0.03)

 **** N/A 

#8 8.03(±0.04) 9.71(±0.01)
 *** 7.35(±0.04)

 **** 6.63(±0.26)
 **** 

Analysis of 

Variance 
significant significant significant significant 

Table 3.2: Radioligand binding data for the [Fentanyl]–[Dmt-Tic-OH] bivalent ligands.  

Tritiated Diprenorphine was used to determine binding affinity at CHOhMOP/DOP/KOP, 

while [
3
H]UFP-101 was used to determine binding affinity at CHOhNOP. Data are means 

(±SEM) of five experiments for the CHOhMOP and CHOhDOP cell lines and of three 

experiments for the remaining cell lines. If a significant difference (ANOVA) was 

detected, post-hoc testing using Bonferroni multiple comparisons was employed 

*p<0.05; ***p<0.0005; ****p<0.0001 compared to control. 

 

 GTPγ[
35

S] functional assays- The gly-extended linker compounds activity 3.4.5

 

The Gly-extended compounds failed to stimulate the binding of GTPγ [35S], showing 

no efficacy at the MOP receptor (Figure 3.11). At 300nM compounds #7 and #8 

produced pKb values of 6.91and 7.05 respectively (Table 3.3). 
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Figure 3.11: GTPγ[
35

S]  functional response curves demonstrating (A) Ligand 

stimulated GTPγ[
35

S] binding by Fentanyl, the #6 and the Gly-extended compounds 

(#7, #8), is shown in CHOhMOP cell membranes. (B) Fentanyl stimulated binding in the 

absence and presence of 300nM of the test ligands. Control ligand; Fentanyl.  Data are 

shown as mean (±SEM) for 5 experiments. 

 

Compounds #7 and #8 showed no activity at the DOP receptor (Figure 3.12, Table 3.3). 

However, when co-incubated with the DOP agonist DPDPE, both #7 (pKb: 9.42) and 

#8 (9.00) produced a rightward shift in the concentration response curve of DPDPE 

(Figure 3.12). 



105 

 

-1 3 -1 2 -1 1 -1 0 -9 -8 -7 -6 -5 -4

0 .5

1 .0

1 .5

2 .0

2 .5 D P D P E

# 7

# 8

# 6

L o g [L ig a n d ] (M )

S
ti

m
u

la
ti

o
n

 F
a

c
to

r

- 1 3 -1 2 -1 1 -1 0 -9 -8 -7 -6 -5 -4

0 .5

1 .0

1 .5

2 .0

2 .5 C o n tro l

+  3 0 n M  # 7

+  3 0 n M  # 8

L o g [D P D P E ] (M )

S
ti

m
u

la
ti

o
n

 F
a

c
to

r

A

B

 
Figure 3.12: GTPγ[

35
S]  functional response curves demonstrating  (A) Ligand-

stimulated GTPγ[
35

S] binding by DPDPE, #6 and the Gly-extended compounds (#7 and 

#8) in CHOhDOP membranes. (B) DPDPE stimulated binding in the absence and 

presence of 30nM of the test ligands. Control ligand, DPDPE; [D-Pen
2
,D-Pen

5
 

Enkephalin]. Data are shown as mean (±SEM) for 5 experiments. 

 

Since #7 and #8 displayed binding affinity for KOP GTPγ[
35

S] functional assays were 

performed. Both compounds were inactive per se (Figure 3.13). In antagonist 

experiments 300nM and 1µM for #7 and #8 respectively produced a weak, but 

measurable, rightward shift in the concentration response curve when co-incubated with 

Dynorphin-A. Compound #7 and #8 produced pKb values of 6.96 (±0.04) and 6.45 

(±0.07), respectively (Figure 3.13). In view of the low affinity at NOP for #7 and #8 

functional assays were not performed. 
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Figure 3.13: GTPγ[
35

S]  functional response curves demonstrating (A) Ligand 

stimulated GTPγ[
35

S] 
 
in CHOhKOP membranes. (B) Dynorphin-A stimulated binding in 

the absence and presence of #7 (300M) and #8 (1µM). Reference ligand; Dynorphin-A. 

Data are shown as mean (±SEM) for 5 experiments. 
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Agonist Activity 

Antagonist 

Activity 

 
pEC50 Emax 

Relative 

Intrinsic 

activity 

pKb 

CHOhMOP 
    

Fentanyl 7.32(±0.12) 3.80(±0.12) 1 Inactive 

#4 6.74(±1.02)
*
 1.18(±0.06) 0.06 6.87(±0.61) 

#5 7.13(±0.29) 2.19(±0.46) 0.43 7.55(±0.28) 

#6 7.52(±0.27) 1.98(±0.34) 0.35 7.81(±0.18) 

#7 Inactive - Inactive 6.91(±0.08) 

#8 Inactive - Inactive 7.05(±0.11) 

Analysis of 

Variance 
significant 

 
N/A N/A 

CHOhDOP 
    

Dmt-Tic Inactive - Inactive 8.77(±0.11) 

#4 Inactive - Inactive 6.85(±0.19)
***

 

#5 Inactive - Inactive 8.06(±0.09)
*
 

#6 Inactive - Inactive 8.11(±0.16) 

#7 Inactive - Inactive 9.42(±0.14)
**

 

#8 Inactive - Inactive 9.00(±0.15) 

Analysis of 

Variance 
N/A 

 
N/A significant 

 

Table 3.3: Agonist and antagonist activity of the [Fentanyl]–[Dmt-Tic-OH] bivalent 

pharmacophores at CHOhMOP and CHOhDOP. Antagonist affinity was determined against 

Fentanyl (MOP) and DPDPE [D-Pen
2
, D-Pen

5
 Enkephalin] (DOP). Relative intrinsic 

activity was determined by removal of basal activity and as a ratio to Fentanyl (full 

agonist) Emax. All experiments are represented as the mean (±SEM) for between three 

and five experiments. If a significant difference was detected (ANOVA), post-hoc 

testing using Bonferroni multiple comparisons was employed *p<0.05; **p<0.005; 

***p<0.0001 compared to Fentanyl for MOP and Dmt-Tic for DOP. Abbreviation; N/A 

(Not applicable) 

 

 Beta-Arrestin Assays 3.4.6

β-arrestin recruitment in MOP cells was determined for Fentanyl and Morphine in 

CHOhMOP cells (Figure 3.14). A range of concentrations of both Fentanyl and 

Morphine (1nM-10µM) were investigated to determine whether these ligands engaged 

β-arrestins (Figure 3.14). Maximum concentrations (10µM) of bivalent compounds 

were used to compare against Fentanyl and Morphine was used to measure β-arrestin 

activity (Figure 3.14). 
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Figure 3.14: Beta-recruitment assays demonstrating (A) Fentanyl and Morphine 

concentration response curves for β-arrestin recruitment at MOP. (B) The recruitment 

of β-arrestin in the presence of 10µM of Fentanyl, Morphine and the various bivalent 

ligands. The activation factor is a ratio relative to basal β-arrestin activity. Data were 

significant (ANOVA) and *p<0.0001 compared to Fentanyl post hoc Bonferroni test. 

Data are shown as mean (±SEM) for at least 5 experiments. 

 

Fentanyl (Emax of 13.62 ±0.45; pEC50: 7.45 ±0.07) produces a greater response with 

regards to β-arrestin recruitment when compared to Morphine (Emax: 10.80 ±0.38; 

pEC50: 6.88±0.12). When compared to the maximum response of Fentanyl, the bivalent 

ligands showed poor ability to recruit β-arrestins. Response from the maximum 

concentration tested in rank order was: #5 (2.72±0.21) < #6 (2.40±0.19) <#4 

(1.58±0.09) < #8 (1.58±0.09) < #7 (1.29±0.03). The ability of these compounds to 

activate and recruit β-arrestins was significantly lower (analysis of variance; p<0.0001) 
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than that of Fentanyl. When compared to Fentanyl, the intrinsic activity of these 

compounds to recruit β-arrestin is: #4: 0.12; #5: 0.20; #6: 0.18; #7: 0.09 and #8: 0.12. 

 

In DOP cells, the ability of DPDPE to activate β-arrestin and the inhibition of this 

response by 10nM Dmt-Tic-OH (the parent pharmacophore) was measured (Figure 

3.15).  DPDPE produced a concentration dependent and saturable increase in β-arrestin 

recruitment with pEC50 and Emax of 7.56(+0.09) and 14.58(+0.61) respectively. Dmt-

Tic-OH acts as a potent antagonist of DPDPE induced β-arrestin recruitment, with a 

pKb of 9.20(±0.11).  All of the [Fentanyl]-[Dmt-Tic-OH] bivalent pharmacophores 

reduced the ability of DPDPE to activate and recruit β-arrestins. When compared to the 

activity of DPDPE at 1µM (13.46±0.29), the presence of #4 (7.43±0.29), #5 

(9.51±0.55) and #6 (9.56±0.49) significantly reduced the ability of DPDPE to recruit β-

arrestins (p<0.0001; ANOVA, Bonferroni’s multiple corrections). The presence of 

either 10nM #7 (6.44±0.62) or 10nM #8 (5.56±0.64) led to ±50% reduction in the 

ability of DPDPE to recruit β-arrestin (Figure 3.15). 
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Figure 3.15: Beta-recruitment assays demonstrating (A) Concentration response curve 

in the absence, and presence, of 10nM Dmt-Tic-OH at DOP. (B) Shows the inhibition 

of 1µM DPDPE, produced by concentrations of 100nM for compounds #4, #5 and #6 

or 10nM for compounds #7 and #8. Data were significant (ANOVA) and *p<0.0005; 

**p<0.0001 compared to DPDPE post hoc Bonferroni test. Data are shown as mean 

(±SEM) for at least 5 experiments. 

 

 Characterisation and selection of potential Fentanyl pharmacophores for 3.4.7

conjugation with Ro65-6570 

 

Due to the failure of the initial Fentanyl compounds to produce a response at the MOP 

receptor, a number of Fentanyl derivatives (called the RR compounds), were 

developed. These compounds differ in the length of the amide bond in the northern 

region of Fentanyl’s chemical structure (Table 3.4). 
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Chemical Structure Name Amide Bond Extension 

 

RR4 1 carbon bond 

 

RR5 2 carbon bonds 

 

RR6 3 carbon bonds 

 

RR7 4 carbon bonds 

 

RR8 Ether spacer and carbon bond 

 

RR9 Ether Spacer 

 

Table 3.4: The chemical structure of the RR compounds. The adaptations to the amide 

linker length in the northern hemisphere of the Fentanyl structure are shown in the right 

hand column. 
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At the MOP receptor, all compounds displaced the binding of [
3
H]-DPN in a 

concentration dependent and saturable manner. Binding affinities (pKi) at CHOhMOP
 

were: RR-4 (8.16), RR-5 (8.09), RR-6 (7.58), RR-7 (6.89), RR-8 (6.55) and RR9 

(8.69). The binding affinities of RR-4, RR-5 and RR-6 were not significantly different 

from that of Fentanyl (8.13). RR-7 and RR-8 showed reduced binding, while RR-9 

showed a significant increase in binding at the MOP receptor (Figure 3.16, Table 3.5). 

The rank order of binding was: RR-9>>RR-4>>RR-5>>RR-6>>RR-7>>RR-8 
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Figure 3.16: Displacement of tritiated Diprenorphine ([
3
H]-DPN) by Fentanyl and the 

RR compounds at CHOhMOP. Data are shown as mean (±SEM) for 5 experiments. 
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Binding affinity was measured in cells expressing DOP, KOP and NOP. At DOP, RR4 

(7.29) and RR-9 (7.00) showed moderate affinity, with the remainder of the compounds 

producing weak (<7) affinity. All compounds bound with weak, or no affinity at KOP 

and NOP (Table 3.5).  
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 Reference 

ligand
+ 

RR-4 RR-5 RR-6 RR-7 RR-8 RR-9  

         

MOP 8.13 (±0.04) 8.16 (±0.28) 8.09 (±0.03) 7.58 (±0.03) 6.89 (±0.08)
** 

6.55 (±0.08)
*** 

8.69 (±0.14)
*
 n=5 

DOP 10.02 (±0.26) 7.29 (±0.27)
*** 

6.77 (±0.07)
 ***

 6.28 (±0.31)
 ***

 5.91 (±0.05)
 ***

 5.21 (±0.15)
 ***

 7.00 (±0.26)
 ***

 n=5 

KOP 9.95 (±0.02) <5 
***

 5.97 (±0.46)
 ***

 <5 
***

 <5 
***

 6.08 (±0.31)
 ***

 6.74 (±0.02)
 ***

 n=3 

NOP 10.69(±0.10) 6.29 (±0.04) 5.97 (±0.08)
 ***

 6.16 (±0.53)
 ***

 <5 
***

 <5 
***

 6.15 (±0.16)
 ***

 n=3 

+
  = MOP: Fentanyl, DOP: Natrindole, KOP: norBNI, NOP: N/OFQ 

 

Table 3.5:  The pKi values for the both the reference ligand and the RR- compound ligands of interest. The receptor binding affinities of 

the reference ligands and the RR compounds were calculated using the Cheng-Prusoff equation. Data are displayed as mean (±SEM) for 

either n=5 (MOP and DOP) or n=3 (KOP and NOP), dependent on the RR compounds binding affinity for the receptor. If a significant 

difference was detected (ANOVA), post-hoc testing using Bonferroni multiple comparisons was employed *p<0.05; **p<0.005; 

***p<0.0001 compared to Fentanyl for MOP; Dmt-Tic for DOP; Nor-BNI for KOP and N/OFQ for NOP. 
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Following this initial screening, attempts were made to chemically conjugate the RR-

compounds to Ro65-6570. Ro65-6570 is a potent, synthetic NOP agonist, which can be 

manipulated to accept a linker molecule. This will allow for the formation of a bivalent 

with dual synthetic components, decreasing the molecular weight of the compound. 

However, due to poor yields, only RR4, RR6 and RR7 were able to be conjugated to 

form [Fentanyl]-[Ro65-657] bivalent pharmacophores (Figure 3.4). This conjugation 

could only be achieved using maleimide, an unsatured imide, using a Michael reaction. 

The Michael reaction involves the addition of an enolate (alkenes with a hydroxyl 

group) of a ketone or aldehyde to an α,β-unsaturated carbonyl compound at the β 

carbon. These chemical reactions lead to the synthesis of Ro-Mal-RR4 (termed MN1 

from this point), Ro-Mal-RR6 (MN2) and Ro-Mal-RR7 (MN3).  

 

 GTPγ[
35

S] functional assays- The MN compounds 3.4.8

 

Compounds MN1, MN2 and MN3 stimulated the binding of GTPγ[
35

S] in a 

concentration dependent and saturable manner at the MOP receptor (Figure 3.17). The 

pEC50 values of MN1 (6.78), and MN3 (6.79) were not significantly different to 

Fentanyl (7.05).  MN2 (6.39) was statistically significant when compared to Fentanyl.  

The pEC50 values for MN1 (6.78), MN2 (6.39) and MN3 (6.79) were statistically 

significant when compared to Ro65-6570 (6.17). The Emax values for Ro65-6570 (2.79), 

MN1 (1.95) MN2 (2.24) and MN3 (2.75) were significantly different when compared 

to Fentanyl (3.67) (Table 3.6). 

 

In CHOhNOP cell membranes, compounds MN1, MN2 and MN3 stimulated the binding 

of GTPγ[
35

S] in a concentration dependent and saturable manner (Figure 3.17). The 

pEC50 values of MN1 (8.01) and MN2 (7.36) were significantly different to Ro65-6570 

(7.73), however MN3 (7.85) was not. The pEC50 values of MN1, MN2, MN3 and Ro-

65-6570 were significantly different to N/OFQ (8.40).  N/OFQ produced an Emax of 

4.07.  The Emax values of Ro65-6570 (Emax: 4.11), MN1 (3.95), MN2 (4.10) and MN3 

(3.92) were not significantly different to that of N/OFQ at NOP (Table 3.6). 
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MOP NOP 

 
pEC50 Emax I.A pEC50 Emax I.A 

Fentanyl/N/OFQ 7.05±0.04 3.67±0.39 1 8.40±0.08 4.07±0.23 1 

Ro65-6570 6.17±0.04
a 

2.79±0.26
d 

0.62 7.73±0.05
e 

4.11±0.21 1 

MN1 6.78±0.12
c 

1.95±0.30
d
 0.25 8.01±0.04

e,f 
3.95±0.23 0.94 

MN2 6.39±0.04
b,c

 2.24±0.29
d 

0.33 7.36±0.12
e, g 

4.10±0.15 1 

MN3 6.79±0.09
c 

2.75±0.31
d 

0.56 7.85±0.02
e 

3.92±0.10 0.96 

 

Table 3.6: Agonist activity of the [Fentanyl]–[Ro65-6570] bivalent pharmacophores at 

CHOhMOP and CHOhNOP. Relative intrinsic activity (I.A) was determined by removal of 

basal activity and as a ratio of Fentanyl (full agonist) Emax in CHOhMOP membranes or 

Ro65-6570 in CHOhNOP membranes. Fentanyl was inactive at NOP (n=5). All 

experiments are represented as the mean (±SEM) with n=5 for MOP and n=7 for NOP. 

If a significant difference was detected by ANOVA Bonferroni multiple comparisons 

were employed. 
a
 p<0.005 less potent compared to Fentanyl, 

b
 p<0.05 less potent 

compared to Fentanyl; 
c
 p<0.05 more potent when compared to Ro65-6570, 

d
 p<0.05 

reduced Emax when compared to Fentanyl; 
e
 p<0.0005 less potent compared to N/OFQ; 

f 

p<0.005 more potent when compared to Ro65-6570; 
g
 p<0.05 less potent when 

compared to Ro65-6570. 
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Figure 3.17: : GTPγ[
35

S]  functional response curves demonstrating A) Ligand 

stimulated GTPγ[
35

S] binding by Fentanyl; MN1, MN2 and MN3 are shown in 

CHOhMOP cell membranes. B) Ligand stimulated GTPγ[
35

S] binding by N/OFQ, Ro65-

6570; MN1, MN2 and MN3 are shown in CHOhNOP cell membranes. C) Normalised 

curves for MN3 in CHOhMOP and CHOhNOP membranes. Data are mean (±SEM) for five 

experiments. 
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3.5 Discussion 

 

When in an unconjugated state, the various F-compounds show varying degrees of 

affinity for the opioid receptors (Figure 3.5; Table 3.2, Figure 3.16, Table 3.5). Once 

conjugated with the DOP antagonist Dmt-Tic-OH, all of the tested compounds show 

affinity for the MOP receptor, using displacement binding assays previously definied 

by this laboratory (Dietis et al., 2012). In the case of compounds #5 and #6, this affinity 

was comparable to that of the parent compound Fentanyl. Compound #4 showed a loss 

of affinity at the MOP receptor, when compared to both the other F-compounds and 

Fentanyl (Table 3.2, Figure 3.6). When the linker molecules were extended to produce 

#7 and #8, no discernible change in binding affinity was seen when compared to 

Fentanyl (Figure 3.10, Table 3.2). The rank order of binding affinity was 

Fentanyl>#8>#7>#6>#5>#4>1=2=3.  

 

At the DOP receptor, again compounds #1, #2 and #3 showed no affinity. The bivalent 

pharmacophores #5 and #6 showed affinity for DOP similar to that of the parent 

compound Dmt-Tic-OH (Figure 3.6, Table 3.2). Compound #4 showed a reduction in 

binding affinity compared to Dmt-Tic-OH, while the extended linker molecules, #7 and 

#8, showed a significant increase in binding affinity for DOP. In this case the rank 

order of binding affinity is: #8>#7>Dmt-Tic-OH>#6>#5>#4. 

 

At the KOP receptor, #4, #5, #7 and #8 (Figure 3.6 and Figure 3.10), with the exception 

of #4, displayed moderate binding affinities for this receptor. At the NOP receptor, all 

compounds demonstrated weak or no affinity for this receptor (Table 3.2). 

 

In GTPγ[35S] functional assays, the #4, #5 and #6  produced a concentration dependent 

response at MOP, however discrepancies in both potency and efficacy were noted. 

Compounds #5 and #6 displayed similar potency to that of Fentanyl, whereas #4 

demonstrated a loss of potency (Figure 3.7). The maximal response produced by #4, #5 

and #6 was significantly lower than that of Fentanyl, and their relative intrinsic activity 

indicates a weak partial agonist profile (Table 3.3). Compounds #7 (linker extended by 

2 carbon atoms) and #8 (linker extended by 4 carbon atoms), demonstrated no 

measurable activity at the MOP receptor (Figure 3.11), demonstrating a complete loss 
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of functional ability after extension of the linker molecule (Table 3.3). Since all 

compounds showed affinity for the MOP receptor, and partial agonists can act as 

antagonists in the presence of full agonists, antagonist assays were undertaken using 

compounds #4-#8 (Figure 3.7 and Figure 3.11). All compounds demonstrated an ability 

to antagonise the effects of Fentanyl at MOP (Table 3.3). The rank order of antagonist 

affinity is: #6>#5>#8>#7>#4. 

 

At DOP, all compounds demonstrated no stimulation of the receptor in GTPγ[35S] 

functional assays. In antagonist studies all compounds demonstrated antagonist ability 

in the presence of DPDPE (Figure 3.8 and Figure 3.12). While compounds #5 and #6 

acted in a similar manner to the parent compound Dmt-Tic-OH, compounds #4, #7 and 

#8 all showed significant differences in function. Compound #4 showed a considerable 

loss of antagonist ability when compared to Dmt-Tic-OH. In contrast, the glycine-

extended compounds, #7 and #8, both showed an increase in antagonist affinity when 

compared to Dmt-Tic-OH (Table 3.3). 

 

As previously mentioned, compounds #7 and #8 demonstrated an increase in affinity 

for the KOP receptor. In functional assays, the compounds failed to stimulate the KOP 

receptor, but did show weak antagonist affinity in the presence of the KOP agonist 

Dynorphin -A (Figure 3.13).   

 

Subsequent screening of the abilities of Fentanyl, Morphine and compounds #4, #5, #6, 

#7 and #8 to recruit β-arrestins confirmed the loss of functional ability of the bivalent 

pharmacophores at MOP. Fentanyl displayed higher efficacy and potency than that of 

Morphine with regards to β-arrestin recruitment, displaying full agonist activity in this 

assay. The pEC50 of Fentanyl in this assay was comparable to that found in the 

GTPγ[
35

S] functional assays (Table 3.3). Since the F-compounds displayed weak 

functional ability at their highest concentrations, a maximal dose (10µM) was tested in 

the β-arrestin assay. All of the test compounds displayed a similar large loss of 

functional ability, when compared to Fentanyl. This indicates that synthetic alterations 

to these Fentanyl derivatives have led to a loss of functional ability. 

 

At DOP, compounds #4, #5, #6, #7 and #8 all demonstrated antagonist affinity, 

inhibiting the functional activity of the DOP receptor full agonist, DPDPE. Compounds 
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#7 and #8 produced the greatest inhibition of 10µM DPDPE.  These experiments, 

coupled with the results of the GTPγ[
35

S] antagonist assays, indicates that coupling of 

Dmt-Tic-OH to the linker molecule and Fentanyl, has not hindered its ability to act as 

an antagonist. 

 

The failure of the Fentanyl pharmacophore to maintain agonist ability after conjugation 

with a second pharmacophore, has led to further Fentanyl derivatives being synthesised. 

The affinity of the  uncoupled Fentanyl derivatives for MOP were tested, with the test 

compounds RR-4, RR-5 displaying similar binding affinity to Fentanyl, while RR-9 

displays increased affinity for the MOP receptor (Table 3.5).  

 

While numerous studies have demonstrated the linking of a MOP agonist to a DOP 

antagonist, the linking of two synthetic agonists targeting MOP and NOP have been 

less well described. As mentioned in previous sections, the dual targeting of MOP and 

NOP could provide for longer lasting analgesics, that have a lower addiction profile, or 

as potential addiction treatment compounds. In order to assess the potential of such 

synthetic bivalent pharmacophores, the newly screened RR compounds were 

conjugated with the synthetic NOP agonist, Ro65-6570. 

 

Conjugation of the newly synthesised Fentanyl derivatives (RR4-9) proved difficult, 

with only RR4, RR6 and RR7 being able to be conjugated with the NOP agonist, Ro65-

6570 (Figure 3.4). Due to the limited amount of compounds available, the resulting 

compounds (MN1, MN2 and MN3) were screened in GTPγ[
35

S] assays to assess 

functional activity at MOP and NOP (Figure 3.17). All compounds acted as full 

agonists in CHOhNOP membranes. Interestingly MN1 demonstrated an increase in 

potency when compared to Ro65-6570, however MN1 is less potent than N/OFQ 

(Table 3.6). Conversely, MN2 demonstrated a loss of potency when compared to Ro65-

657, indicating conjugation had negatively impacted the Ro65-6570 pharmacophore. 

MN3 produced a similar potency to Ro65-6570. MN1 and MN3 demonstrated similar 

potency to Fentanyl at MOP. Compared to Ro65-6570, which acts as a partial agonist at 

MOP, MN1 and MN3 demonstrated a higher potency, while MN2 displayed a lower 

potency. This would indicate that MN1 and MN3 action at MOP is mediated by the 

Fentanyl pharmacophore. (Figure 3.17, Table 3.6). Of the three compounds, MN3 

demonstrates a novel ligand with moderate partial agonist activity at MOP and full 
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agonist activity at NOP and has potential uses in the treatment of dependence. A full 

receptor screen is required to determine the selectivity of the compounds at the opioid 

receptors. 

 

The results displayed in this chapter demonstrate the difficulties of developing synthetic 

bivalent pharmacophores. The proximity of the pharmacophores was initially thought to 

influence the loss of functional activity; however extending the distance of the 

pharmacophores in compound #6 showed a complete loss of functional activity. This 

indicates that chemical alteration of the Fentanyl structure in these compounds is 

responsible for the loss of activity. The loss of agonist ability at MOP, for compounds 

#4, #5, #6, #7 and #8, indicates that these compounds are not suitable for further studies 

as they do not meet the desired criteria. The Fentanyl derivatives used to form the MN 

compounds demonstrated an increased intrinsic activity at MOP, however this was still 

moderate partial agonist activity. At NOP, the compounds demonstrated full agonist 

ability, demonstrating the synthesis of a novel group of MOP partial agonist/NOP full 

agonist bivalent pharmacophores.  
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 Characterisation of Novel Tetra-Branched Peptides Chapter 4

  

4.1 Introduction 

Drug development has historically been based on the development of small synthetic 

compounds as they offer numerous advantages over peptides, whose larger structure 

leads to poor bio-availability and metabolic instability (via enzymatic degradation) 

resulting in a reduced duration of action. Conversely, while small molecules show 

improved bio-availability and a longer duration of action, they typically lose selectivity 

for the receptor of interest and show an increase in harmful side-effects (Craik et al., 

2013). There is clearly an advantage to improving the duration of action of peptide 

drugs. 

 

Recently, a group of novel core molecules, developed from the alteration of a 

maleimide moiety, have been produced by peptide welding technology (PWT) (Figure 

4.1). These maleimide cores allows for the attachment of four peptides.  PWT-1 and 

PWT-3 are linear iterations of maleimide, while PWT2 is a cyclic structure. These 

novel tetra-branched peptides potentially provide a prolonged therapeutic window due 

to their reduced susceptibility to enzymatic degradation(Guerrini et al., 2014). 

 

 

Figure 4.1: The PWT1, PWT2 and PWT3 core molecules. The sections indicated with 

(*) are the conjugation points for the peptide of interest (Guerrini et al., 2014). 



123 

 

 

All clinically available opioids are small molecules that target the MOP receptor and 

produce several side-effects. While the MOP receptor has proven to provide excellent 

analgesia, both the DOP and NOP receptors have also been shown to produce pain 

relief when activated. Currently, neither receptor is clinically targeted, although there is 

a mixed MOP/NOP ligand, cebranopadol on the horizon (Linz et al., 2014).  

 

4.2  Hypothesis 

We hypothesise that linking of four peptides to the PWT core will lead to compounds 

that retain affinity for the receptor of interest. Furthermore, these novel compounds 

may provide longer lasting duration of action when compared to linear peptides.  

 

4.3 Aims 

The aims of this chapter are to provide in vitro characterisation of both the PWT-

N/OFQ compounds and PWT2-Leu-Enk using CHO cells expressing recombinant 

opioid receptors (CHOhMOP, CHOhDOP, CHOhKOP and CHOhNOP) to define their 

pharmacological properties (binding affinity and functional activity). pKi values will be 

determined using [
3
H]-DPN and [

3
H]UFP-101 as radioligands. Functional activity will 

be measured by determining both the PWT-N/OFQ compounds and the ability of 

PWT2-Leu-Enk to stimulate binding of GTPγ[
35

S]. In the case of PWT2-Leu-Enk, both 

calcium mobilisation assays and ex vivo tissue assays were also undertaken to further 

our understanding of their pharmacological profile. Calcium assays offer a high 

throughput screening system, while ex vivo bioassays allow for screening of the 

compound of interest in a low expression, but more intact system.  The calcium 

mobilisation assays and bioassays were undertaken by myself in our collaborators’ 

laboratories at the University of Ferrara.  
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4.4 Results 

 

 PWT-N/OFQ derivatives 4.4.1

 

The PWT-N/OFQ derivative binding profiles were determined using CHO cells 

expressing recombinant MOP, DOP, KOP and NOP receptors. The compounds showed 

little or no affinity for MOP, DOP and KOP. At NOP, PWT1-N/OFQ (pKi: 10.60), 

PWT2-N/OFQ (10.30) and PWT3-N/OFQ (10.10) showed similar binding affinity to 

that of N/OFQ (10.69) (Figure 4.2).  

 

In GTPγ[35S] functional assays, PWT1-N/OFQ (pEC50: 9.99), PWT2-N/OFQ (10.04) 

and PWT3-N/OFQ (9.71) displayed a statistically significant increase in their pEC50 

values when compared to N/OFQ (9.05) at the NOP receptor  (Figure 4.2, Table 4.1).  

PWT1-N/OFQ (Emax: 4.00), PWT2-N/OFQ (4.06) and PWT3-N/OFQ (3.94) all 

demonstrated similar maximal responses to that of N/OFQ (3.75). 
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Figure 4.2: Assessment of the novel tetrabranched PWT-N/OFQ compounds ability 

through A) Displacement of [
3
H]UFP-101 by N/OFQ and PWT derivatives in CHOhNOP 

membranes. B) Functional assessment (GTPγ[
35

S]) of the PWT-N/OFQ derivatives. 

Data are shown as mean (±SEM); for between four and six experiments. 
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Binding 

Affinity 
GTPγ[

35
S] 

 
pKi pEC50 Emax 

Relative intrinsic 

activity 

N/OFQ 10.69 (±0.10) 8.84 (±0.08) 3.75(±0.34) 1 

PWT1-N/OFQ 10.60 (±0.03) 9.99 (±0.09)
* 

4.00 (±0.31) 1 

PWT2-N/OFQ 10.30 (±0.04) 10.04 (±0.14)
* 

4.06 (±0.12) 1 

PWT3-N/OFQ 10.10 (±0.11) 9.71 (±0.34)
* 

3.94 (±0.14) 1 

 

Table 4.1: Binding affinity (pKi), potency (pEC50) and intrinsic activity (Emax compared 

to N/OFQ) in GTPγ[
35

S] functional assays in CHOhNOP membranes. Data are mean 

(±SEM) of five and eight experiments. If a significant difference (ANOVA) was 

detected, post-hoc testing using Bonferroni multiple comparisons was employed * 

p<0.005; compared to N/OFQ. 

 

 

 PWT-Leu-Enk-Displacement binding studies 4.4.2

 

As previously mentioned in the section 4.1, the PWT2 moeity is a cyclic derivative of 

maleimide. This cyclic core structure proved to be the most stable of the PWT-

structures and was chosen for further investigation with other peptides. In cells 

expressing the recombinant DOP receptor, DPDPE, Leu-Enkephalin and PWT2-Leu-

Enk displaced [
3
H]-DPN in concentration dependent and saturable manner (Figure 4.3, 

Table 4.2). pKi values for DPDPE (8.58) and PWT2-Leu-Enk (8.32) were significantly 

different than that of Leu-Enkephalin (8.77), however these differences were small. 

While Leu-Enkephalin (7.79) displaced [
3
H]-DPN in concentration dependent and 

saturable manner, PWT2-Leu-Enk failed to displace [
3
H]-DPN at MOP in a 

concentration dependent and saturable manner. At KOP and NOP, PWT2-Leu-Enk 

failed to displace [
3
H]-DPN or [

3
H]UFP-101 respectively. 
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Figure 4.3: Displacement of [

3
H]-DPN by Leu-Enkephalin, PWT2-Leu-Enk and reference ligands at (A) CHOhDOP, (B) CHOhMOP, (C) 

CHOhKOP and the displacement of [
3
H]UFP-101 by Leu-Enkephalin, PWT2-Leu-Enk and Nociception/Orphanin FQ at (D) CHOhNOP cell 

membranes. Data are means (±SEM) of between five and eight experiments for all cell lines. Reference ligands: Endomorphin-1; DPDPE [D-

Pen2,D-Pen5 Enkephalin];  Dynorphin-A; N/OFQ, (Nociceptin/Orphanin FQ). 
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 GTPγ[
35

S] functional assays 4.4.3

 

In GTPγ[35S] functional assays, Leu-Enkephalin, DPDPE and PWT2-Leu-Enk 

stimulated the binding of GTPγ[35S] in a concentration dependent and saturable 

manner in membranes from CHOhDOP cells (Figure 4.4). pEC50 values of DPDPE 

(8.31) and PWT2-Leu-Enk (8.40) showed no significant difference to that of Leu-

Enkephalin at DOP. Emax values for DPDPE (1.65) and PWT2-Leu-Enk (1.74) were 

not significantly different from that of Leu-Enkephalin (1.77). Relative intrinsic activity 

(α-Emax) and potency (pEC50) values are summarised in Table 4.2. 
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Figure 4.4: GTPγ[
35

S] functional response assays demonstrating A) Ligand stimulated 

GTPγ[
35

S] binding by DPDPE, Leu-Enkephalin and PWT2-Leu-Enk is shown in 

CHOhDOP cell membranes. B) Concentration response curves to DPDPE, Leu-

Enkephalin and PWT2-Leu-Enk in calcium mobilization experiments performed in 

CHOhDOP cells stably expressing the GαqG66Di5 protein. All data are the mean (±SEM) 

for  between 3 and 5 experiments.  

 

 Calcium mobilisation assays 4.4.4

In CHOhDOP cells stably expressing GαqG66Di5 chimeric protein, both DPDPE (pEC50 

8.09; maximal effect: 151% over the basal values) and Leu-Enkephalin (pEC50 7.95; 

maximal effect: 169% over the basal values) elicited a concentration dependent 

response displaying high potency (Figure 4.4).  In concurrent experiments, PWT2-Leu-

Enk displayed similar maximal effects (160% over the basal values) but reduced 
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potency (pEC50; 6.35) at the DOP receptor. Relative intrinsic activity (α-Emax) and 

potency (pEC50) values are summarised in Table 4.2.  
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Table 4.2: Binding affinity (pKi), potency (pEC50) and relative intrinsic activity (Emax compared to DPDPE) in GTPγ[
35

S] functional assays; 

potency and relative intrinsic activity (Emax compared as a ratio to Leu-Enkephalin) in calcium mobilisation assays; potency and relative intrinsic 

activity (Emax compared as a ratio to Leu-Enkephalin) in twitch bioassays. Data are mean (±SEM) of between three and five experiments. If a 

significant difference (ANOVA) was detected, post-hoc testing using Bonferroni multiple comparisons was employed * p<0.0005; compared to 

Leu-Enkephalin. 

 

Binding 

Affinity 
GTPγ[

35
S] Calcium mobilisation               Twitch Assay (MVD) 

  pKi pEC50 Emax  

Relative 

intrinsic 

activity 

pEC50 Emax 

Relative 

intrinsic 

activity 

pEC50 Emax 

Relative 

intrinsic 

activity 

DPDPE 8.58(±0.02) 8.58(±0.14) 1.65(±0.05) 1 8.17(±0.23) 151(±9) 1 8.37(±0.06)
*
 85 ±10 1 

Leu-Enkephalin 8.77(±0.03) 8.40(±0.08) 1.77(±0.09) 1 7.95(±0.08) 169(±11) 1 7.58(±0.11) 81 ± 6 1 

PWT2-Leu-Enk 8.32(±0.01) 8.40(±0.08) 1.74(±0.10) 1 6.35(±0.02)
*
 160(±11) 1 7.40(±0.06) 89 ± 3 1 
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 Bioassays 4.4.5

In mouse vas deferens (mVD) preparations, DPDPE induced a full inhibition of the 

twitch response with a high potency (pEC50: 8.37; Emax: 85% inhibition of twitch 

response). Both Leu-Enkephalin (pEC50: 7.58; Emax: 81% inhibition of twitch response) 

and PWT2-Leu-Enk (pEC50: 7.40; Emax: 89% inhibition of twitch response) fully 

inhibited the control twitch, in a concentration dependent manner (Figure 4.5).  After 

washing and a period of 1 hour, mVD tissue was re-tested, in order to determine the 

repeatability of the assay. Both Leu-Enkephalin (pEC50: 7.27; Emax: 88 % inhibition of 

twitch response) and PWT2-Leu-Enk (pEC50: 7.42; Emax: 86% inhibition of twitch 

response) acted in a similar manner to the previous experiment. 
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Figure 4.5.  Concentration dependent inhibition response curves, in mouse Vas 

Deferens, for DPDPE, Leu-Enkephalin and PWT2-Leu-Enk. Data are the mean ±SEM 

n=4 experiments.  

 

4.5 Discussion 

 

The above data demonstrate the successful coupling of four peptides to a core 

molecule. The PWT-N/OFQ derivatives all retained binding affinity for NOP, 

comparable with that of N/OFQ (Figure 4.2, Table 4.1). In GTPγ[35S] functional 

assays, The PWT-N/OFQ derivatives all demonstrated full agonist activity. 
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Furthermore, they showed a significant increase in potency when compared to N/OFQ 

(Figure 4.2, Table 4.1). This demonstrates that the chemical alterations required to form 

the tetrabranched molecule have not negatively impacted the functional ability of the 

N/OFQ pharmacophore(s) or its selectivity for the NOP receptor. Furthermore, in 

experiments undertaken by our collaborators, it has been demonstrated that the in vivo 

potency of PWT2-N/OFQ is comparable with that seen in mouse models. In these 

studies, the effect of N/OFQ and PWT2-N/OFQ was studied in mouse locomotor 

experiments, with PWT2-N/OFQ displaying a longer duration of action then N/OFQ 

(Figure 4.6). This indicated a slower metabolism in vivo (Guerrini et al., 2014). 

 

Figure 4.6: Mouse locomotor activity was monitored for 24 hours following injection of 

either 10nmol N/OFQ or 250pmol of its PWT derivatives. Results are shown as time 

course in the left panels and as cumulative effects in the right panels. This data 

demonstrates the prolonged activity of the PWT derivatives when compared N/OFQ in 

this study (Rizzi et al., 2014). 
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PWT2-Leu-Enk demonstrated an increase in selectivity for the DOP receptor, failing to 

displace [3H]-DPN at KOP, or displaying limited ability to displace [3H]-DPN at the 

highest concentrations used at MOP (Figure 4.3).  In GTPγ[35S] functional assays, 

PWT2-Leu-Enk demonstrated full agonist ability at the DOP receptor (Figure 4.4), 

producing similar Emax values and pEC50 values to that of Leu-Enkephalin. This 

indicates that, unlike PWT2-N/OFQ, the formation of a tetrabranched Leu-Enkephalin 

molecule has no beneficial effects when compared to the single pharmacophore (i.e. 

increased potency). In calcium mobilisation assays, while PWT2-Leu-Enk acted as a 

full agonist at DOP, a significant loss in potency was detected when compared to Leu-

Enkephalin (Figure 4.4). The disparity between GTPγ[35S] and calcium  potency could 

be due to a state known as hemi-equilibrium. This occurs when equilibrium between 

receptor and agonist is not achieved due to the short time lapse between its 

administration and reaching the calcium peak level  (Paton and Rang, 1965, Charlton 

and Vauquelin, 2010).   

 

During time spent with collaborators at the University of Ferrara, the activity of these 

compounds was also studied in bioassays, specifically the mouse vas deferens. Agonist 

activity can be affected by receptor density, and this bioassay allows assessment of the 

functional ability of our compounds and to determine whether partial agonist activity is 

masked in recombinant systems, which usually have much higher expression than 

native tissues (McDonald et al., 2003a). Partial agonism is dependent on coupling 

efficiency with the receptor of interest, as well as receptor density. In these assays, 

PWT2-Leu-Enk acts as a full agonist, however both Leu-Enkephalin and PWT2-Leu-

Enk show a decrease in potency when compared to DPDPE (Figure 4.5). This is 

contradictory to earlier findings in both the calcium mobilisation assay and GTPγ[
35

S] 

assays, were Leu-Enkephalin matched DPDPE pEC50 values. The most likely 

explanation is that Leu-Enkephalin and PWT2-leu-Enk are susceptible to enzymatic 

degradation. 

 

The work in this chapter illustrates the successful synthesis of a tertabranched N/OFQ 

compound, which both improves the original peptide’s potency and increases its 

duration of action. Conversely, the formation of a tetrabranched Leu-Enkephalin 
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compound, demonstrates no improvement in potency or resistance to enzymatic 

degradation shown by the PWT-N/OFQ derivatives.   
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 The Characterisation of Novel Peptidic Bivalent Chapter 5

Pharmacophores Targeting MOP and NOP 

 

5.1 Introduction 

 

Compounds that simultaneously engage both MOP and NOP receptors provide 

analgesia, with a decreased dependence profile (Spagnolo et al., 2008, Khroyan et al., 

2009a, Toll, 2013).  In order to further understand the interactions of MOP and NOP, 

bivalent pharmacophores based on the MOP peptide agonist, Dermorphin, and the NOP 

peptide agonist, N/OFQ have been developed. Furthermore, in order to establish 

whether activation of the NOP receptor negatively impacts MOP signalling, a bivalent 

pharmacophore based on Dermorphin, and the NOP antagonist, UFP-101, has also been 

synthesised. Dermorphin and N/OFQ, or UFP-101, are joined at their C-termini by a 

thiol-maleimide linker molecule. The [Dermorphin]-[N/OFQ] (Figure 5.1) compound 

has been termed DeNO, while [Dermorphin]-[UFP-101] (Figure 5.2), will be referred 

to as DeUFP.  

 

5.2 Hypothesis 

We hypothesise that linking of Dermorphin with N/OFQ or UFP-101 will provide a 

compound that has affinity for both MOP and NOP. We also believe that, unlike the F-

compounds, these peptidic bivalent pharmacophores will not lose their desired 

functional activity at the receptors of interest.  

 

5.3 Aims 

In this chapter, we aim to provide a detailed analysis of the signalling properties of 

DeNO and DeUFP. As with previous chapters, we will use CHO cells expressing 

recombinant opioid receptors (CHOhMOP, CHOhDOP, CHOhKOP and CHOhNOP) to define 

their pharmacological properties (binding affinity and functional activity). pKi values 

for DeNO and DeUFP will be determined using [
3
H]-DPN and [

3
H]-UFP-101 as 

radioligands. Functional activity will be measured by determining both DeNO and 

DeUFP’s ability to stimulate binding of GTPγ[
35

S]. We will also access the ability of 

DeNO and DeUFP to inhibit the formation of cAMP. Furthermore, the ability of DeNO 
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and DeUFP to activate the MAPK pathway will be investigated using standard western 

blotting techniques. 

 

 

Figure 5.1: The chemical structure of the bivalent pharmacophore, DeNO. 
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Figure 5.2 The chemical structure of the bivalent pharmacophore, DeUFP. 

 

5.4 Results 

 

 Displacement Binding assays 5.4.1

 

In displacement binding studies at CHOhMOP, Dermorphin, DeNO and DeUFP 

displaced the binding of [
3
H]-DPN in a concentration dependent and saturable manner 

(Figure 5.3). Both DeNO (pKi: 9.55) and DeUFP (9.64) demonstrated a significant 

increase in affinity at MOP, when compared to the parent compound Dermorphin 

(8.69) (Table 5.1).  At CHOhNOP, DeNO and DeUFP displaced [
3
H]UFP-101 in a 

concentration dependent and saturable manner (Figure 5.3). DeNO (10.22) and DeUFP 

(10.08) displayed similar pKi values, for NOP, to their parent compounds N/OFQ 

(10.69) and UFP-101 (10.08) respectively. 
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At CHOhDOP, both DeNO (8.12) and DeUFP (7.95) demonstrated an increase in affinity 

compared to their parent compounds. Dermorphin displayed an affinity of 7.17, while 

both N/OFQ and UFP-101 failed to displace [
3
H]-DPN at the DOP receptor. 

Furthermore, both DeNO (7.34) and DeUFP (7.61) showed affinity for the KOP 

receptor, whereas the parent compounds (Dermorphin, N/OFQ and UFP-101) failed to 

displace [
3
H]-DPN at this receptor (Figure 5.3). 
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 Figure 5.3: Displacement of [
3
H]-DPN by Dermorphin, DeNO, DeUFP and reference ligands at (A) CHOhMOP, (B) CHOhDOP, (C) CHOhKOP and 

the displacement of [
3
H]UFP-101 by DeNO, DeUFP and N/OFQ at (D) CHOhNOP cell membranes. Data are means (SEM) of between 5 and eight 

experiments for all cell lines. Reference ligands: Dermorphin; Naltrindole; Dynorphin-A; N/OFQ, (Nocicepton/Orphanin FQ). 
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CHOhMOP CHOhNOP CHOhDOP CHOhKOP 

Reference 

ligand 
- - 10.02 (±0.26) 10.16 (±0.02) 

Dermorphin 8.69 (±0.10) <5 7.17 (±0.11) <5 

N/OFQ <5 10.69 (±0.10) <5 <5 

UFP-101 <5 9.87(±0.10) <5 <5 

DeNO 9.55 (±0.10)
*
 10.22 (±0.09) 8.12 (±0.11)

*
 7.34(±0.13)

*
 

DeUFP 9.64 (±0.13)
*
 10.08 (±0.08) 7.95 (±0.13)

*
 7.61(±0.06)

*
 

     

Table 5.1: The pKi values for both the reference ligands, Dermorphin, N/OFQ, UFP-

101, DeNO and DeUFP. Data are displayed as mean (±SEM) of between five and eight 

experiments. Statistical significance (
*
) demonstrates p<0.05, using one-way ANOVA 

with Bonferonni corrections, when compared to the reference ligands: Dermorphin 

(MOP), N/OFQ (NOP), Naltrindole (DOP) and Dynorphin-A (KOP). 

        

 GTPγ[
35

S] functional Assays       5.4.2

 

Dermorphin, DeNO and DeUFP stimulated the binding of GTPγ[
35

S] in a concentration 

dependent and saturable manner at the MOP receptor (Figure 5.4). DeNO (Emax: 2.68) 

and DeUFP (2.71) demonstrated similar maximal responses to that of Dermorphin 

(2.63). The pEC50 values for DeNO (7.77) and DeUFP (8.02) showed no significant 

difference to that of the parent compound, Dermorphin (7.83) (Table 5.2). 
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Figure 5.4: Ligand stimulated GTPγ[
35

S] binding by Dermorphin,  DeNO and DeUFP 

are shown in CHOhMOP cell membranes. Data are mean (±SEM) for five experiments. 

 

At CHOhNOP, N/OFQ, UFP-101, DeNO and DeUFP stimulated the binding of 

GTPγ[
35

S] in a concentration dependent and saturable manner (Figure 5.5). DeNO 

produced a maximal response (Emax: 2.49) similar to that of its parent compound, 

N/OFQ (2.57). DeUFP (1.31) demonstrated an Emax similar to that of UFP-101 (1.42). 

The pEC50 value of 9.35 achieved by DeNO was similar to that of N/OFQ (8.84). 

Furthermore, DeUFP (8.11) demonstrated a similar pEC50 to that of its parent 

compound, UFP-101 (8.23) (Table 5.2).  

 

In order to determine whether DeUFP has antagonist affinity at NOP, 100nM of the 

compound was incubated in a range of concentrations of N/OFQ (1pM-10µM). The 

presence of DeUFP leads to a rightward shift in the concentration response curve of 

N/OFQ (Figure 5.5). DeUFP produces a pKb of 8.67 (Table 5.2). 
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Figure 5.5: : GTPγ[
35

S]  functional response curves demonstrating A) Ligand 

stimulated GTPγ[
35

S] binding by N/OFQ, UFP-101, DeNO and DeUFP are shown in 

CHOhNOP cell membranes B) DeUFP was co-incubated, at a concentration of 100nM, 

with N/OFQ. Data are shown as mean (±SEM) between five and eight experiments. 

 

Leu-Enkephalin, DeNO and DeUFP stimulated the binding of GTPγ[
35

S] in a 

concentration dependent and saturable manner in membranes expressing DOP receptors 

(Figure 5.6). DeNO (Emax: 1.84) and DeUFP (1.90) both produced maximal responses 

similar to that of the endogenous DOP peptide, Leu-Enkephalin (1.90). However, the 

pEC50 values for DeNO (6.78) and DeUFP (7.08) were significantly lower than that of 

Leu-Enkephalin (8.77) (Table 5.2). 
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Figure 5.6: Ligand stimulated GTPγ[
35

S] binding by Leu-Enkephalin, UFP-101, DeNO 

and DeUFP are shown in CHOhDOP cell membranes. Data are shown as mean (±SEM) 

for eight experiments. 

 

At CHOhKOP, Dynorphin-A, DeNO and DeUFP stimulated the binding of GTPγ[
35

S] in 

a concentration dependent and saturable manner (Figure 5.7).  Both DeNO (Emax: 2.23) 

and DeUFP (2.16) produced a maximal response similar to that of Dynorphin-A (2.30). 

The pEC50 values, however, of DeNO (5.92) and DeUFP (6.64) were significantly 

lower than that of Dynorphin-A (9.34) (Table 5.2).  
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Figure 5.7: Ligand stimulated GTPγ[
35

S] binding by Dynorphin-A, UFP-101, DeNO 

and DeUFP are shown in CHOhKOP cell membranes. Data are shown as mean (±SEM) 

for five experiments. 
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CHOhMOP CHOhNOP CHOhDOP CHOhKOP 

  pEC50 Emax 

Relative 

intrinsic 

activity 

pEC50 Emax 

Relative 

intrinsic 

activity 

pKb pEC50 Emax 

Relative 

intrinsic 

activity 

pEC50 Emax 

Relative 

intrinsic 

activity 

Reference 

Ligand 
7.83 
(±0.14) 

2.61 
 (±0.14) 

1 8.84 
(±0.08) 

2.57  
(±0.17) 

1 - 8.77 
(±0.03) 

1.90  
(±0.10) 

1 9.34  
(±0.08) 

2.30  
(±0.09) 

1 

DeNO 7.77  
(±0.08) 

2.68  
(±0.12) 

1 9.35  
(±0.09) 

2.49  
(±0.25) 

1 - 6.78*  
(±0.04) 

1.84  
(±0.03) 

1 5.92
**

  
(±0.07) 

2.23  
(±0.14) 

1 

DeUFP 8.02  
(±0.13) 

2.71 
(±0.08) 

1 8.23  
(±0.21) 

1.42*  
(±0.09) 

0.27 8.67  
(±0.10) 

7.08*  
(±0.11) 

1.90  
(±0.05) 

1 6.64
** 

 

(±0.07) 
2.16  
(±0.15) 

1 

UFP-101 - - - 
8.11  
(±0.27) 

1.31*  
(±0.12) 

0.2 8.85
+ 

- - - - - - 

              

Table 5.2: Agonist and antagonist activity of DeNO and DeUFP at CHOhMOP, CHOhNOP, CHOhDOP and CHOhKOP. Antagonist affinity was 

determined against N/OFQ (NOP). Relative intrinsic activity was determined by removal of basal activity and as a ratio of reference ligand (full 

agonist). Emax. All experiments are represented as the mean (±SEM) of between five and eight experiments. If a significant difference from the 

reference ligand was detected (ANOVA), post-hoc testing using Bonferroni multiple comparisons was employed with *=p<0.05, **=p<0.005. 

(
+
) indicates previous data shown by McDonald et al, demonstrating the pA2 value for UFP-101 in the presence of N/OFQ (McDonald et al., 

2003b). Reference ligands=Dermorphin (MOP), N/OFQ (NOP), Leu-Enkephalin (DOP) and Dynorphin-A (KOP). 
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 Cyclic AMP functional assays 5.4.3

 

To further assess functional activity of DeNO and DeUFP, inhibition of cyclic AMP 

(cAMP) formation was assessed. Since DeNO and DeUFP demonstrated higher affinity 

and potency at MOP and NOP, assays were undertaken in CHOhMOP and CHOhNOP 

cells. 

 

Addition of forskolin in CHOhMOP cells leads to a 24.3 (±1.79) fold increase in cAMP 

production, when compared to basal activity (Figure 5.8). Co-incubation of 1µM 

Dermorphin, 1µM DeNO or 1µM DeUFP reverses the effects of forskolin, returning 

cAMP levels to basal. In CHOhNOP cells, forskolin stimulation leads to a 21.23 (±3.86) 

fold increase in cAMP production, when compared to basal activity (Figure 5.8).  The 

addition of 1µM N/OFQ reverses forskolin stimulated cAMP production. The addition 

of 1µM DeNO has a similar effect, returning cAMP levels to basal when administered. 

DeUFP did not inhibit cAMP production since the difference between the means was 

not statistically significant (Figure 5.8). 
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Figure 5.8: Cyclic AMP assays demonstrating A) Fold change in cyclic AMP formation relative to basal measured under varying conditions in 

CHOhMOP cells ; basal, forskolin stimulated, forskolin and Dermorphin (1µM); forskolin and DeNO (1µM); forskolin and DeUFP(1µM). B) Fold 

change in cyclic AMP formation relative to basal measured under varying conditions in CHOhNOP cells ; basal, forskolin stimulated, forskolin 

and N/OFQ (1µM); forskolin and DeNO (1µM); forskolin and DeUFP(1µM). Data are mean (±SEM) for five experiments. *=p< 0.0001; 

according to ANOVA followed by the Bonferroni test for multiple comparisons. 
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 Detection of MAPK activity through Western blot Densitometry 5.4.4

 

As previously mentioned (section 1.2.4), the MAPK pathway is intricately involved in 

opioid signalling. To further assess how peptide conjugations affect signalling, western 

blotting has been undertaken to investigate the ERK1/2 and p38 MAPK pathways.   

 

In CHOhMOP cells, stimulation by 10µM Dermorphin, led to a 2.74 (± 0.29) fold 

increase in the phosphorylation of p38, when compared to basal. This demonstrated a 

statistically significant increase over basal activity (Figure 5.9). Administration of 

DeNO (3.15 ± 0.41) or DeUFP (2.93 ± 0.45) led to a similar increase in p-p38 activity. 

In phosphorylated ERK1/2 (p-ERK1/2) studies, the addition of 10 µM Dermorphin 

(13.69 ± 2.48), DeNO (13.46 ± 2.07) or DeUFP (12.56 ± 2.02) led to statistically 

significant increase over basal activity.  
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Figure 5.9: Western blot analysis demonstrating A) Representative blot of p38 phosphorylation (p-p38) and the fold increase in phosphorylation, 

compared to basal activity, at CHOhMOP caused by Dermorphin (10µM), DeNO (10µM) and DeUFP (10µM). B)   Representative blot of ERK1/2 

phosphorylation (p-ERK1/2) and the % phosphorylation at CHOhMOP caused by Dermorphin (10µM), DeNO (10µM) and DeUFP. Data are mean 

(±SEM) for n=5. *=p< 0.05, **=p<0.005; according to ANOVA followed by the Bonferroni’s test for multiple comparisons, indicating a 

significant difference from basal activity. 
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In CHOhNOP cells, no agonist induced stimulation of p38 was detected. In studies 

assessing the activation of p-ERK1/2, the addition of 10µM N/OFQ led to a fold 

increase of 16.28 ± 2.62), while DeNO (15.23 ± 1.55), UFP-101 (13.65 ± 1.06) and 

DeUFP (8.13 ± 0.71) led to statistically significant increases over basal activity (Figure 

5.10).  
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Figure 5.10: Representative blot of ERK1/2 phosphorylation (p-ERK1/2) and the fold 

increase over basal at CHOhNOP caused by N/OFQ (10µM), DeNO (10µM) and DeUFP. 

Data are mean (±SEM) for n=5. *=p< 0.05, **=p<0.005; according to ANOVA 

followed by the Bonferroni test for multiple comparisons, indicating a significant 

difference from basal activity. 

 

 

5.5 Discussion 

 

Both DeNO and DeUFP showed a significant increase in binding affinity for the MOP 

receptor, when compared to the parent compound Dermorphin (Figure 5.3; Table 5.1). 

At NOP, DeNO demonstrated a similar affinity for NOP as its parent compound 

N/OFQ. DeUFP also displayed similar pKi values to that of UFP-101. Interestingly, 
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both DeNO and DeUFP showed an increase in affinity for DOP and KOP, when 

compared with Dermorphin, N/OFQ and UFP-101 (Figure 5.3; Table 5.1). The rank 

order of binding affinity for both DeNO and DeUFP was: NOP>MOP>KOP>DOP.  

 

In GTPγ[
35

S] functional assays, DeNO and DeUFP demonstrated full agonist activity at 

MOP (Figure 5.4). These compounds showed similar potency to that of the parent 

compound, Dermorphin (Table 5.2). In CHOhNOP cells, DeNO acted as a full agonist, 

displaying similar potency to N/OFQ (Figure 5.5). Both DeUFP and UFP-101 

displayed weak partial agonist activity at NOP (Table 5.2).  DeUFP also produced a 

similar potency to that of UFP-101. UFP-101 has been shown to act as an antagonist in 

low expression systems, however, in high expression systems, UFP-101 can behave as 

a partial agonist (Calo et al., 2005, Mahmoud et al., 2010). Recombinant systems often 

have higher expression of the receptor of interest. The higher expression of NOP 

receptors in our CHO cell lines has unmasked the partial agonist activity of UFP-101 

and DeUFP. This is indicated by the presence of relative intrinsic activity of UFP-101 

and DeUFP in the GTPγ[
35

S] assays, as well as the significant increase in 

phosphorylation of ERK1/2 caused by 10µM DeUFP.  While not statistical significant, 

there is also an increased inhibition of cAMP production produced by DeUFP. As 

mentioned in Chapter 3, one of the hallmarks of a partial agonist is the ability to act as 

an antagonist in the presence of a full agonist.  Antagonist assays were undertaken with 

DeUFP and the compound demonstrated antagonist activity in the presence of N/OFQ, 

but display a raised basal activity over the control curve. This is indicative of DeUFP 

activity at 100nM (Figure 5.5). 

 

The increase in affinity for DOP, in both DeNO and DeUFP, is mirrored by an increase 

in functional activity (Figure 5.6; Table 5.2). Both DeNO and DeUFP act as full 

agonists in CHOhDOP and CHOhKOP cells, however they display a lower potency at these 

receptors when compared to NOP and MOP (Figure 5.11). While functional assay 

results in CHOhMOP and CHOhNOP indicate that functional activity has not been hindered 

by conjugation to form a bivalent pharmacophore, the compounds display a loss of 

selectivity through the demonstration of full agonist ability in CHOhDOP and CHOhKOP 

cells. 
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Figure 5.11: Normalised GTPγ[
35

S] response curves for DeNO in CHOhNOP, CHOhMOP, 

CHOhDOP and CHOhKOP membranes.  

 

Since DeNO and DeUFP demonstrated much higher potency values at MOP and NOP, 

when compared to activity at DOP and KOP, further downstream signalling was 

investigated in CHOhMOP and CHOhNOP cells. The activation of an opioid receptor leads 

to an inhibition of cAMP production (section1.2.3; Figure 1.5).  In assays measuring 

the levels of cAMP production via forskolin stimulation, our compounds demonstrated 

the ability to inhibit this action at maximal doses in CHOhMOP cells (Figure 5.8).  

Furthermore, they produced similar results to Dermorphin, indicating no loss in 

downstream functional ability at MOP. At NOP, DeNO acted in a similar manner to 

N/OFQ, inhibiting forskolin stimulation (Figure 5.8). DeUFP did not inhibit cAMP 

production since the difference between the means was not statistically significant.  

 

Opioid signalling has been shown to regulate the phosphorylation of the MAPK 

pathway, specifically the p38 and ERK1/2 pathways.  In CHOhMOP cells, Dermorphin, 

DeNO and DeUFP all demonstrated an ability to activate the p38 and ERK1/2 

pathways (Figure 5.9). All three compounds produced a similar increase in 

phosphorylation over basal activity for both p-p38 and p-ERK1/2. In CHOhNOP cells, p-

p38 activity was not detected in either basal or stimulated samples. This is consistent 

with previous findings from other groups (Ross and Armstead, 2005). Stimulation with 
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N/OFQ, DeNO, UFP-101, but not DeUFP, led to a significant increase in ERK1/2 

stimulation (Figure 5.10).  

 

The results from this chapter indicate that conjugation of Dermorphin and N/OFQ or 

UFP-101 leads to the formation of a bivalent pharmacophore that retains functional 

activity at MOP and NOP.  These compounds will allow for the assessment of MOP-

NOP interactions in co-expression systems. 
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 Development of a MOP/NOP Co-Expression System Chapter 6

 

6.1 Introduction 

In previous studies, we have demonstrated that DeNO acts as a full agonist at MOP and 

NOP, while DeUFP acts a full MOP agonist and partial agonist at NOP (Chapter 5). 

These studies were undertaken in recombinant systems expressing a single opioid 

receptor (MOP or NOP). While these studies allow us to better understand the 

pharmacological profile of DeNO and DeUFP at the receptor of interest, it does not 

allow for the possibility that these drugs will act different should both receptors be 

present. For this reason, it is important to determine the binding affinity and functional 

activity of these bivalent pharmacophores in a cellular system expressing MOP and 

NOP. 

 

6.2 Hypothesis 

We will make a continuous cell lines (CHO or HEK) that co-expresses MOP and NOP 

and hypothesise that presence of both receptors leads to changes in functional activity.   

 

6.3 Aims 

The aims of this chapter are to develop a cell line stably expressing recombinant MOP 

and NOP receptors (either CHOhMOP/NOP or HEKhMOP/NOP). This cell line will be used to 

evaluate dual ligands with sites of action at MOP and NOP. This process will involve 

the transfection of hNOP into available CHOhMOP cell lines using transfection protocols 

detailed by previous work in this laboratory (Dietis, 2012). Selection pressure will be 

provided by 800µg.ml
-1

 of geneticin and 800µg.ml
-1

 hygromycin B. Following this, 

successful transfection of the receptor of interest will be measured through RT-qPCR to 

detect the presence of receptor RNA and receptor expression by saturation binding 

assays. Previous work in this laboratory has demonstrated the difficulty of developing a 

co-expression with near equal receptor density in CHO cell lines (Dietis, 2012). Should 

this issue arise, it will be addressed by the development of HEK cell lines expressing 

MOP, NOP and MOP and NOP. The receptor density of these novel HEK cell lines will 

be determined.  Since HEKhOPIOID cell lines are new to the lab, assessment of the 

optimal conditions for use in GTPγ[
35

S] functional assay will be undertaken. 
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6.4 Results-CHO cell lines 

 

 Selection of an appropriate monoclonal CHOhMOP/NOP cell batch 6.4.1

 

The mRNA levels of monoclonal CHOhMOP/NOP cells, after surviving selection pressure, 

were measured by RT-qPCR with data expressed as ΔCt for the gene of interest relative 

to a housekeeper gene, GAPDH (Table 6.1). Figure 6.1 presents a representative 

amplification plot produced by analysis of RT-qPCR data from our clones.  

 

Figure 6.1: A representative amplification plot (in this case for CHOhMOP/NOP cell batch 

37, Table 6.2) from RT-qPCR. ΔRn corresponds to an increase of fluorescent signal at 

each time point. The StepOne
™

 software automatically adjusts the ΔRn threshold for 

each sample (level of fluorescence chosen on the basis of baseline variability). The 

threshold value (Ct) is defined as the cycle number where signal increases above 

threshold levels for each sample. The lower the ΔCt value, the higher the level of RNA 

expression. 
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Clone 
GAPDH 

Ct 

MOP  

Ct 

ΔCt 

Mean 

GAPDH 

Ct 

NOP  

Ct 

ΔCt 

Mean 

CHOhMOP/NOP #1 15.22 22.07 6.85 16.15 20.34 4.18 

CHOhMOP/NOP #2 21.73 26.56 4.82 23.54 26.97 3.43 

CHOhMOP/NOP #3 14.84 20.86 6.01 15.49 20.42 4.93 

CHOhMOP/NOP #6 27.90 33.80 5.90 29.51 31.86 2.36 

CHOhMOP/NOP #7 19.90 28.82 8.91 20.25 27.49 7.25 

CHOhMOP/NOP #8 21.90 30.91 9.01 22.24 26.79 4.55 

CHOhMOP/NOP #9 29.61 34.49 4.88 29.27 30.49 1.22 

CHOhMOP/NOP #11 27.32 31.93 4.61 26.67 28.18 1.52 

CHOhMOP/NOP #12 15.22 20.99 5.77 15.82 34.71 18.89 

CHOhMOP/NOP #13 15.52 23.30 7.78 16.23 34.25 18.02 

CHOhMOP/NOP #14 16.04 20.84 4.80 14.58 31.64 17.05 

CHOhMOP/NOP #15 34.59 36.51 1.92 29.8 35.45 5.65 

CHOhMOP/NOP #17 17.86 26.09 8.23 18.49 20.88 2.40 

CHOhMOP/NOP #18 14.46 22.41 7.96 13.64 19.91 6.27 

CHOhMOP/NOP #19 15.14 22.56 7.42 14.14 18.42 4.28 

CHOhMOP/NOP #20 14.84 20.52 5.67 13.77 17.23 3.46 

CHOhMOP/NOP #21 13.82 22.94 9.13 14.2 26.27 12.06 

CHOhMOP/NOP #22 14.95 20.82 5.87 14.63 23.54 8.91 

CHOhMOP/NOP #24 14.79 20.95 6.16 16.59 16.68 0.09 

CHOhMOP/NOP #26 15.90 22.08 6.18 15.11 21.58 6.47 

CHOhMOP/NOP #28 17.86 19.32 1.46 13.77 15.63 1.86 

CHOhMOP/NOP #29 14.46 18.30 3.84 14.20 38.32 24.12 

CHOhMOP/NOP #30 15.14 17.20 2.06 14.63 31.33 16.70 

       

Table 6.1: Ct values for CHOhMOP/NOP clones. The ΔCt is determined by removing the 

Ct of the house keeper gene from the Ct of the gene of interest. The higher ΔCt, the 

lower the amount of RNA for the gene of interest is present in the sample. Clones 

chosen for further analysis are shaded grey. Samples were screened from single cell 

RNA extractions.  

 

Initially, only clone #28 was assessed further for radioligand saturation binding assays 

(section 2.7), due to the close proximity of its MOP/NOP ΔCt values. In these assays, 

the clone was incubated with a range of concentrations of either [
3
H]-DPN or [

3
H]-

UFP-101 to determine the Bmax (receptor expression). At passage 8, clone #28 

expressed Bmax values of 432 for MOP and 409 for NOP. However, by passage 10 there 

was a disparity in expression of MOP (487) and NOP (22.8) (Figure 6.2).  
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Radioligand              Bmax of Clone #28 

  

Passage 8 Passage 10 

[
3
H]-DPN 

 

432±11.9 409±18.5 

[
3
H]UFP-101 

 

487±28.7 22.8±18.9 

 

Figure 6.2: Saturation analysis of the expression of hMOP and hNOP in Clone #28 cells 

over time. Data in lower part are represented as mean (±SEM) for three experiments at 

each passage. 

 

Following the inability of clone #28 to stably express NOP, the remaining clones 

(Table 6.2) were studied in saturation binding assays, using [
3
H]-DPN and [

3
H]UFP-

101. The results demonstrated no NOP expression in these cell lines, after 12 passages 

(Figure 6.3). 
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Radioligand Bmax of CHOhMOP/DOP clones 

 

  

#7 #18 #20 #26 

[
3
H]-DPN 368.3±11.3 479.3±8.3 291.7±7.4 523.3±17.6 

[
3
H]UFP-101 

 

103±3.6 56.7±16.9 23±5.5 0 

 

Figure 6.3: Determination of receptor density (Bmax) for MOP and NOP receptors in 

four different batches of the monoclonal CHOhMOP/NOP cell line by saturation binding 

assays. Data are represented as mean (±SEM) for three experiments. 

 

Due to the failure of the initial batch of monoclonal CHOhMOP/NOP cells to stably 

express the NOP receptor, the transfection and selection protocols were repeated, and a 

new batch of monoclonal CHOhMOP/NOP cells was obtained. These cells were again 

screened, using RT-qPCR, for MOP and NOP RNA levels (Table 6.2).  A number of 

cells indicated a similarity in ΔCt values for MOP and NOP. The receptor expression of 

Clones #31, #37, #38 and #40 were all measured for MOP and NOP at passage 9, using 

[
3
H]-DPN and [

3
H]UFP-101 respectively (Figure 6.4). From these results, CHOhMOP/NOP 

#31 showed Bmax values of 33.1 for MOP and 307.6 NOP respectively. CHOhMOP/NOP 

#37 (Bmax; MOP: 25.2, NOP: 120.4), CHOhMOP/NOP #38 (MOP: 25.2, NOP: 120.4), 

CHOhMOP/NOP #40 (MOP: 242, NOP: 57.5), CHOhMOP/NOP #40 (MOP: 636.7, NOP: 
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58.5). These results again indicate a disparity between the ΔCt values and the levels of 

expressed receptors in the CHO cells.       

 

 

 

Clone 
GAPDH 

Ct 

MOP 

Ct 

Δ Ct 

Mean 

NOP  

Ct 

Δ Ct 

Mean 

CHOhMOP/NOP #31 19.05 21.21 2.16 17.44 -1.6 

CHOhMOP/NOP #32 15.57 20.94 5.37 21.09 5.53 

CHOhMOP/NOP #33 16.44 21.47 5.034 35.69 19.25 

CHOhMOP/NOP #34 16.42 22.69 6.27 36.9 20.48 

CHOhMOP/NOP #35 16.34 22.99 6.65 38.2 21.86 

CHOhMOP/NOP #36 16.61 23.2 6.58 34.72 18.1 

CHOhMOP/NOP #37 19.81 18.56 -1.24 20.69 0.88 

CHOhMOP/NOP #38 20.74 20.59 -0.15 20.85 0.11 

CHOhMOP/NOP #39 20.03 20.29 0.26 34.54 14.51 

CHOhMOP/NOP #40 30.86 30.68 -0.18 30.38 -0.49 

CHOhMOP/NOP #41 21.02 21.52 0.5 25.46 4.43 

CHOhMOP/NOP #42 20.99 23.47 2.48 36.91 15.92 

      
Table 6.2: Ct values for CHOhMOP/NOP clones in the second wave of transfections. 

Highlighted clones were further assayed to determine expression of functional MOP 

and NOP receptors. Samples were screened from single cell RNA extractions.  
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Figure 6.4: Further determination of receptor density (Bmax) for MOP and NOP 

receptors in four different batches of the monoclonal CHOhMOP/NOP cell line by 

saturation binding assays. Data  in lower part are represented as mean (±SEM) for three 

experiments. 

 

6.5 Results- Development of HEK cell lines 

Due to the failure of CHO cell lines to stably co-express similar levels of MOP and 

NOP receptors, work moved on to HEK cell lines. HEK cell lines have previously been 

shown to be capable of expressing modified MOP and NOP receptors (Wang et al., 

2005). Initially, HEK cells will be transfected with either hMOP or hNOP, to generate 

HEKhMOP and HEKhNOP cell lines. Following successful identification of stable 

HEKhMOP and HEKhNOP monoclonal cell line, it will be transfected with the other gene 

of interest. Reverse transcription-qPCR and saturation binding studies will be used to 

determine stable receptor expression. Furthermore, as HEKhOPIOID cell lines have not 

been used for functional GTPγ[
35

S] studies in our laboratory, it is necessary to optimise 

buffer constituents, the optimal incubation period and the optimal GDP concentration.  

Radioligand Bmax of CHOhMOP/DOP clones 

 

  

#31 #37 #38 #40 

[
3
H]-Diprenorphine 33.1±2.8 25.2±5.5 242±8.3 636.7±18.5 

[
3
H]UFP-101 

 

307.6±47.7 120.4±62.4 57.5±22.9 58.5±8.3 
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 Cell death curve 6.5.1

 

In order to determine the concentration of the necessary selection agent needed to 

maintain stock selection (MOP: Geneticin; NOP: Hygromycin B), wild type HEK cells 

were treated with a range of concentrations of  geneticin (Table 6.3, Figure 6.5) or 

hygromycin B (Table 6.4, Figure 6.5). The addition of 800µg.ml
-1

 geneticin or 

hygromycin B led to 100% cell death after 4 days and was chosen as the concentration 

to use to provide selection pressure. Concentrations of 200 µg.ml
-1 

geneticin or 200 

µg.ml
-1

 hygromycin B were required to produce cell death after 14 days, respectively. 

These concentrations will be used to provide stock pressure, once monoclonal cell lines 

are established. 

 

 

 



163 

 

0 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4

0

2 0

4 0

6 0

8 0

1 0 0

D a y s  o f  g e n e tic in  tre a tm e n t

%
 C

e
ll

 D
e

a
th

5 0 u g .m l-1

1 0 0 u g .m l-1

2 0 0 u g .m l-1

4 0 0 u g .m l-1

6 0 0 u g .m l-1

8 0 0 u g .m l-1

1 0 0 0 u g .m l-1

0 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4

0

2 0

4 0

6 0

8 0

1 0 0

D a y s  o f  h y g ro m y c in  B  tre a tm e n t

5 0 u g .m l-1

1 0 0 u g .m l-1

2 0 0 u g .m l-1

4 0 0 u g .m l-1

6 0 0 u g .m l-1

8 0 0 u g .m l-1

1 0 0 0 u g .m l-1

%
C

e
ll

 D
e

a
th

A

B

 

Figure 6.5: Assessment of geneticin and hygrmoycin treatment. A) Death curves of 

HEK cells in the presence of different concentrations of geneticin. B) Death curves of 

HEK cells in the presence of different concentrations of hygromycin B. Data are 

presented as a percentage of cell death. Cells were screened over a period of 14 days. 
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Alive HEKW/T Cells (%) 

Geneticin 

(µg.ml
-1

) 
Day 2 Day 4 Day 6 Day 8 Day 10 Day 12 Day 14 

50 100 100 100 100 100 85 70 

100 100 100 80 70 50 50 50 

200 100 90 55 45 35 20 0 

400 90 80 65 40 25 10 0 

600 60 40 10 0 0 0 0 

800 40 0 0 0 0 0 0 

1000 10 0 0 0 0 0 0 

 

Table 6.3: Representatitve table of live HEK cells, over a period of 14 days exposure to 

various concentrations of geneticin.  A concentration of 800µg.ml
-1

 geneticin produced 

100% cell death after 4 days, and was chosen as the selection pressure. The 

concentration of geneticin which caused 100% cell death after 14 days, was 200µg.ml
-1

, 

and was be used as stock pressure.  

 

Alive HEKW/T Cells (%) 

Hygromycin B 

(µg.ml
-1

) 
Day 2 Day 4 Day 6 Day 8 Day 10 Day 12 Day 14 

50 100 100 100 100 100 100 85 

100 100 100 100 80 70 50 50 

200 100 100 90 55 45 35 20 

400 100 90 50 30 10 0 0 

600 100 75 25 0 0 0 0 

800 50 0 0 0 0 0 0 

1000 0 0 0 0 0 0 0 

 

Table 6.4: Representatitve table of live HEK cells, over a period of 14 days exposure to 

various concentrations of hygromycin B.  A concentration of 800µg.ml
-1

 hygromycin B 

produced 100% cell death after 4 days, and was chosen as the selection pressure. The 

concentration of hygromycin B which caused 100% cell death after 14 days, was 

200µg.ml
-1

, and was be used as stock pressure. 

 

 Selection of appropriate HEKhMOP and HEKhNOP monoclonal cell lines 6.5.2

 

For MOP cells, any monoclonal HEKhMOP cell that survived geneticin selection 

pressure, were screened for MOP gene expression, using RT-qPCR with data expressed 

as ΔCt (Table 6.5). From a total of 10 isolated clones, 7 showed low ΔCt values for the 

MOP gene. Due to growth performance, HEKhMOP #1 was screened first at passage 3 

using [
3
H]-DPN, demonstrating a Bmax of 1542 and a pKd of 9.23 (Table 6.6, Figure 
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6.6). These results indicate a high expression of the MOP receptor, and as such the 

receptor expression was also measured at passage 10 to determine stability. The Bmax 

was 1603 and the pKd of 9.26, indicated stable transfection in HEKhMOP #1. Due to 

other clones displaying unstable receptor expression, poor cell growth, or having died 

after several passages, HEKhMOP #1 was chosen for further study (Table 6.6).  

 

Clone GAPDH Ct MOP Ct Δ Ct Mean 

HEKhMOP #1 20.21 19.58 -0.62 

HEKhMOP #2 20.49 20.57 0.08 

HEKhMOP #3 19.89 24.68 4.79 

HEKhMOP #4 19.56 20.01 0.45 

HEKhMOP #5 18.85 18.31 -0.55 

HEKhMOP #6 19.62 36.43 16.81 

HEKhMOP #7 20.73 19.78 -0.95 

HEKhMOP #8 19.83 20.08 0.25 

HEKhMOP #9 21.75 20.76 -0.98 

HEKhMOP #10 19.45 28.53 9.07 

    

Table 6.5: Ct values for HEKhMOP clones. Clones shaded in grey showed low ΔCt values 

and were screened using radioligand saturation binding. Samples were screened from 

single cell RNA extractions.  
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Figure 6.6: Representative saturation binding curves depicting receptor expression in 

HEKhMOP #1 clones over a window of 7 passages. The Bmax and pKd values are shown in 

Table 6.6.  
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Passage 3 Passage 10 

 

  pKd Bmax Kd Bmax 
Cell 

Growth 

HEKhMOP #1 9.23 1542 9.26 1603 moderate 

HEKhMOP #2 9.26 1325 9.23 850 moderate 

HEKhMOP #4 9.28 1125     dead 

HEKhMOP #5 9.19 863     dead 

HEKhMOP #7 9.22 534 9.32 263 ultra slow 

HEKhMOP #8 9.25 1432     dead 

HEKhMOP #9 9.23 723 9.28 605 ultra slow 

 

Table 6.6: The Bmax and pKd values obtained from saturation binding assays with 

HEKhMOP monoclonal cell lines, over several passages. Areas shaded in dark, indicate 

that the cell died between passages. The rate of cell growth was also monitored, and 

aided the cell line choice for future experiments.  

 

In the case of HEKhNOP cell lines, any monoclonal cell line that survived hygromycin B 

selection pressure, was screened for NOP gene expression, using RT-qPCR with data 

expressed as ΔCt (Table 6.7).   From the 8 cells in which NOP gene expression was 

shown, only four survived selection pressure to reach passage 3 (Table 6.8). From 

those, HEKhNOP #8 (Bmax: 529) and #16 (Bmax: 432) showed the highest expression of 

functional NOP receptor at passage 3 when screened using [
3
H]-UFP-101 in saturation 

binding assays. Receptor expression was monitored after 7 passages to determine stable 

expression. HEKhNOP #8 (Bmax: 887) showed an increase in NOP receptor expression 

after 10 passages (Figure 6.7). HEKhNOP #16 showed stable expression of NOP receptor 

however displayed poor cell growth. HEKhNOP #8 showed an average a pKd of 9.01 

(±0.08) for [
3
H]UFP-101. Due to these results, and the increased expression of NOP 

receptors, HEKhNOP #8 was chosen for use in further experiments.  
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Clone GAPDH Ct NOP Ct Δ Ct Mean 

HEKhNOP  #2 21.87 31.23 9.35 

HEKhNOP  #3 21.53 30.77 9.24 

HEKhNOP  #4 21.81 31.23 9.43 

HEKhNOP  #8 21.38 20.22 -1.16 

HEKhNOP  #9 22.74 21.29 -1.46 

HEKhNOP  #13 21.16 19.93 -1.23 

HEKhNOP  #16 22.47 20.75 -1.72 

HEKhNOP  #17 21.20 19.88 -1.32 

HEKhNOP #19 22.37 21.37 -1.00 

HEKhNOP  #23 21.40 20.12 -1.28 

HEKhNOP  #25 31.84 29.73 -2.11 

    

 

Table 6.7: Ct values for HEKhNOP clones. Clones shaded in grey showed low ΔCt values 

and were screened using radioligand saturation binding. Samples were screened from 

single cell RNA extractions.  
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Figure 6.7: Representative saturation binding graphs depicting receptor expression in 

HEKhNOP #1 clones over a window of 9 passages. The Bmax and pKd are shown in 

Table 6.8. 
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Passage 3 Passage 10 

 

  pKd Bmax pKd Bmax 
Cell 

Growth 

HEKhNOP  #8 9.09 529.4 8.93 887.0 good 

HEKhNOP  #9         dead 

HEKhNOP  #13         dead 

HEKhNOP  #16 9 432.5 9.01 482.3 Ultra slow 

HEKhNOP  #17 8.99 270.3     dead 

HEKhNOP #19         dead 

HEKhNOP  #23         dead 

HEKhNOP  #25 9.10 352.3     dead 

 

Table 6.8: The Bmax and pKd values obtained from saturation binding assays with 

HEKhNOP monoclonal cell lines, over several passages. Areas shaded in dark, indicate 

that the cell died between passages. The rate of cell growth was also monitored, and 

aided in choosing the cell line to use for future experiments. 

 

 Optimising GTPγ[
35

S] assay in HEK cells 6.5.3

 

Following the determination of appropriate HEKhMOP and HEKhNOP, these cells were 

tested to establish functional activity. Initial experiments using previous protocols 

failed to demonstrate functional activity in HEKhMOP cells using the known full agonist 

Dermorphin (Figure 6.8). 

 

 

 

 



170 

 

-1 3 -1 2 -1 1 -1 0 -9 -8 -7 -6 -5 -4

0 .6

0 .7

0 .8

0 .9

1 .0

L o g  (D e rm o rp h in )  M

S
ti

m
u

la
ti

o
n

 F
a

c
to

r

 

Figure 6.8: GTPγ[
35

S] assays in HEKhMOP cells using protocols demonstrated in 

previous chapters. Despite showing high expression of MOP receptor, addition of 

varying concentrations of Dermorphin failed to illicit a concentration dependent 

response. 

 

From these initial functional studies, it can be seen that receptor expression and 

functional activity do not match. Further research indicated that the concentration of 

magnesium can play an important role in GTPγ[
35

S] functional assays (Harrison and 

Traynor, 2003). Furthermore, previous works from other laboratories indicated that 

different constituents may be required for a HEK GTPγ[
35

S] buffer (Brillet et al., 2003).  

With this in mind, HEKhMOP and HEKhNOP cells were incubated in four different buffers 

(Table 6.9). The results for HEKhMOP displayed no functional activity while, in 

HEKhNOP cell membranes, buffer 4 demonstrated a concentration response curve 

(Figure 6.9).  
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Buffer 

Component 1 2 3 

Tris-HCL 50mM 50mM 50mM 

EGTA 0.2mM 0.2mM 0.2mM 

NaCl 100mM 100mM 100mM 

MgCl2 1mM 5mM 10mM 

 

 
Component 

  HEPES MgCl2 NaCl EDTA DTT 

Buffer 4 50mM 5mM 100mM 1mM 1mM 

 

 

Table 6.10: Buffer compositions of HEK GTPγ[
35

S] buffers. All buffers had pH 7.4 

(NaOH). 
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Figure 6.10: Assessment of optimal buffer conditions in HEK opioid cell lines A) 

Buffer validation for HEKhMOP cells in a GTPγ[
35

S] assay, using the agonist 

Dermorphin. B) Buffer validation for HEKhNOP cells in a GTPγ[
35

S] assay, using the 

agonist N/OFQ.  

 

While HEKhNOP had shown a functional response, HEKhMOP failed to produce a 

response to Dermorphin. N/OFQ produced an Emax of 1.52 and a pEC50 of 9.04. Work 

by Brillet et al (2003), had demonstrated that 30 minutes was the optimal incubation 

period in HEK cells. In order to determine the ideal time period, both buffer 1 and 

buffer 4 were used in a time course assay. HEKhMOP cells were incubated for 15, 30, 45 

or 60 minutes, using a range of concentrations of Dermorphin (Figure 6.11). From these 

results it can be seen that using buffer 4 for a time period of 30 minutes produced a 

concentration response curve with an Emax value of 1.56 and a pEC50 value of 7.21. 

Buffer 4 is used in all HEK GTPγ[
35

S] assays. 
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Figure 6.11: Assessment of the optimal GTPγ[
35

S] incubation period. A) GTPγ[
35

S] 

time course using buffer 1 in HEKhMOP cells, using Dermorphin. B) GTPγ[
35

S] time 

course using buffer 4 in HEKhMOP cells, using Dermorphin. 

 

Following validation of buffer type and the correct incubation period, assessment of 

GDP concentration was determined. GDP levels can affect both stimulation factor and 

pEC50 values (Harrison and Traynor, 2003, Strange, 2010). In this assay a range of 

concentrations of GDP (10nM-10mM) where incubated with ~150pM GTPγ[
35

S] and 

either 1µM Dermorphin for HEKhMOP or 1µM N/OFQ for HEKhNOP. In HEKhMOP cell 
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membranes, a concentration of 3µM GDP was required to show the greatest difference 

in counts bound between basal levels and 1µM Dermorphin (Figure 6.12).  In HEKhNOP 

cell membranes, 33µM GDP produced the greatest difference between N/OFQ 

stimulated and basal counts (Figure 6.13). These concentrations will be used for all 

GTPγ[
35

S] functional assays in HEKhMOP or HEKhNOP cell lines. 
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Figure 6.12: Representative curve of the determination of optimal GDP concentration 

in HEKhMOP cell membranes. The dotted line indicates the concentration at which basal 

levels are most divergent from values obtained in the presence of 1µM Dermorphin. 

Above is a representative curve from three independent experiments. 

 

 

 

 



175 

 

-9 .5 -9 .0 -8 .5 -8 .0 -7 .5 -7 .0 -6 .5 -6 .0 -5 .5 -5 .0 -4 .5 -4 .0

0

1 0 0 0 0

2 0 0 0 0

3 0 0 0 0

4 0 0 0 0

5 0 0 0 0

6 0 0 0 0

7 0 0 0 0

L o g  (G D P ) M

D
P

M

B a sa l

N /O F Q  (1 M )

 

Figure 6.13: Representative curve of the determination of optimal GDP concentration 

in HEKhNOP cell membranes. The dotted line indicates the concentration at which basal 

levels are most divergent from values obtained in the presence of 1µM N/OFQ. Above 

is a representative curve from three independent experiments. 

 

In order to assess whether both GDP concentrations and buffer 4, for a 30 minute 

incubation perioid, provided consistent and repeatable GTPγ[
35

S] functional response 

curves, the experiment was repeated five times in the presence of 3µM GDP for 

HEKhMOP and 33 µM GDP for HEKhNOP (Figure 6.14). The results demonstrated that in 

HEKhMOP cell membranes, Dermorphin produced an Emax of 1.43 (±0.03)   and pEC50 of 

8.13 (±0.06). In HEKhNOP membranes, N/OFQ produced an Emax of 1.47 (±0.04) and 

pEC50 8.69 (±0.13).  
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Figure 6.14: Ligand stimulated GTPγ[
35

S] binding. A) Dermorphin stimulated 

GTPγ[
35

S] binding is shown in HEKhMOP cell membranes. B) N/OFQ stimulated 

GTPγ[
35

S] binding is shown in HEKhNOP cell membranes. Data are mean (±SEM) for 

five experiments. 

 

 Development and selection of an appropriate monoclonal HEKhMOP/NOP co-6.5.4

expression system 

 

Following successful identification of stable HEKhMOP and HEKhNOP monoclonal cell 

lines, HEKhMOP #1 was transfected with the hNOP plasmid, and the selection process 

was carried out as for HEKhNOP monoclonal cells. From this process, 7 monoclonal cell 

lines were identified, however 2 died before RT-qPCR screening was completed. The 

remaining cell lines ΔCt values for hMOP and hNOP were determined (Table 6.11). All 

5 remaining cell lines displayed ΔCt values for hMOP and hNOP, however only 

HEKhMOP/NOP #1 was tested in saturation binding assays. The remaining clones all grew 

at ultra-slow rates, whereas HEKhMOP/NOP #1 grew at a similar rate to that of HEKhMOP 

#1 and HEKhNOP #8.  
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Clone 

GAPDH 

Ct MOP Ct 

Δ Ct 

Mean 

GAPDH 

Ct 

NOP 

Ct 

Δ Ct 

Mean 

HEKhMOP/NOP #1 19.34 23.74 4.4 19.31 18.27 -1.04 

HEKhMOP/NOP #2 24.27 26.71 2.44 25.05 21.98 -3.07 

HEKhMOP/NOP #3 26.44 28.77 2.33 26.88 23.83 -3.05 

HEKhMOP/NOP #5 27.61 30.09 2.48 28.06 34.95 6.9 

HEKhMOP/NOP #7 20.42 22.87 2.47 20.31 19.19 -1.12 

 

Table 6.11: Ct values for HEKhMOP/NOP. Clone #1, shaded in grey, showed low ΔCt 

values and were screened using radioligand saturation binding. Samples were screened 

from single cell RNA extractions.  

 

 

In saturation binding assays, HEKhMOP/NOP #1 was tested at passage 3 and 12, using 

[
3
H]-DPN at MOP and [

3
H]UFP-101 for NOP (Figure 6.15).  At passage 3, the Bmax for 

MOP was 502.8, and had a pKd of 8.98 for [
3
H]-DPN.  At passage 12, the Bmax was 

481, while the pKd was 9.36. In saturation studies using [
3
H]UFP-101, the Bmax for 

NOP was 807.7, while the pKd was 9.07, at passage 3. At passage 12, the Bmax was 

787.7 and the pKd was 9.29. 
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Passage 3 Passage 12 

  pKd Bmax pKd Bmax 

[
3
H]-DPN 8.98(±0.12) 502.8(±56.57) 9.36(±0.02) 481(±16.32) 

[
3
H]UFP-101 9.07(±0.07) 807.7(±59.44) 9.29(±0.05) 787.6(±35.48) 

 

Figure 6.15: Determination of the presence of MOP and NOP receptors in HEKhMOP/NOP 

#1. A) Representative saturation binding graphs depicting receptor expression in 

HEKhMOP/NOP #1 clones over a window of 9 passages. B) Representative saturation 

binding curves depicting receptor expression in HEKhMOP/NOP #1 clones over a window 

of 9 passages. 

 

 Determination of HEKhMOP/hNOP functional ability-GTPγ[
35

S] 6.5.5

 

In order to determine the optimal conditions for GTPγ[
35

S] assays using HEKhMOP/NOP 

#1 membranes, GDP concentration curves were undertaken (Figure 6.16). 

Concentrations of 1µM Dermorphin and 1µM N/OFQ were used for reference. In these 

assays, both Dermorphin and N/OFQ stimulation was greatest in the presence of 33 µM 

GDP.  
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Figure 6.16: Determination of GDP concentration in HEKhMOP/NOP cell membranes. The 

dotted line indicates the concentration at which basal levels are most divergent from 

values obtained in the presence of 1µM Dermorphin or 1µM N/OFQ. Above is a 

representative curve from three independent experiments. 

 

Following identification of the correct GDP concentrations, GTPγ[
35

S] assays were 

undertaken to determine the presence of functional MOP and NOP receptors in 

HEKhMOP/NOP cell membranes (Figure 6.17). From these experiments it was determined 

that Dermorphin and N/OFQ displayed similar Emax values of 1.31 (±0.04) and 1.25 

(±0.05), respectively (Student’s t-test). Dermorphin produced a pEC50 value of 7.60 

(±0.05), while N/OFQ produced a significantly higher pEC50 of 9.27 (±0.02) (p< 

0.0001, Student’s t-test).  
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Figure 6.17: Ligand stimulated GTPγ[
35

S] binding of Dermorphin and N/OFQ is shown 

in HEKhMOP/NOP cell membranes. Data are mean (±SEM) of five experiments. 

 

6.6 Discussion 

 

Over two rounds of transfection and antibiotic selection produced 42 CHOhMOP/NOP 

monoclonal cell lines. All surviving cell lines were screened using RT-qPCR, as the 

amount of RNA transcribed correlates with the amount of protein translated. This, 

however, is not an absolute indictor of receptor expression, but does allow for a fast 

screening method to select the best clones for further analysis. It is interesting to note, 

that while all of the selected clones indicated high levels of transcribed hMOP and 

hNOP, saturation studies showed a disparity between receptor expression or only 

expression of one receptor (Figure 6.2, Figure 6.3 and Figure 6.4). Initially, 

CHOhMOP/NOP #28 was chosen for further study, due to the similar ΔCt values of MOP 

(1.46) and NOP (1.86). These values were matched in saturation binding assays, with 

CHOhMOP/NOP #28 displaying Bmax values of 432 for MOP and 487 for NOP. However, 

after several passages, while MOP receptor expression remained constant, negligible 

NOP receptor expression was shown. This indicated NOP was not stably expressed 
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(Figure 6.2). Further CHOhMOP/NOP clones were all tested for MOP and NOP 

expression, however all demonstrated a loss of expression of MOP or NOP (Figure 6.3 

and Figure 6.4). This indicated that the CHO cell may be a poor host for co-expression 

studies involving MOP and NOP. 

 

HEK cells have been previously shown to be capable of producing MOP and NOP 

double expression systems (Pan et al., 2002, Wang et al., 2005). Previous work in this 

laboratory had involved the use of CHO cells expressing single recombinant opioid 

receptors. Therefore, attempting to develop a HEKhMOP/NOP co-expression system 

required the development of HEKhMOP and HEKhNOP cell lines. Plasmids for hMOP, 

containing antibiotic resistance for geneticin, and hNOP, containing antibiotic 

resistance to hygromycin B, were obtained for transfection into HEK cells. Following 

transfection and selection, via demonstration of antibiotic resistance (Figure 6.5, Table 

6.3 and Table 6.4), HEK cells were measured for levels of RNA expression of the 

receptor of interest. Combined with cell growth rates, HEKhMOP #1 (ΔCt:-0.62) was 

chosen for further screening in saturation assays. Using [
3
H]-DPN, this cell line showed 

stable, high expression of MOP (Bmax: 1542, pKd: 9.23) and has been used in all work 

since. Of the HEKhNOP monoclonal cell lines created,  saturation assays using [
3
H]UFP-

101 demonstrated that HEKhNOP #8 (ΔCt:-1.16; Bmax:743; pKd: 9.01) displayed stable 

expression over several passages using RT-qPCR and saturation binding assays 

([
3
H]UFP-101). HEKhNOP #8 has been used in all work since.  

 

Since HEK cells have not been previously used for GTPγ[
35

S] functional assays, 

optimisation of the protocols was undertaken. Using current protocols, optimised for 

CHO cells, failed to illicit a concentration dependent response to Dermorphin in 

HEKhMOP #1 cell membranes (Figure 6.8). The lack of response is contradictory to the 

levels of receptor expression shown in the HEKhMOP #1 cell lines. This indicated that 

previous protocols would need to be adapted for HEKhOPIOID GTPγ[
35

S] assays. Initially 

a number of buffers were trialled, with increasing concentrations of magnesium. 

Magnesium has been shown to have an effect on the binding of GTPγS to the Gα 

subunit (Harrison and Traynor, 2003). Furthermore, work by Brillet et al (2003), 

indicated that different buffers may be required (Massotte et al., 2002, Brillet et al., 

2003). All of the buffers failed to demonstrate any change in functional response to 

Dermorphin at HEKhMOP (Figure 6.10). However, the addition of a range of 
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concentrations of N/OFQ did produce a concentration response curve when using 

buffer 4 (Figure 6.10). Further work involved characterising the time period needed to 

illicit a response in HEK cells. Again, work by Brillet et al (2003), indicated that a 

shortened time period of 30 minutes was required for GTPγ[
35

S] assays in HEK cells. 

With this in mind, 4 time points were chosen to assess functional activity at HEKhMOP, 

using buffer 1 and buffer 4.  A range of concentrations of Dermorphin where used for 1 

hour, 45 minutes, 30 minutes and 15 minutes. Of the time points studied, the 30 minute 

period in buffer 4 produced a concentration response curve with pEC50 of 8.13 and Emax 

of 1.56.  

 

To ensure that all aspects of the GTPγ[
35

S] assay in HEK cells were optimal, GDP 

response curves were undertaken at HEKhMOP and HEKhNOP. From these curves it was 

demonstrated that the optimal concentration of GDP in HEKhMOP cells was 3μM, unlike 

33μM concentrations used in CHOhMOP cells. Furthermore, HEKhNOP cells required 

33μM GDP, unlike 100µM required for CHOhNOP. The experiment was repeated again 

to confirm the buffer, incubation period and GDP concentrations were correct (Figure 

6.14).  From the resulting curves, Dermorphin demonstrated an Emax of 1.43 and pEC50 

of 8.13 in HEKhMOP cell membranes. In HEKhNOP cell membranes, N/OFQ produced an 

Emax of 1.47 and a pEC50 value of 8.69.  The pEC50 values obtained for Dermorphin or 

N/OFQ in experiments for HEKhMOP or HEKhNOP were not significantly different from 

those obtained in CHOhMOP or CHOhNOP cell membranes (Table 6.12). 

 

 
Potency (pEC50) 

  CHOhMOP HEKhMOP CHOhNOP HEKhNOP 
 

Dermorphin 7.83(±0.14) 8.13(±0.06) / / 
 

N/OFQ / / 8.82 (±0.08) 8.69 (±0.13) 
 

 

Table 6.12:  Comparison between the potency (pEC50) of Dermorphin and N/OFQ in 

CHO and HEK cell lines expressing MOP or NOP. Data are the mean (±SEM) for 

between five and eight experiments. 

 

Following successful identification of HEKhMOP and HEKhNOP cell lines, HEKhMOP #1 

was transfected with the hNOP plasmid. HEKhMOP #1 was chosen due to its high 

receptor expression and cell growth. Following selection pressure, 5 monoclonal 

HEKhMOP/NOP monoclonal cell lines were tested using RT-qPCR for the presence of 
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MOP and NOP RNA. Due to growth performance, HEKhMOP/NOP #1 (ΔCt MOP: 4.4; 

NOP: -1.04) was tested for MOP and NOP receptor expression in saturation binding 

assays. In experiments using [
3
H]-DPN (for MOP), HEKhMOP/NOP #1 demonstrated a 

Bmax of 492. In experiments using [
3
H]UFP-101 (for NOP), HEKhMOP/NOP #1 

demonstrated a Bmax of 750 (Figure 6.7). Moreover, this expression was shown to be 

stable, as the Bmax values for MOP and NOP were tested over 9 passages. 

 

GDP concentration response curves were undertaken in HEKhMOP/NOP using 

Dermorphin and N/OFQ. Both Dermorphin and N/OFQ produced their greatest 

increase over basal activity in the presence of 33µM GDP. In a concentration response 

curve, using buffer 4 in a 30 minute incubation period, Dermorphin produced an Emax 

of 1.31 and a pEC50 value of 7.60. N/OFQ produced an Emax of 1.25 and a pEC50 value 

of 9.27. The pEC50 value for Dermorphin was significantly lower than that shown in 

HEKhMOP cells. This result is expected, as previous studies in MOP/NOP co-expression 

systems have demonstrated a loss of potency for known MOP agonists (Wang et al., 

2005).  

 

The results from this chapter demonstrate the development of a MOP/NOP co-

expression system in HEK cells. This monoclonal cell line will be used to study 

MOP/NOP bivalent pharmacophores identified in previous chapters. The cell line will 

allow for the identification of potential changes to binding affinity of these novel 

compounds, as well as changes to their signalling properties when compared to a single 

receptor expression system.  
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  Study of Receptor Interactions in a Dual Expression Chapter 7

System 

 

7.1 Introduction 

 

A number of studies have demonstrated the ability of MOP and NOP to form 

heterodimers (Pan et al., 2002, Evans et al., 2010).  These studies have used either 

human MOP/rat NOP receptor systems in CHO cells (Pan et al., 2002) or rat MOP/rat 

NOP co-expression systems (Wang et al., 2005) in HEK cells to determine the effects 

on binding or downstream signalling (cAMP or ERK1/2 phosphorylation). As far as we 

are aware, the cell line developed in Chapter 6 is the first human MOP and human NOP 

receptor system developed. This system will allow us to monitor for any changes in 

signalling brought about by the presence of both receptors in the same cell line. 

 

7.2 Hypothesis 

 

The interactions between MOP and NOP will lead to changes in affinity and functional 

activity of the full agonists Dermorphin and N/OFQ in the co-expression system. 

Furthermore, the bivalent peptides will demonstrate altered signalling due to engaging 

both receptors. 

 

7.3 Aims 

 

In this chapter, a detailed analysis of the signalling properties of DeNO and DeUFP will 

be provided in a dual MOP/NOP expression system. HEK cells expressing recombinant 

opioid receptors (HEKhMOP, HEKhNOP and HEKhMOP/NOP) will be used to define the 

pharmacological properties (binding affinity and functional activity) of DeNO and 

DeUFP. pKi values for DeNO and DeUFP will be determined using [
3
H]-DPN and 

[
3
H]UFP-101. Functional activity will be measured by determining both DeNO and 

DeUFP’s ability to stimulate binding of GTPγ[
35

S]. Furthermore, the ability of DeNO 

and DeUFP to activate the MAPK pathway will be investigated using standard western 

blotting techniques in the single expression and co-expression systems (Figure 7.1). 
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Figure 7.1: The interactions of our bivalent peptides will be assessed to determine 

whether activity in a dual expression system is altered. If MOP and NOP do not form a 

dimer, signalling pathways should act in a similar manner to the single expression 

systems (as shown by the left hand side of the figure). However, based on evidence of 

alterations in heterodimer signalling, if MOP and NOP were to form a single structural 

unit, the interaction of Dermorphin or N/OFQ with this heterodimer would lead to 

visible changes in the signalling pathway. 

 

7.4 Results 

 

 Displacement Binding studies of the Dermorphin derivatives 7.4.1

 

In displacement binding studies at HEKhMOP, Dermorphin, DeNO and DeUFP displaced 

the binding of [
3
H]-DPN in a concentration dependent and saturable manner (Figure 

7.2, Table 7.1). Dermorphin produced a pKi value of 8.32, while DeNO (9.00) and 

DeUFP (9.28) displayed a significant increase in affinity, when compared to 

Dermorphin. In HEKhNOP cell membranes, N/OFQ, DeNO, DeUFP and UFP-101 

displaced [
3
H]UFP-101 in a concentration dependent and saturable manner (Figure 7.2, 

Table 7.1). DeNO (pKi: 9.69) and DeUFP (8.68) displayed similar binding affinity to 

that of their parent compounds, N/OFQ (9.39) and UFP-101 (8.61), respectively.  
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Figure 7.2: Displacement of [
3
H]-DPN by Dermorphin, DeNO, DeUFP and reference 

ligands at (A) HEKhMOP and the displacement of [
3
H]UFP-101 by DeNO, DeUFP, 

N/OFQ and UFP-101 at (B) HEKhNOP cell membranes. Data are means (SEM) of 

between five and eight experiments for all cell lines. 

 

In HEKhMOP/NOP cell membranes, Dermorphin, DeNO and DeUFP produced a 

concentration dependent and saturable displacement of [
3
H]-DPN (Figure 7.3, Table 

7.1).  Dermorphin and DeNO produced binding affinities of 7.86 and 7.94, respectively, 

which were not significantly different from each other. DeUFP (8.63) demonstrated a 

higher affinity for the MOP receptor in this cell line, when compared to Dermorphin 

and DeNO. Conversely, the pKi values for Dermorphin and DeNO were significantly 

different from their binding affinities in HEKhMOP cell membranes. DeUFP showed a 
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statistically significant decrease in binding at MOP, while conversely demonstrated an 

increase in affinity for the NOP receptor (Table 7.1). The ability of the bivalent 

peptides to produce increased displacement of [
3
H]-DPN was also seen. DeNO 

(average percentage displacement using 10µM DeNO: 131.9±3.92 %) and DeUFP 

(117.3±6.12) both demonstrated a statistically significant increase in displacement, 

when compared to Dermorphin (93.17±4.17) (ANOVA, Bonferroni multiple 

corrections; p<0.05).  

 

N/OFQ, UFP-101, DeNO and DeUFP all demonstrated a concentration dependent and 

saturable displacement of [
3
H]UFP-101 in the HEKhMOP/NOP cell line (Figure 7.3). The 

pKi values of N/OFQ and UFP-101 were 8.96 and 8.71 respectively. DeNO (9.58) and 

DeUFP (9.22) displayed an increase in affinity when compared to their parent 

compounds. DeNO and UFP-101 displayed similar pKi values to those in HEKhNOP cell 

membranes (Table 7.1). DeUFP showed an increase in affinity for the NOP receptor in 

HEKhMOP/NOP when compared to its pKi value in HEKhNOP cell membranes. N/OFQ 

demonstrated a loss of affinity for the NOP receptor in HEKhMOP/NOP cell membranes. 
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Figure 7.3: Determination of the affinity of various ligands in the HEKhMOP/NOP cell line 

A) Displacement of [
3
H]-DPN in HEKhMOP/NOP cell membranes by Dermorphin, DeNO 

and DeUFP. B) Displacement of [
3
H]UFP-101 in HEKhMOP/NOP cell membranes by 

N/OFQ, UFP-101, DeNO and DeUFP. Data are the mean (±SEM) of between five and 

eight experiments. 

 

To further investigate the interactions between MOP and NOP, Dermorphin was co-

incubated with either N/OFQ or UFP-101. When Dermorphin was used as a displacer 

against [
3
H]-DPN, it produced a saturable displacement. However, when co-incubated 

with 1µM N/OFQ or 1µM UFP-101, Dermorphin demonstrated an ability to displace 

181% or 135%, respectively, of [
3
H]-DPN (Figure 7.4). Moreover, in these 

experiments, compared to the displacement caused by Dermorphin alone at the lowest 
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concentration of1pM, when co-incubated with either N/OFQ or UFP-101, demonstrated 

80% displacement of [
3
H]-DPN. When investigating [

3
H]UFP-101, N/OFQ leads to 

approximately 60% displacement of the radioligand, whereas the addition of 1µM 

Dermorphin, or 0.1µM naloxone, increases the ability of N/OFQ to displace [
3
H]UFP-

101 up to 90%.  
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Figure 7.4: Determination of the affinity of various ligands in the HEKhMOP/NOP cell line A) Displacement of [
3
H]-DPN in HEKhMOP/NOP cell 

membranes by Dermorphin, in the absence, and presence, of 1µM N/OFQ or UFP-101. B) Displacement of [
3
H]UFP-101 in HEKhMOP/NOP cell 

membranes by N/OFQ, in the absence, and presence of 1µM Dermorphin, or 0.1µM naloxone.Circles indicate the ability of N/OFQ to displace 

[
3
H]-DPN in (A) and Naloxone and Dermorphin to displace [

3
H]UFP-101 in (B). Data are the mean (±SEM) for n=5 experiments. 
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HEKhMOP HEKhNOP HEKhMOP/NOP HEKhMOP/NOP 

      [
3
H]-DPN [

3
H]UFP-101 

Dermorphin 
8.32 (±0.15)  

7.86 (±0.14)  
4.79nM 

 
13.80nM 

 

N/OFQ  
9.39 (±0.07)  

8.96 (±0.13)
B 

 
0.41nM 

 
1.09nM 

UFP-101  
8.61 (±0.12)  

8.71 (±0.07) 

 
2.45nM 

 
1.95nM 

DeNO 
9.00 (±0.11)

A 
9.69 (±0.11) 7.94 (±0.16)

C 
9.58 (±0.17)

A 

1nM 0.20nM 11.48nM 2.63nM 

DeUFP 
9.28 (±0.11)

A 
8.68 (±0.08) 8.63 (±0.03)

A,C 
9.22 (±0.04)

A,C 

0.52nM 2.09nM 2.34nM 0.60nM 

 

Table 7.1: The pKi values for Dermorphin, N/OFQ, UFP-101, DeNO and DeUFP in 

HEKhMOP, HEKhNOP and HEKhMOP/NOP. Data are displayed as mean (±SEM) of n=5 

experiments. If a significant difference from the reference ligand was detected 

(ANOVA), post-hoc testing using Bonferroni multiple comparisons was employed; 
A
 = 

p<0.05. 
B
=p<0.05 or 

C
=p<0.005 if a difference was detected using two-tailed t-tests to 

compare the drug’s binding affinities in each cell line.   

 

 GTPγ[
35

S] functional studies 7.4.2

 

Dermorphin, DeNO and DeUFP stimulated the binding of GTPγ[35S] in a 

concentration dependent and saturable manner in HEKhMOP membranes (Figure 7.5). 

Dermorphin produced an Emax of 1.43 and pEC50 of 8.13. DeNO (Emax: 1.53; 

pEC50: 8.25) and DeUFP (1.44; 8.26) displayed similar efficacy and potency to that of 

Dermorphin at MOP (Table 7.2). 

 

In HEKhNOP membranes, N/OFQ and DeNO produced a concentration dependent and 

saturable stimulation of GTPγ[35S] (Figure 7.5). N/OFQ and DeNO both produced an 

Emax of 1.47.  N/OFQ produced a pEC50 value of 8.69. DeNO produced a pEC50 

value of 9.24, which was statistically significant from that of N/OFQ (Table 7.2).  

DeUFP failed to produce a response in HEKhNOP membranes. 



192 

 

-1 3 -1 2 -1 1 -1 0 -9 -8 -7 -6 -5 -4

0 .8

1 .0

1 .2

1 .4

1 .6

A

L o g [L ig a n d ] (M )

S
ti

m
u

la
ti

o
n

 F
a

c
to

r

D e rm o rp h in

D eN O

D e U F P

-1 3 -1 2 -1 1 -1 0 -9 -8 -7 -6 -5 -4

0 .8

1 .0

1 .2

1 .4

1 .6

B

L o g [L ig a n d ] (M )

S
ti

m
u

la
ti

o
n

 F
a

c
to

r

N /O F Q

D eN O

D e U F P

 
Figure 7.5: GTPγ[

35
S] functional response assays demonstrating  A) Ligand stimulated 

GTPγ[
35

S] binding by Dermorphin,  DeNO and DeUFP are shown in HEKhMOP cell 

membranes. B) Ligand stimulated GTPγ[
35

S] binding by N/OFQ,  DeNO and DeUFP 

are shown in HEKhNOP cell membranes. Data are mean (±SEM) for between five and 

eight experiments. 

 

Dermorphin, N/OFQ, DeNO and DeUFP stimulated the binding of GTPγ[
35

S] in a 

concentration dependent and saturable manner in HEKhMOP/NOP membranes (Figure 

7.6). Dermorphin and N/OFQ produced Emax values of 1.31 and 1.25, respectively. 

DeNO (1.25) and DeUFP (1.34) produced similar Emax values to that of Dermorphin 

and N/OFQ (Table 7.2). Dermorphin displayed a pEC50 value of 7.60, while N/OFQ 

produced a value of 9.23. DeNO produced a pEC50 value of 7.63, which was similar to 

Dermorphin, but statistically significant to that of N/OFQ. DeUFP produced a pEC50 

value of 8.69, which was significantly higher than Dermorphin.  
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Figure 7.6: Ligand stimulated GTPγ[
35

S] binding by Dermorphin, N/OFQ, DeNO and 

DeUFP are shown in HEKhMOP/NOP cell membranes. Data are mean (±SEM) for n=5 

experiments. 

 

In order to ascertain whether conjugation of Dermorphin and either N/OFQ or UFP-101 

had led to functional changes in the pharmacophores, unconjugated Dermorphin was 

co-incubated with either N/OFQ or UFP-101. When a range of concentrations of 

Dermorphin and N/OFQ (10µM-1pM) were co-incubated in HEKhMOP/NOP cell 

membranes, they stimulated GTPγ[
35

S] binding in a concentration dependent and 

saturable manner (Figure 7.7). The concentration response curve for these experiments 

was not significantly different from either Dermorphin or N/OFQ alone, producing an 

Emax of 1.31 (Table 7.2). The resulting curve produced a pEC50 value of 7.74. This was 

not significantly different from the pEC50 of Dermorphin (7.60) alone, but did show 

statistical significance when compared to pEC50 value of N/OFQ (9.28) (ANOVA, 

Bonferronis multiple corrections, p<0.0005). When Dermorphin was co-incubated with 

1µM of UFP-101, its Emax (1.33) remained unchanged, but its pEC50 value increased to 

8.49, showing a statistical significant increase in potency (ANOVA, Bonferronis 

multiple corrections, p<0.005). 
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Figure 7.8: Ligand stimulated GTPγ[
35

S] binding by Dermorphin, N/OFQ, Dermorphin 

and N/OFQ, and Dermorphin and 1µM UFP-101 are shown in HEKhMOP/NOP cell 

membranes. Data are mean (±SEM) for n=5 experiments. 
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HEKhMOP HEKhNOP HEKhMOP/NOP 

  pEC50 Emax 

Relative 

intrinsic 

activity 

pEC50 Emax 

Relative 

intrinsic 

activity 

pEC50 Emax 

Relative 

intrinsic 

activity 

Dermorphin 
8.13(±0.06) 1.43(±0.03) 

1 
   

7.60(±0.07)
**

 1.31(±0.04) 
1 

7.40nM 
 

25.12nM 
 

N/OFQ 
   

8.69(±0.13) 1.47(±0.04) 
1 

9.23(±0.16)
*
 1.25(±0.05) 

1 
2.04nM 

 
0.59nM 

 

DeNO 
8.25(±0.11) 1.53(±0.03) 

1 
9.24(±0.19) 1.47(±0.05) 

1 
7.63(±0.22)

a,b
 1.26(±0.04) 

1 
5.62nM 

 
0.58nM 

 
23.44nM 

 

DeUFP 
8.26(±0.11) 1.44(±0.03) 

1 
   

8.67(±0.15) 1.34(±0.05) 
1 

5.50nM 
 

2.14nM 
 

Dermorphin + 

N/OFQ       

7.74(±0.07) 1.31(±0.04) 
1 

18.20nM 
 

Dermorphin +  

1uM UFP-101       

8.49(±0. 03) 1.33(±0.01) 

1 
3.24nM 

 

Table 7.2: Agonist activity of DeNO and DeUFP at HEKhMOP, HEKhNOP and HEKhMOP/NOP. Relative intrinsic activity was determined by removal 

of basal activity and as a ratio of the reference ligand (MOP: Dermorphin; NOP: N/OFQ; MOP/NOP: Dermorphin) Emax. Data are the mean 

(±SEM) for between five and eight experiments. Where functional responses were measured in two cells lines only, a two-tailed t-test was used 

for statistical analysis. For functional responses in all three cell lines, ANOVA with post hoc Bonferroni multiple comparisons was utilised; *= 

p<0.05, **=p<0.0005, 
a
 =p<0.005 compared to MOP, 

b
=p<0.0005 compared to NOP.  
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 Determination of MAPK activity 7.4.3

 

Activation of p38 and ERK1/2 by the parent compounds Dermorphin and N/OFQ, as 

well as the bivalent peptides DeNO and DeUFP, was measured in the HEK cells 

expressing MOP, NOP and MOP/NOP. All compounds failed to stimulate p38 activity 

in HEKhMOP, HEKhNOP or HEKhMOP/NOP. In HEKhMOP cells, the addition of 10µM 

Dermorphin produced a 6.00±0.63 fold increase in phosphorylation of ERK1/2 when 

compared to basal activity (Figure 7.9). DeNO (10μM) produced a 7.33±0.27 fold 

increase over basal activity, while a 10μM concentration of DeUFP produced a 

9.12±0.20 fold increase.  

 

In HEKhNOP cells, a 10μM concentration of N/OFQ produced a 38.57±3.04 fold 

increase phosphorylation of ERK1/2 over basal activity (Figure 7.9). DeNO (10μM) 

produced a 37.61±5.05 fold increase over basal activity, while DeUFP (10μM) 

produced a 1.62±0.35 fold increase.  

 

In HEKhMOP/NOP cells, 10μM concentrations of Dermorphin and N/OFQ produced 12.78 

(±0.47) and 8.86 (±0.40) fold increases in ERK1/2 phosphorylation over basal activity, 

respectively (Figure 7.9). DeNO (10μM) produced a 22.56 (±0.91) fold increase over 

basal activity, while DeUFP (10μM) produced an 8.98 (±0.49) fold increase in 

phosphorylation.  
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Figure 7.9: Western blot analysis demonstrating A) Representative blot of ERK1/2 phosphorylation (p-ERK1/2) and the fold increase in 

phosphorylation, compared to basal activity, caused by Dermorphin (10µM), DeNO (10µM) and DeUFP (10µM) in HEKhMOP cells. B) 

Representative blot of ERK1/2 phosphorylation (p-ERK1/2) and the fold increase in phosphorylation, compared to basal activity, caused by 

N/OFQ (10µM), DeNO (10µM) and DeUFP (10µM) in HEKhNOP cells. C)Representative blot of ERK1/2 phosphorylation (p-ERK1/2) and the 

fold increase in phosphorylation, compared to basal activity, caused by N/OFQ (10µM), DeNO (10µM) and DeUFP (10µM) in HEKhMOP/NOP 

cells.Data are the mean (±SEM) for n=5 experiments. *=p<0.05, ANOVA with Bonferroni’s multiple comparisons performed using the raw 

data. 
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7.5 Discussion 

 

In displacement binding studies, Dermorphin, DeNO and DeUFP all produced full 

displacement of [
3
H]-DPN in HEKhMOP cell membranes (Figure 7.2, Table 7.1), 

showing high affinity for the MOP receptor. As demonstrated in Chapter 5, DeNO and 

DeUFP display an increase in binding affinity for MOP when compared to Dermorphin.  

In HEKhNOP cells, DeNO and DeUFP produced full displacement of [
3
H]UFP-101and 

displayed a similar affinity to their parent compounds N/OFQ and UFP-101 (Figure 

7.2, Table 7.1).  

 

In HEKhMOP/NOP cell membranes, significant changes to the affinities of Dermorphin, 

DeNO and DeUFP were noted, when [
3
H]-DPN was used as the radioligand (Figure 

7.4, Table 7.1). Both Dermorphin and DeUFP displayed a loss of affinity for the MOP 

receptor. DeNO displayed the greatest loss of affinity, displaying a 10-fold loss in its 

pKi value when compared to HEKhMOP cell membranes. It is also noticeable that the 

binding affinity of DeNO is not significantly different to that of Dermorphin in 

HEKhMOP/NOP cell membranes, which has not been demonstrated previously in the MOP 

single expression systems. Furthermore, while DeUFP demonstrated a loss of affinity 

when compared to its binding in HEKhMOP cell membranes, it also demonstrated an 

increase in affinity compared to DeNO in HEKhMOP/NOP cell membranes. This has 

previously not been seen in either the CHOhMOP or HEKhMOP cell lines (Chapter 5-

Figure 5.3, Figure 7.2).  

 

At low pM concentrations of Dermorphin there was no measureable displacement of 

[
3
H]-DPN. However, in the presence of either 1µM N/OFQ or 1µM UFP-101, the same 

pM concentrations of Dermorphin caused a significant displacement of [
3
H]-DPN of 

~80%. From the results it can be seen that co-engaging the NOP receptor leads to 

changes in [
3
H]-DPN displacement.  Both our bivalent peptides, and co-incubation of 

Dermorphin with either 1µM N/OFQ or UFP-101, lead to a statistically significant 

increase in the displacement of [
3
H]-DPN (Figure 7.3, Figure 7.4).  

 

In GTPγ[35S] assays, Dermorphin, DeNO and DeUFP acted as full agonists in 

HEKhMOP membranes (Figure 7.5). Both DeNO and DeUFP displayed similar 
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potency values to Dermorphin at the MOP receptor (Table 7.2). In HEKhNOP cell 

membranes, N/OFQ and DeNO acted as full agonists, while DeUFP failed to stimulate 

a response in this cell line (Figure 7.5, Table 7.2). DeNO displayed an increase in 

potency at the NOP receptor, when compared to N/OFQ. 

 

In HEKhMOP/NOP cell membranes, Dermorphin, N/OFQ, DeNO and DeUFP displayed 

full agonist activity (Figure 7.6, Table 7.2). However, Dermorphin, N/OFQ and DeNO 

all demonstrated changes in their respective pEC50 values when compared to those in 

the single expression systems. Dermorphin displayed a loss of potency in HEKhMOP/NOP 

cell membranes, when compared to HEKhMOP. DeNO also demonstrated a loss of 

potency in this system, when compared to both the HEKhMOP and HEKhNOP functional 

assays. Conversely, N/OFQ demonstrated an increase in potency in the MOP/NOP co-

expression system. DeUFP potency in the MOP/NOP co-expression was comparable to 

its potency in the MOP single expression system. The changes in potency of DeNO and 

DeUFP in the HEK cell lines are demonstrated in Figure 7.10. From this data 

(normalised to each sample maximum response), it can be seen for DeNO that 

HEKhMOP and HEKhMOP/NOP response curves are very similar, whereas there is a  

leftward shift in the response curve found in HEKhNOP cells. DeUFP displays similar 

response curves in HEKhNOP and HEKhMOP/NOP cells. 
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Figure 7.10: A) Normalised curves for DeNO in HEKhMOP, HEKhNOP and HEKhMOP/NOP 

membranes. B) Normalised curves for DeUFP in HEKhNOP and HEKhMOP/NOP 

membranes. Data are mean (±SEM) for between five and eight experiments. 

 

To further explore the interaction between MOP and NOP receptors, a range of 

concentrations of Dermorphin and N/OFQ (1pM-10µM), or Dermorphin and 1µM 

UFP-101, were co-incubated in a GTPγ[
35

S] functional assay. The co-incubation of 

Dermorphin and N/OFQ produced a full agonist response; however, the potency 

detected was similar to that of Dermorphin, indicating a loss of potency by the N/OFQ 

component. Conversely, when Dermorphin was co-incubated with 1µM UFP-101, the 

potency measured was comparable with the potency of Dermorphin in a single 

expression system.  
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To further explore the effects bivalent pharmacophores have on downstream signalling 

in a dual expression system, ERK1/2 activity was measured (Figure 7.9). In HEKhMOP 

cells, Dermorphin, DeNO and DeUFP all produced similar fold increases, over basal 

activity, in ERK1/2 phosphorylation. The ability of N/OFQ to activate ERK1/2 

pathways in HEKhNOP cells was matched by DeNO. DeUFP failed to produce a 

response in this cell line. In HEKhMOP/NOP cell lines, Dermorphin, N/OFQ, DeNO and 

DeUFP all produced significant increases in ERK1/2 phosphorylation. While N/OFQ, 

Dermorphin and DeUFP all produced similar fold changes in phosphorylated ERK1/2, 

DeNO produced a significant increase in phosphorylation. This response could be seen 

as a cumulative response of Dermorphin and N/OFQ. It is interesting to note that such a 

response was not seen in GTPγ[
35

S] assays, where DeNO produced an Emax similar to 

both Dermorphin and N/OFQ. 

 

 Collectively, these data strongly suggest that MOP and NOP interact on a cellular 

level, to produce changes in both MOP and NOP receptor signalling. The presence of 

the NOP receptor, leads to changes in the potency of the MOP agonist Dermorphin. By 

engaging both receptors, through the bivalent peptides or co-incubation of MOP and 

NOP ligands, significant changes in the signal transduction pathway can be seen. 
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 General Discussion Chapter 8

 

A significant aim of this thesis was the study of multi-pharmacophoric ligands that act 

at one or more opioid receptors. The basis of targeting two receptors simultaneously is 

founded on a large number of initial studies involving animal DOP receptor knockout 

studies (Figure 8.1). By removing the DOP, and following subsequent experiments the 

NOP receptor, or their corresponding endogenous peptide (either Leu-Enkephalin or 

N/OFQ), attenuation of tolerance to morphine was seen (Chung et al., 2006, Ueda et al., 

2000, Ueda et al., 1997, Bohn et al., 1999, Zhu et al., 1999). Conversely, while 

blocking the activity of the NOP receptor may lead to an attenuation of tolerance, 

engaging the NOP receptor has been shown to alleviate dependence states (Rutten et 

al., 2011, Ciccocioppo et al., 2003). Furthermore, co-administration of N/OFQ with a 

MOP agonist can lead to synergistic increases in spinal analgesic action (Linz et al., 

2014, Schröder et al., 2014).  

 

 

Figure 8.1: A) The development of morphine tolerance is abated in DOR-1 K/O mice. 

B) Similar results are seen in ppENK (which encodes Leu-Enkephalin) K/O mice, 

indicating that agonist activity at DOP is involved in the onset of tolerance (Nitsche et 

al., 2002). 

 

The interactions of MOP and DOP and, to some extent, MOP and NOP are believed to 

occur through the formation of heterodimers (Evans et al., 2010, Gomes et al., 2004). 

The formation of this functional signalling unit provides multiple avenues with which 

to target the receptors (Figure 8.2).  
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Figure 8.2: When targeting multiple receptors, it is possible to use a variety of methods. 

These methods include: 1) Polypharmacy: Two separate drugs can be used 

simultaneously to illicit the desired biological response. 2) A bifunctional non-selective 

ligand can be developed which has a structure which is promotes binding to both of the 

receptors. 3) Two separate drugs which can be joined by a linker to form a bivalent 

pharmacophore which can bind to both receptors (Dietis et al., 2009). 

 

The pharmacokinetic and pharmacodynamic properties of bifunctional and bivalent 

ligands are more predictable than a cocktail of separate drugs, making them ideal 

candidates for studies involving opioid tolerance and addiction (Edwards and Aronson, 

2000). Bivalent ligands are at a disadvantage to bifunctional ligands in that they often 

possess a larger molecular weight. This can lead to issues with bioavailability. 

However, the chemical synthesis of a bifunctional compound is much harder, making 

such compounds rarer.   

 

In order to investigate the potential of bivalent pharmacophores targeted to MOP/DOP 

or MOP/NOP, synthetic bivalent pharmacophores based on Fentanyl conjugated with 

Dmt-Tic-OH or Ro65-6570 were developed. Additionally, peptide bivalent 

pharmacophores were developed to target both MOP and NOP. These compounds 

conjugated the MOP agonist Dermorphin to the NOP agonist N/OFQ or the NOP 

antagonist UFP-101. The synthetic bivalent pharmacophores have the advantage of 

having a relatively small molecular weight, reducing the risk of a decreased 

bioavailability. However, alteration of a synthetic ligand’s chemical structure can lead 

to loss of functional activity or selectivity. Conversely, the structures of peptides are 

easily manipulated to accept linker molecule and, therefore, form bivalent 

pharmacophores. The molecular weight of these peptide pharmacophores, however, is 

often larger, reducing their ability to pass the blood brain barrier.   
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Since most of the adverse effects of opioids seen in the clinic are derived from the 

MOP receptor, it is reasonable to assume that engaging other opioid receptors capable 

of producing analgesia may provide a solution to reducing the risk of long-term opioid 

treatment. Peptides have high affinity for the opioid receptor(s) of interest and 

demonstrate fewer side effects. However, due to high susceptibility to enzymatic 

degradation, they have a short duration of action. The introduction of peptide welding 

technology (PWT) has allowed for four peptides to be joined by a maleimide core, 

producing a tetra-branched ligand (Guerrini et al., 2014). This tetra-branched ligand 

may provide ligands that maintain the activity of a single peptide, while increasing its 

duration of action. 

 

When screening bivalent pharmacophores, it is necessary to understand whether any 

changes have occurred to the pharmacophores ability to engage the receptor(s) of 

interest. In order to determine how these compounds function at the receptor of interest, 

they have been screened in CHO or HEK cells expressing recombinant receptors. CHO 

cells provide stable expression of single receptors and experiments studying 

downstream functional assays have been well characterised. The HEK system offers the 

ability to stably express two receptors, however GTPγ[
35

S] is less well characterised 

with regards to NOP signalling. Both systems will allow for the determination of the 

interactions of the drug and receptor(s) of interest and the subsequent activation of their 

signal transduction pathways. 

 

The work from this thesis evaluated a number of multi-pharmacophoric ligands to 

determine the pharmacology in in vitro single expression and dual expression systems. 

The work has determined whether a conjugation of two or more pharmacophores has 

affected their functional ability. Those compounds which maintained functional ability 

were tested in the novel HEKhMOP/NOP dual expression system. 

 

8.1 Summary of the main findings 

 

Figures 8.3-8.7 and Table 8.1  summarise the main findings of this thesis. 

 



205 

 

 

Figure 8.3 A summary of the binding results for DeNO and DeUFP in the various cell 

lines tested throughout this thesis, indicating the retention of binding affinity for both 

MOP and NOP. 

 

 

Figure 8.4: Summary of the GTPγ[
35

S] results from the synthetic partial MOP 

agonist/full NOP agomost MN3, the peptidic full MOP/NOP agonist, DeNO and the 

full MOP agonist/NOP partial agonist DeUFP, from this thesis. 
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Figure 8.5:  A summary of the Western blot analysis of DeNO and DeUFP. 
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Figure 8.6: Summary of the cyclic AMP results for DeNO and DeUFP in CHO cell 

lines expressing MOP and NOP.  
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Figure 8.7: Summary of the key findings and the methods used in the co-expression system detailing the interactions of MOP and NOP when 

activated by DeNO and DeUFP.  
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In Chapter 3, the binding affinities of the Fentanyl bivalent pharmacophores were 

determined by displacement binding assays in CHO cells expressing recombinant 

human MOP, DOP, KOP or NOP receptors. Tritiated Diprenorphine was used to screen 

the bivalents at MOP, DOP or KOP, while [
3
H]UFP-101 was used to screen the 

bivalents at NOP. All of the compounds, with the exception of #4, displayed affinity at 

the MOP receptor similar to the reference ligand, Fentanyl. Compound #4 displayed a 

decrease in affinity for MOP. At DOP, compounds #4, #5 and #6 all displayed similar 

binding affinity to the reference compound, Dmt-Tic-OH. Compounds #7 and #8 

displayed an increase in affinity for the DOP receptor. The bivalents all displayed high, 

nanoMolar affinity for KOP and NOP, indicating an increase in affinity over their 

parent compounds. The effect of binding was measured in functional assays. 

Compounds #4, #5 and #6 produced a weak stimulation of G-protein activation and 

limited recruitment of β-arrestins at MOP. Compounds #7 and #8 produced no G-

protein response and weak β-arrestin recruitment. At DOP, the compounds failed to 

produce a functional response, but acted as potent antagonists, inhibiting the actions of 

the DOP agonist DPDPE to both stimulate G-proteins and recruit β-arrestins. The gain 

of binding affinity at KOP and NOP did not result in any functional activity for 

compounds #4-#8. Further Fentanyl derivatives were synthesised with longer carbon 

linker lengths, and conjugated with the NOP agonist Ro65-6570. MN1, MN2 and MN3 

all produced stimulation of G-proteins, with MN2 and MN3 acting as partial agonists at 

MOP and full agonists at NOP.  

 

In Chapter 4, the affinity and functional activity of the PWT-N/OFQ compounds were 

screened in CHOhNOP to determine binding and functional activity. All of the 

compounds displayed similar binding affinity to that of their parent compound, N/OFQ. 

However, the PWT-N/OFQ compounds all displayed an increased potency with regards 

to G-protein stimulation.  A further PWT-compound, PWT2-Leu-Enk, was screened for 

binding affinity at MOP, DOP, KOP and NOP using CHO cell membranes. PWT2-

Leu-Enk showed similar affinity for the DOP receptor, as its parent compound Leu-

Enkephalin. PWT2- showed a loss of affinity for the MOP and KOP receptors, when 

compared to Leu-Enkephalin. To screen functional activity, G-protein stimulation, 

calcium mobilisation and ex vivo twitch assays were undertaken. PWT2-Leu-Enk 

produced similar G-protein stimulation to its parent compound, Leu-Enkephalin, and to 

the DOP agonist DPDPE. Conversely, in calcium assays, PWT2-Leu-Enk displayed a 
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large decrease in potency when compared to DPDPE and Leu-Enkephalin. In the 

bioassays, PWT2-Leu-Enk produced a similar ability to inhibit the twitch response in 

the mouse vas deferens. Both PWT2-Leu-Enk and Leu-Enkephalin displayed a loss of 

potency in this assay, when compared to DPDPE, indicating they are susceptible to 

peptidase activity. 

 

Chapter 5 focusses on the novel peptidic MOP/NOP bivalent pharmacophores, DeNO 

and DeUFP. Both compound affinities were measured in CHO cell membranes 

expressing MOP, NOP, DOP or KOP. Both DeNO and DeUFP displayed an increase in 

affinity for the MOP receptor, when compared to the parent compound Dermorphin. At 

NOP, DeNO and DeUFP displayed similar binding affinity to that of their respective 

parent compounds N/OFQ and UFP-101. Both DeNO and DeUFP displayed affinity for 

DOP and KOP, a trait not displayed by the parent compounds Dermorphin, N/OFQ or 

UFP-101. The functional activity of DeNO and DeUFP was measured at various points 

throughout the signal transduction cascade in CHO cells expressing MOP, NOP, DOP 

or KOP. Both DeNO and DeUFP produced G-protein stimulation at MOP, matching 

the potency and efficacy of the parent compound Dermorphin. At NOP, DeNO 

displayed full agonist activity, and produced similar potency to that of N/OFQ. Both 

DeUFP and UFP-101 acted as partial agonist in CHOhNOP cell membranes. DeNO and 

DeUFP acted as weak agonists at DOP and KOP. In cAMP assays, DeNO and DeUFP 

inhibited the production of cAMP. At NOP, DeNO returned cAMP activity to basal 

levels. DeUFP produced a small decrease in cAMP production, consistent with its low 

partial agonist activity. Both DeNO and DeUFP displayed an ability to phosphorylate 

p38 and ERK1/2 in CHOhMOP cells, acting in a similar manner to the parent compound 

Dermorphin. In CHOhNOP cells, DeNO produced a similar increase in phosphorylation 

of ERK1/2 to that of N/OFQ. DeUFP and UFP-101 both produced smaller increases in 

ERK1/2 phosphorylation. At NOP, all compounds failed to produce phosphorylation of 

p38. 
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CHOhMOP CHOhNOP CHOhDOP 

 
pKi pEC50 pKb α-Emax pKi pEC50 pKb α-Emax pKi pEC50 pKb α-Emax 

#6 7.91 7.52 n/a 0.35 7.48 
   

8.17 
 

7.81 0 

MN3 
 

6.83 I.A 0.42 
 

7.85 
 

1 
    

PWT2-N/OFQ 
    

10.3 10.04 
 

1 
    

PWT2-Leu-Enk 
        

8.32 8.4 
 

1 

DeNO 9.55 7.77 
 

1 10.22 9.35 
 

1 8.12 6.78 
 

1 

DEUFP 9.64 8.02 
 

1 10.08 8.23 8.67 0.27 7.95 7.08 
 

1 

Cebranopadol
A 9.15 8.92 

 
1 9.05 7.89 

 
0.89 7.74 6.99 

 
1 

SR-16435
B 8.57 7.53 

 
0.3 8.12 7.54 

 
0.45 >5 

   

[Dmt
1
]-N/OFQ(1-13)-NH2

C 10.52 8.19 
 

1 10.52 8.92 
 

1 9.4 
   

 

Table 8.1: Summary of the key results in this thesis, compared to known MOP/NOP compounds. The results from the known MOP/NOP 

compounds are taken from 
A
: (Linz et al., 2014); 

B
:  (Khroyan et al., 2007); 

C
: (Molinari et al., 2013). Shaded area indicates inactivity for the 

receptor.  
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The focus of Chapter 6 was the development of a MOP/NOP dual expression system. 

In order to understand the pharmacological interactions between MOP and NOP, in the 

absence of DOP and/or KOP, the development of a MOP/NOP dual expression system 

was necessary. Initially CHO cells, previously transfected to express MOP, where 

transfected with the NOP receptor gene. Initial attempts to create a co-expression 

system in CHO cells lead to poor or unstable expression of MOP or NOP receptors. In 

line with our previous work, production of a  CHO-based co-expression system proved 

challenging (Dietis, 2012).  Further work lead to the development of HEK cell lines 

expressing MOP, NOP and a stable MOP/NOP system. HEKhMOP/NOP cells expressed 

similar numbers of MOP and NOP receptors and remained stable over a window of at 

least 9 passages. In order to determine whether the experimental conditions for 

GTPγ[
35

S] assays in HEK cells were the same as CHO cells, a buffer validation process 

was undertaken.  The experimental conditions for the HEK cells was determined to be 

different from that of CHO cells, requiring different concentrations of GDP (HEKhMOP: 

3µM; HEKhNOP: 33µM; HEKhMOP/NOP: 33µM) and a different buffer (Buffer 4: HEPES 

(50mM), MgCl2 (5mM), NaCl (100mM), EDTA (1mM), DTT (1mM), pH 7.4 NaOH).  

 

The focus of Chapter 7 is to determine how the presence of both MOP and NOP 

affects the pharmacological profile of the known agonists, Dermorphin and N/OFQ, 

and our novel bivalent pharmacophores, DeNO and DeUFP.  With regards to binding 

affinity, both the MOP agonist Dermorphin and the NOP agonist N/OFQ demonstrated 

a loss of binding affinity in the dual expression system. UFP-101, which demonstrated 

no functional activity in HEKhNOP cells, did not show a change in affinity in 

HEKhMOP/NOP membranes when compared to HEKhNOP. With regards to binding at the 

MOP receptor in HEKhMOP/NOP membranes, DeNO demonstrated a 10-fold loss of 

affinity. DeUFP demonstrated a ~5-fold loss of affinity for MOP, in the dual expression 

system. Conversely, DeNO demonstrated similar binding affinity for NOP in 

HEKhMOP/NOP cell membranes as in HEKhNOP cell membranes. DeUFP demonstrated an 

increase in binding affinity in the dual receptor system, with regards to NOP, when 

compared to the single receptor expression system. With regards to G-protein 

stimulation, Dermorphin and DeNO both showed a loss of potency in the dual 

expression system. N/OFQ demonstrated an increase in potency, while DeUFP retained 

the potency seen in the MOP single expression system. Furthermore, the co-incubation 

of N/OFQ and Dermorphin produced a similar potency to that shown by Dermorphin 
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alone or DeNO. Dermorphin co-incubated with a single concentration of UFP-101, 

demonstrated potency similar to that seen in the MOP single expression system. 

Finally, the ability of the compounds to phosphorylate ERK1/2 was studied in the dual 

expression system. Dermorphin, N/OFQ and DeUFP all produced similar increases in 

ERK1/2 phosphorylation. DeNO produced a much larger increase in ERK1/2 

phosphorylation. HEK cell lines did not demonstrate the ability to engage p38 after 15 

minute incubation periods with these compounds. 

 

8.2 Comparing results to existing literature 

 

 The MOP/DOP bivalent pharmacophores 8.2.1

 

The initial study of bivalent pharmacophores focussed on the development of a 

MOP/DOP synthetic bivalent pharmacophore, based on Fentanyl. A true comparison is 

made difficult by the significant loss of agonist ability at MOP demonstrated by our 

compounds.  Changes to the functional ability of one or both pharmacophores, in a 

bivalent ligand, have been demonstrated previously. The most notable study of the 

effects linker length plays in the development of a bivalent ligand is demonstrated in 

the MDAN series of compounds (Daniels et al., 2005). These compounds, based on 

Oxymorphone and Naltrindole, demonstrated an increase in potency as linker length 

was increased. Interestingly, the relationship between linker length and potency was 

inverted in the F-compounds. The relationship between potency and linker length of our 

compounds will be discussed in section 8.4.1. The most interesting comparison found 

for our compounds  is that the Fentanyl derivative, compound #2 (unconjugated to a 

second pharmacophore in these studies), has been conjugated with an Enkephalin-like 

peptide (Podolsky et al., 2013). While there are no in vitro pharmacological data, this 

bivalent pharmacophore produced potent analgesic activity in a number of animal pain 

states.  This could potentially be through the action of the Enkephalin pharmacophore, 

as Enkephalins have been previously shown to activate both MOP and DOP.  
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 The MOP/NOP bivalent pharmacophores 8.2.2

 

The vast majority of compounds developed to target MOP and NOP simultaneously 

have been bifunctional compounds. One such example of bifunctional MOP/NOP 

ligands is the SR series of compounds developed by the Stanford Research Institute 

(Khroyan et al., 2007).  The most well documented of these compounds, is SR16435, a 

synthetic MOP/NOP partial agonist with high binding affinity for MOP and NOP 

(Table 8.1). This compound most closely compares with MN3 (MOP partial 

agonist/NOP full agonist). In further studies, the in vivo properties of SR16435 were 

determined. While the compound did produce a delay in onset of tolerance, it produced 

CPP which is associated with opioid dependence. The authors argued this was due to 

the partial agonist activity at NOP being unable to attenuate the reward induced activity 

of the MOP partial agonist activity (Khroyan et al., 2007). Further work by the Zaveri 

group produced a MOP partial agonist/NOP full agonist, termed 5a (Blair Journigan et 

al., 2014). While this compound displayed a loss of the addictive properties associated 

with MOP receptor activity, a net loss in analgesic potency was noted, when compared 

to Morphine.  In this regard, with MN3’s full NOP agonist activity, it may act as a 

compound with antinociceptive activity, while producing an attenuation of MOP 

induced CPP, however in vivo work would be required to validate this theory.  

 

With regards to DeNO, which displayed full agonist activity at MOP and NOP in vitro, 

the compounds with which it compares most favourably are Cebranopadol and 

[Dmt
1
]N/OFQ(1-13)-NH2. Cebranopadol is a synthetic non-selective opioid compound, 

developed by Grünenthal, which displays full MOP agonism and high partial agonism 

at the NOP receptor (Linz et al., 2014). [Dmt
1
]N/OFQ(1-13)-NH2 is a peptide non-

selective opioid agonist, showing affinity for both the classical opioid receptors and the 

non-classical NOP receptor (Molinari et al., 2013). Cebranopadol displays higher 

affinity for the MOP receptor than DeNO, whereas the reverse is true for the NOP 

receptor where DeNO displays a higher affinity. DeNO displays an approximate 10-

fold reduction in potency at MOP when compared to Cebranopadol, but has a 30-fold 

greater potency, and full agonist ability, at NOP (Table 8.1). When compared to 

[Dmt
1
]N/OFQ(1-13)-NH2, DeNO displayed lower affinity for all of the opioid 

receptors. DeNO, displayed higher potency for the NOP receptor, whereas the potency 

of [Dmt
1
]N/OFQ(1-13)-NH2 at MOP was greater than that of DeNO. DeUFP is at 
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present, the first recorded [MOP agonist] – [NOP partial agonist/antagonist

] with no 

presently published data with which to compare to.  

 

 Peptides with prolonged duration of action 8.2.3

 

The PWT compounds are designed to have an increased duration of action over single 

pharmacophoric opioid peptides. A direct comparison in the literature would prove 

impossible, however, numerous compounds have been developed to inhibit peptidases 

(enkephalinases), prolonging the action of endogenous peptides. One such compound is 

Spinorphin, an endogenous inhibitor of Enkephalin-degrading enzymes (Honda et al., 

2001). The addition of Spinorphin enhanced and prolonged the antinociceptive effect of 

Leu-Enkephalin. The advantage provided by the PWT compounds (specifically PWT2-

N/OFQ, due to its proven prolonged duration of action) over Spinorphin (and other 

protease inhibitor cocktails) is that a known and controlled concentration of the 

compound can be provided. While peptidase inhibitors prolong the action of 

endogenous peptides, the concentration of endogenous peptide in the circulation is not 

known or controlled, leading to potentially ineffective doses being available.  

 

 Activity of agonists in a dual-expression system 8.2.4

 

There are a limited number of publications demonstrating the signalling abilities of 

MOP and NOP in a cellular co-expression system (Pan et al., 2002, Wang et al., 2005). 

In the study by Pan et al, their work demonstrated the interaction of human MOP 

receptors in CHO cells previously transfected to express the murine NOP receptor, with 

regards to the binding of [
3
H]-N/OFQ. The co-addition of numerous MOP-selective 

agonists led to a displacement of  [
3
H]-N/OFQ, previously not seen in single expression 

systems (Pan et al., 2002). The work undertaken in this thesis partially agrees with 

these findings (Figure 7.4). While the addition of MOP agonists did lead to changes in 

[
3
H]UFP-101 binding, the addition of the antagonist naloxone also led to increased 

displacement of the radioligand.   The work from this thesis adds to the present data by 

                                                 


 Cell-line dependent: Data from this thesis has demonstrated partial agonism in CHO cell lines, whereas 

no functional activity was detected in HEK cell lines. 
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demonstrating that the addition of NOP agonists and antagonists affects [
3
H]-DPN 

binding. 

 

The functional consequence of MOP/NOP heterodimerisation was studied by Wang, et 

al.  The findings from this work indicated that MOP agonists lost potency in cAMP 

assays in their co-expression system (HEKratMOP/ratNOP) (Wang et al., 2005). This would 

agree with the loss of potency, seen by Dermorphin, in our GTPγ[
35

S] assays (Figure 

7.6).  With regards to activation of the NOP component of this heterodimer, Wang and 

colleagues did not detect any change in the inhibition of cAMP formation. This is 

inconsistent with our findings, which demonstrate an increase in potency for N/OFQ in 

the heterodimer, using GTPγ[
35

S] (Table 7.2).  The change in potency seen in our cell 

line may be due to the use of human MOP and NOP receptors in a human cell system 

(HEK cells) as opposed to rat receptors in a human cell system. 

 

8.3 Mechanisms of action  

 

 Evidence of MOP/NOP heterodimerisation 8.3.1

 

The main aim of this thesis is the development of multi-pharmacophoric opioids that 

produce reduced adverse effects. In order to test such ligands, screening of the opioids 

affinity and functional activity in a signal transduction pathway are usually undertaken 

in a single expression system.  In this thesis, both CHO and HEK cell lines have been 

transfected to express either human MOP or NOP receptors. While these cell lines 

provide valuable evidence of the activity of our bivalent compounds (such as DeNO) in 

the presence of a single receptor, it does not account for the activity of the compound in 

a co-expression system, where dimerisation can occur. Dimerisation is the physical 

association of two receptors, leading to changes in the association of the receptor with 

drugs and alterations in the receptors signal transduction cascades (Jordan and Devi, 

1999).  

 

The ability of NOP to heterodimerise with MOP has been demonstrated through 

proximity assays in in vitro studies (Evans et al., 2010). In addition to this, a large body 

of evidence indicates the co-expression and interaction of MOP and NOP in vivo. NOP 

receptors have been shown to co-express in the midbrain of the PAG and NRM neurons 
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(Houtani et al., 2000). Functional evidence of co-expression was provided via whole-

cell patch-clamp recordings, which demonstrated that both N/OFQ and DAMGO 

hyperpolarise the same populations of PAG and NRM (Pan et al., 2000, Vaughan et al., 

2001). The work by Pan et al, demonstrated that NOP is expressed on OFF cells 

(inhibiting antinociceptive signalling) and is also co-expressed on ON cells in the rat 

RVM (Pan et al., 2000). This evidence suggests that not only do MOP and NOP co-

localise throughout the pain signalling pathways, but demonstrate functional 

interactions. It is, therefore, necessary to identify the interactions of MOP/NOP bivalent 

ligands at the cellular level to better understand both the ligands potential ability in vivo 

and the functional consequences in vitro.  

 

Due to the instability demonstrated by the previously available CHOhMOP cell line, HEK 

cells expressing MOP or NOP were developed following which the MOP/NOP co-

expression system was developed. The HEKhMOP/NOP cell line was developed, 

expressing roughly 1.5 NOP receptors to every 1 MOP receptor (Figure 6.15). The 

advantage in using HEK cells over the CHO system was apparent due to stable 

expression of the receptors over a span of 9 passages. However, CHO cells express 

fewer Gαi  proteins providing reduced background in GTPγ[
35

S] assays (Burford et al., 

2000). Furthermore, delayed onset of homologous phosphorylation of GPCRs, by 

GRK’s, has been demonstrated in CHO cells when compared to HEK cells (Kim et al., 

2004). These studies indicated that differential GRK isoforms found in human cell 

lines, such as HEK, lead to changes in activity when compared to animal cell lines 

(CHO). These differences in activity may account for changes in affinity when 

comparing CHO and HEK single expression systems. With this in mind, ligands were 

retested for binding and functional activity in HEK single expression systems first 

before comparisons were made with binding and functional data in the co-expression 

systems. 

 

The first noticeable difference is the loss of binding affinity displayed by Dermorphin, 

DeNO and DeUFP for the MOP receptor in HEKhMOP/NOP cells when compared to 

HEKhMOP (Table 8.2). DeNO, displays the most noticeable loss in affinity for MOP, 

followed by DeUFP and Dermorphin. At NOP, the opposite is seen with DeUFP 

gaining affinity for the NOP receptor, and DeNO retaining its affinity for NOP, when 

compared to HEKhNOP data. However, N/OFQ loses affinity for NOP in the dual 
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expression system. The net loss of binding affinity at MOP in the dual receptor system 

would imply that the presence of NOP is negatively affecting the binding ability of the 

NOP receptor. Since heterodimerisation is the structural linking of two receptors, the 

NOP receptor could be thought of as a negative allosteric modulator of MOP binding. It 

would also appear that simultaneously engaging both receptors does not positively 

affect an increase in MOP ligand binding. Conversely, it would appear that engaging 

the MOP receptor in the heterodimer, leads to a retention, or gain, in binding affinity 

for NOP ligands. This is evidenced by the loss of affinity of the single pharmacophore 

N/OFQ while the dual-pharmacophore, DeNO, retains its binding affinity for the NOP 

receptor. The increase in affinity of DeUFP at NOP provides further evidence of such 

an interaction.  To further highlight the interactions of MOP and NOP, N/OFQ and 

UFP-101 were able to produce displacement of the classical opioid antagonist 

radioligand [
3
H]-DPN. Conversely, the addition of Dermorphin or Naloxone was able 

to displace [
3
H]-UFP-101 in conjunction with N/OFQ (Figure 7.4). As mentioned 

previously, the interaction of MOP and NOP at a structural level could affect the 

binding pocket of the NOP receptor. The crystal structure of MOP identified a binding 

pocket that is exposed to the extracellular surface, allowing for rapid dissociation of an 

opioid from the receptor. While the crystal structure of a heterodimer has not been 

determined as of yet, it is plausible that the linking of MOP and NOP leads to structural 

modifications affecting the binding pocket of MOP (Manglik et al., 2012). Due to its 

large binding pocket, the NOP receptor may be less affected by this physical interaction 

(Thompson et al., 2012).  

 

The functional activity of these bivalents demonstrated that the loss of affinity seen at 

the MOP receptor, in the HEKhMOP/NOP membranes, was seen in functional activity at 

MOP (Table 8.2). Dermorphin and DeNO both demonstrated a significant loss in 

potency when compared to results in the single expressing cell lines. Interestingly, it is 

the activity of DeNO and DeUFP that provides the most evidence for 

heterodimerisation of MOP and NOP in the co-expressing cell lines. DeNO produced a 

pEC50 of 7.63 in HEKhMOP/NOP membranes. This was similar to Dermorphin in the same 

cell line. However, it is significantly lower than the pEC50 of N/OFQ (9.23). In 

HEKhNOP cells, DeNO produced a significantly higher pEC50 than N/OFQ (DeNO: 

9.24; N/OFQ: 8.69). The HEKhMOP/NOP dual expression expresses more NOP receptors 

than MOP, therefore if the receptors were acting independently, this would likely result 
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in a pEC50 closer to N/OFQ than Dermorphin, which is not the case. Furthermore, the 

co-incubation of a range of concentrations of N/OFQ and Dermorphin produces a 

similar response to that seen by DeNO and Dermorphin rather than N/OFQ. DeUFP, 

produces a similar potency to that seen in HEKhMOP cell membranes. Since there is no 

functional activity for DeUFP in HEKhNOP cell membranes, it is feasible to believe 

activity is provided solely by the Dermorphin pharmacophore. Furthermore, co-

incubation of a set concentration of UFP-101 returned Dermorphin functional activity 

to the levels seen in the MOP single expression system. This indicates retention of 

function in the presence of a NOP antagonist.  

 

There is the possibility that increased activity of GRKs or protein kinases, produced by 

activation of one of the receptors present in this system has led to rapid 

phosphorylation, or cross desensitisation, of the second receptor (Mandyam et al., 

2002). While this argument does hold for the bivalent pharmacophore, DeNO, it does 

not explain the changes in potency seen by the single pharmacophores. For increased 

kinase activity to occur, a receptor would have to be activated through ligand 

occupancy. In this system, there are no endogenous opioids produced and, therefore, 

without the addition of a second ligand, up-regulation of kinases does not occur. 

Increased basal activity could account for the activity of the kinases; however DeUFP 

demonstrates an increase in potency in this system. DeUFP does not alter basal activity 

at the NOP receptor, as demonstrated by the functional studies in HEKhNOP cell 

membranes. Therefore if the constitutive activity of NOP was responsible for kinase 

up-regulation and rapid desensitisation of MOP, a similar decrease in potency should be 

seen in DeUFP (Figure 8.8).  
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Figure 8.8: A) The signalling mechanisms demonstrated in the HEKhMOP/NOP cell 

membranes indicate a structural association between MOP and NOP. The NOP receptor 

negatively impacts the signal transduction pathways associated with MOP receptor 

activation. B) Activation of NOP leads to increased G-protein receptor kinase activity, 

causing rapid desensitisation of the MOP receptor.   
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CHOhMOP CHOhNOP HEKhMOP HEKhNOP HEKhMOP/NOP 

  Ki EC50 Ki EC50 Ki EC50 Ki EC50 Ki (MOP) Ki (NOP) EC50 

Dermorphin 2.04nM 14.79nM     4.79nM 7.40nM     13.80nM 
 

25.12nM 

N/OFQ 
 

  0.02nM 1.45nM     0.41nM 2.04nM   1.09nM 0.59nM 

DeNO 0.28nM 16.98nM 0.06nM 0.45nM 1nM 5.62nM 0.20nM 0.58nM 11.48nM 2.63nM 23.44nM 

DeUFP 0.23nM 9.55nM 0.08nM 5.89nM 0.52nM 5.50nM 2.09nM   2.34nM 0.60nM 2.14nM 

Table 8.2: A summary of the binding affinity and potency of Dermorphin, N/OFQ, DeNO and DeUFP in the various cell lines studied. 
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8.4 Unexpected and contentious issues arising from this thesis 

 

 Alteration of the chemical structure of known ligands 8.4.1

 

The process of chemically altering existing compounds can lead to the successful 

development of multifunctional pharmacophores such as PWT2-N/OFQ, DeNO and 

DeUFP. However, synthetic ligands can prove more difficult to modify. In the case of 

the F-compounds, the addition of a linker molecule and second pharmacophore led to a 

loss of functional activity when compared to Fentanyl. As can be seen from Figure 8.9, 

an increase in linker length positively affected the compounds affinity at MOP and 

DOP, but led to a loss of functional activity (Figure 8.9). For DOP, the reverse was 

true, with an increase in linker length positively affecting both the affinity and 

antagonist ability of the Dmt-Tic-OH pharmacophore. These findings are inconsistent 

to those previously described by Daniels et al (Daniels et al., 2005). The optimal 

proximity between pharmacophores in these studies is a linker molecule of 

approximately 3 carbon atoms, whereas other studies have demonstrated increased 

efficacy with linker molecules ranging in size from 16 to 21 carbon atoms in length. 

The close proximity between Fentanyl and Dmt-Tic-OH could be producing a “forced-

fit” in the MOP binding pocket, leading to the weak partial agonism displayed by these 

drugs. The loss of agonist ability demonstrated in the compounds separated by larger 

linkers could be demonstrative of the chemically altered Fentanyl pharmacophores loss 

of functional activity.  
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Figure 8.9: The effect of increasing linker length has on F-compound affinity (pKi), 

potency (pEC50), efficacy (Emax) and antagonist affinity (pKb). As linker length 

increases, both potency and efficacy decrease at MOP. Conversely, an increase of 

linker length leads to increased antagonist affinity at DOP. 

 

The synthesis of a series of Fentanyl pharmacophores has demonstrated differences in 

binding (Figure 8.10). The initial compounds #1 (linker with two carbon atoms added 

to the northern hemisphere of the compound), #2 (linker molecule of 3 carbon atoms) 

and #3 (2 carbon atoms and an oxygen atom in the linker molecule) demonstrated a 

complete loss of binding affinity at MOP. Further chemical synthesis produced 

Fentanyl pharmacophores containing increasing carbon atom linker length (i.e. RR4 

contains a linker of 4 carbon atoms, RR5 has a linker of 5 carbon atoms, etc). These 

compounds all showed varying degrees of affinity for MOP. The sudden gain in affinity 
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with the addition of a fourth carbon atom is difficult to explain, but may be as a result 

of the electrostatic charges formed in the linker molecules themselves.  

 

Structure Compound # 

  

 

 

 

#4 

 

 

 

#5 

 

 

 

#6 

 

 

#7 

 

 

#8 

 

Figure 8.10: The chemical structure of the Fentanyl-derivatives 
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 Clinical outcomes with MOP/DOP multipharmacophoric research 8.4.2

 

The first reference to DOP antagonism attenuating morphine tolerance occurred in 1991 

(Abdelhamid et al., 1991). Following on from this finding, numerous bivalent and 

bifunctional ligands have been developed, which have dual action as MOP agonist and 

DOP antagonists. The evidence from in vitro and in vivo (mouse and rat models) 

studies strongly supports the synergistic function of these ligands in attenuating 

tolerance. However, there has not been any development with regards to a clinically 

available opioid of this type.  While mouse and rat studies dominate the literature 

involving these bivalent/bifunctional molecules, little evidence exists in primates to 

support the MOP agonist/DOP antagonist theory. Primates, such as the rhesus monkey, 

usually provide a more predictive assessment of the clinical outcomes of developmental 

opioids (Aceto et al., 2012). Work undertaken with MDAN-21 demonstrated a potential 

different mode of action for MOP-DOP neural substrates that underlie thermal 

nociception (Aceto et al., 2012). Little or no literature exists demonstrating an 

attenuation of tolerance through administration of these bifunctional/bivalent 

compounds. Conversely, a number of studies have demonstrated the effects of 

MOP/NOP agonists as potent analgesics with prolonged action (Molinari et al., 2013, 

Cremeans et al., 2012).  It is possible that the results demonstrated in the rat and mouse 

models do not translate to the more complex systems of higher primates; ultimately 

man.  

 

 UFP-101: Cell line specific functional activity? 8.4.3

 

UFP-101 is classified in the literature as a NOP antagonist (Calo et al., 2005). 

However, in Chapter 5, UFP-101 produces a measurable increase over basal activity at 

NOP in the GTPγ[
35

S] functional assays.  This increase in functional activity is also 

seen in DeUFP in CHOhNOP cell membranes. Furthermore, both UFP-101 and DeUFP 

produced an increase in ERK1/2 phosphorylation further demonstrating functional 

activity. This increase in functional activity led UFP-101 and DeUFP to be classified as 

low efficacy partial agonists in the CHO cells expressing the NOP receptor. 

 

As was previously discussed in Chapter 5, receptor density can affect drug efficacy.  

In high expression systems, high numbers of receptors lead to a greater response. 
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Conversely, low expression systems produce smaller functional responses due to lower 

numbers of receptors expressed in that system. Partial agonists can behave as 

antagonists or full agonists depending on the receptor expression of the system studied 

(McDonald et al., 2003a). The CHOhNOP cells used in these experiments have 

approximately 3-4 fold higher expression than that found in neuronal tissue. This 

increased activity may account for the discrepancy seen between the literature and our 

experiments. 

 

However, work undertaken in Chapter 7 demonstrated no increase in functional activity 

for DeUFP. This loss of functional activity is unlikely to be explained by differences in 

receptor expression between CHOhNOP (800fmol/mg of protein) and HEKhNOP 

(816fmol/mg of protein). A direct comparison between these results is made difficult 

due to the different buffers used in these assays. Interestingly, N/OFQ shows little 

difference in its pEC50 values between these two cell lines. It could be argued that the 

low stimulation factor demonstrated in the HEKhNOP cell membranes may be masking 

the partial agonist activity of DeUFP in this cell line. However, DeUFP also fails to 

stimulate phosphorylation of ERK1/2. It is possible that ERK1/2 phosphorylation 

occurs at an earlier time point (drugs undergo a 15 minute incubation period before 

being lysed). A potential explanation for this loss of functional activity could be rapid 

phosphorylation of the receptor. Further characterisation of the ligand in downstream 

assays (including timepoint assays to monitor ERK1/2 activity) is required to accurately 

determine its pharmacological properties. 

 

 Interactions with p38 8.4.4

 

The ability of MOP to regulate p38 signalling is well documented. This activity has 

been shown to be both cell line and ligand dependent (Wang et al., 2009, Roux and 

Blenis, 2004, Cuadrado, 2010, Tan et al., 2009b, Pradhan et al., 2012). In CHOhMOP 

Western blot experiments, both Dermorphin and the Dermorphin-derivatives engage 

p38 activity. Conversely, no p38 activity was seen in HEKhMOP cell lines under the 

same experimental conditions.  

 

This loss of activity could be as a result of differential phosphorylation of the MOP 

receptor in HEK cell lines. As has been previously mentioned, GPCR phosphorylation 
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occurs at a slower rate in CHO cells (Kim et al., 2004). The more rapid phosphorylation 

of the MOP receptor in HEK cells could lead to an earlier peak in p38 activity, which is 

missed at the 15 minute time point in our western blot analysis. Alternatively, 

differential phosphorylation of the receptor by GRK isoforms in CHO and HEK cells 

could lead to differential recruitment and attachment of β-arrestins in each cell line, 

resulting in changes to the phosphorylation of downstream MAPK activity.  

 

 Discrepancies between RT-qPCR and radioligand binding 8.4.5

 

RT-qPCR data is presented for a large number of CHOhMOP/NOP clones (Table 6.1, 

Table 6.2). A large number of these clones demonstrated equal or greater ΔCt values for 

NOP mRNA when compared to MOP mRNA. In initial screens, clone number #28 

demonstrated equal ratios of MOP and NOP receptor mRNA. The clone was screened 

for functional receptors in radioligand binding assays, and showed similar expression of 

MOP and NOP (Figure 6.2). However, NOP receptor expression significantly 

decreased after 2 passages.  

 

Further clones were studied in saturation binding assays. All of the clones demonstrated 

little or no NOP receptor expression in this initial batch of clones, despite providing 

positive RT-qPCR data. The discrepancy between functional expression and mRNA 

data is unexplained. It is possible that the stability of these co-expression systems is 

extremely limited, allowing for only a few passages of functional expression. It is also 

possible that while mRNA for both receptors is being produced, the CHO cell does not 

have the necessary translational machinery to convert human receptor mRNA into 

functional protein. Further investigation of mRNA translation in CHO cells is required 

to address this issue. 

 

8.5 Limitations 

 

 Comparisons between assays 8.5.1

 

The numerous assays employed throughout this thesis are well validated through a 

number of years of research.  However, the buffers used within each assay are different, 

and do not necessarily reflect a physiological environment. A prime example would be 
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the  GTPγ[
35

S] experiments between HEK and CHO, where levels of magnesium and 

sodium (both of which affect G-protein binding) are substantially different (Harrison 

and Traynor, 2003).  

 

Direct comparison between assays is complicated by the cell state in each assay. Both 

radioligand binding and GTPγ[
35

S] assays are undertaken in homogenised cell 

membranes, while the cAMP assays and MAPK western blots are undertaken in whole 

cells. Differences in levels of G-proteins, GRK’s, arrestins and other intracellular 

mediators may produce changes in affinity, potency and efficacy. These experiments, 

however, provide us with the ability to detail the mechanisms of action for drugs in 

single receptor and co-expression systems, which would not be possible in vivo or ex 

vivo.  

 

 Evidence of physical interaction between MOP and NOP 8.5.2

 

While the evidence provided by the changes of signalling seen in Chapter 7 strongly 

supports the heterodimerisation of MOP and NOP, a direct physical interaction is not 

demonstrated. Proximity assays would provide substantial evidence to support the 

heterodimerisation theory in this cell line. 

 

Tagging receptors with fluorescent molecules may lead to changes in receptor 

expression (Scherrer et al., 2009). To account for such changes in cell-surface 

expression and to demonstrate in heterodimerisation in the cell line tested in this thesis, 

it is possible that fluorescent ligands (such as naloxone) could be used to demonstrate 

the proximity of the receptors in this cell line (Madsen et al., 2000). This process was 

not within the scope of the PhD. 

 

8.6 Importance of the findings 

 

As detailed previously, opioids provide strong analgesic action in the treatment of 

nociceptive pain. However, their use in the treatment of chronic pain is severely 

blighted by the development of adverse effects, such as tolerance and dependence. The 

implication that opioid receptors interact on a physical level, and signal as a single 

functioning unit, has had important ramifications in the development of opioid ligands. 
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The aim of this thesis was to identify multi-pharmacophoric ligands that act at one or 

more opioid receptor, which may hold future potential of providing analgesia with a 

reduction in adverse effects. These compounds have included chemical alteration of 

known synthetic opioids (Fentanyl), peptides with an increased duration of action, and 

peptides conjugated to form novel bivalent peptides. All of the compounds mentioned 

have been extensively screened in vitro to assess how such conjugation affects the 

pharmacophores involved. 

 

The first of such bivalent pharmacophores were the F-compounds. Initially the focus of 

this thesis was on the conjugation of the MOP agonist, Fentanyl, and  the DOP 

antagonist, Dmt-Tic-OH. The chemical alteration of Fentanyl led to large or complete 

losses in functional activity. While the F-compounds themselves will not provide 

functional use as clinical compounds, their conjugation has provided a number of 

significant details about this process. Of most interest, is that increases in linker length 

can have a marked impact on the functional activity of the compound of interest. 

Interestingly, the changes in linker length also demonstrated an ability to increase the 

antagonist affinity of the DOP pharmacophore. The studies may help influence what 

type and length of linker molecule is used in future studies of bivalent ligands. 

 

The development of a MOP/NOP synthetic bivalent agonist was also studied using 

Fentanyl derivatives. From these studies, we have demonstrated the production of a 

MOP partial agonist/ NOP full agonist. This compound may have future clinical impact 

in studying opioid dependence in vitro and potentially in vivo. The impact of partial 

agonist Buprenorphine in the treatment of dependence is well studied and it is widely 

accepted that its effect in treating opioid and cocaine addiction is mediated through the 

NOP receptor (Bloms–Funke et al., 2000, Raisch et al., 2002, Schottenfeld et al., 1997, 

Jasinski et al., 1978). Further testing of MN3 in vivo in dependence states would be 

required to validate this theory. The development of synthetic bivalent pharmacophores 

has highlighted the difficulty in altering the structure of current, clinically-used, 

opioids.  

 

Further work in the thesis has demonstrated the construction of novel, tetra-branched 

peptides that may have substantial impact in a clinical setting. While PWT2-Leu-Enk 

did not show a marked increase in potency when compared to Leu-Enkephalin or 
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DPDPE at DOP, PWT2-N/OFQ demonstrates a significant increase in potency over the 

N/OFQ peptide at NOP. PWT2-N/OFQ has demonstrated prolonged activity in vivo 

(Rizzi et al., 2014). This work indicates that, certainly for PWT2-N/OFQ, a peptide 

with prolonged action, and potentially reduced adverse effects, could have a place in 

the clinical setting. 

 

The final group of compounds studied in this thesis were MOP/NOP bivalent peptides. 

The interaction between MOP and NOP, with regards to analgesia, is complex. 

Furthermore, work with N/OFQ and mixed ligands, such as cebranopadol, have 

demonstrated the potential for a drug with a reduced dependence profile and synergistic 

increases in analgesia (Ko and Naughton, 2009, Linz et al., 2014). The conjugation of 

Dermorphin and N/OFQ or UFP-101 produced a novel peptidic bivalent MOP-NOP 

agonist and MOP agonist-NOP partial agonists (in CHO cell lines). These compounds 

are the first reported bivalent ligands of their type. DeNO is a full agonist at both MOP 

and NOP, and as such acts as a novel research tool to investigate the interactions of 

MOP and NOP at a cellular level. 

 

The development of these compounds allowed for the investigation of bivalent 

pharmacophores in a system that co-expresses MOP and NOP, without the presence of 

KOP or DOP. The development of the HEKhMOP/NOP cell line demonstrates the first 

study of recombinant co-expressed human MOP and NOP receptors. From this work, it 

is evident to see that the presence of the NOP receptor has a negative impact on both 

the binding and signalling ability of the MOP receptor. Furthermore, the ability of 

DeUFP to retain signalling levels consistent with single expressing cell lines 

demonstrates the functional interactions of MOP and NOP. Taken together, the work 

from this thesis adds significant evidence to the theory of MOP/NOP 

heterodimerisation. Furthermore, it may help to explain the antinociceptive effects seen 

by N/OFQ supraspinally. As well as its overarching impact on dopaminergic neurons, 

the NOP receptor may attenuate dependence by negatively impacting the potency of 

MOP receptor agonists.  
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8.7 Future Work 

 

Future areas of study to build on this thesis include: 

1. Physical evidence of MOP/NOP Heterodimerisation: While the impact on 

signalling is apparent, demonstration of the proximity of the receptors would 

further add weight to this argument. By using fluorescent ligands, the current 

cell lines could be used to determine the proximity of the receptors. 

2. p38 activity: Is p38 activity cell line specific: Is differential GRK or protein 

kinase activity required to engage this MAPK pathway? Is the activity being 

missed? Studies using ligand-stimulated timecourses, the addition of pertussis 

toxin and/or GRK knockout/inhibitor studies may help in determining p38 

involvement in opioid signalling. 

3. In vivo studies of DeNO, DeUFP and MN3: The ability of these compounds to 

attenuate dependence or demonstrate changes in analgesic action would be 

further enhanced by studies in well-defined animal paradigms. 
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8.8 Publications arising from this thesis 

 

Full Papers: 

 

Rizzi, A., Malfacini D., Cerlesi M. C, Ruzza C., Marzola E., M. F. Bird, Rowbotham 

D. J., Severo S., Guerrini R., Lambert D. G.  and G. Calo (2014).  In vitro and in vivo 

pharmacological characterization of nociceptin/orphanin FQ tetrabranched derivatives. 

British journal of Pharmacology, 2014 Sep; 171(17):4138-53. doi: 10.1111/bph.12799. 

 

Bird M.F, Vardanyan R, Hruby V.J, Calὸ G, Guerrini R, Salvadori S, Trapella C, 

McDonald J, Rowbotham DJ & Lambert D. G. The development and characterisation 

of novel fentanyl-based bivalent pharmacophores. British Journal of Anaesthesia (in 

press). 

Brown M, Bird M.F, Rowbotham D. J., Severo S., Guerrini R.,  Calo G., Lambert D. 

G. In vitro and in vivo pharmacological characterization of peptidic bivalent 

pharmacophores targeting MOP and NOP. (In preparation) 

 

Bath M.F, Bird M.F, Thomas R.C., McDonald J., Thompson J. and Lambert D. G. 

Detection and characterisation of NOP receptor signalling in EOL-1 cells. (In 

preparation) 

 

Reviews and editorials: 

 

Lambert D.G., Bird M.F., Rowbotham D.R. – Cebranopadol: A First In-Class Example 

of a NOP and opioid receptor agonist. British Journal of Anaesthesia. 2014 Sep; 

doi:10.1093/bja/aeu332. 

 

Bird M.F. & Lambert D.G. Probing receptor function using radioligand binding. For 

British journal of Anaesthesia (In preparation). 

 

Bird M.F. & Lambert D.G. Targeting multiple opioid receptor types simultaneously in 

pain management - the rationale and the evidence. For Pain: Cancer section for the June 

2015 issue of Current Opinion in Supportive & Palliative Care (In preparation). 
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Abstracts 

 

Anaesthetic Research Society meeting, hosted by the Royal College of Anaesthetists, 

London, December 2012: 

 

 Bird MF, Vardanyan RS, Guerrini R, Trapella C, Calό G, Rowbotham DJ and 

Lambert DG (2012). Characterization of novel fentanyl-based bivalent opioids. Br J 

Anaesth 110 (5): 860P-885P. 

 

Anaesthetic Research Society meeting, hosted by Merton College, Oxford, April 2013: 

 

Bird MF, Vardanyan RS, Guerrini R, Trapella C, Calό G, Rowbotham DJ and Lambert 

DG (2013). Further characterization of novel fentanyl-based bivalent opioids. Br J 

Anaesth 111 (2): 309P-320P. 

 

Presentations: 

 

Postgraduate Careers Symposium for the College of Medicine Biological Sciences and 

Psychology January 9 2014: 

Bird MF. BioTechnology YES 

 

Festival of Postgradtuate Research, University of Leicester, 2014: 

Bird MF. Developing Painkillers with Reduced Side Effects: A Multi-Target 

Approach. 

Cell Signalling Group-meeting, Department of Cardiovascular Sciences, University of 

Leicester, 2013: 

Bird MF. Characterisation of Novel Fentanyl-Based Bivalent Opioids. 

 

BioTechnology Yes, Oxford, 2014: 

Bird MF, Milano C, Gavrille A, Tu S. Sunniva- A Tan in a Pill 
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