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Abstract 

Neuropathic (NP) pain is a debilitating form of chronic pain that can result from a 

variety of disease states that target the sensory nervous system. NP pain can manifest as 

burning or shooting pain, and is commonly refractory to traditional analgesics including 

opioids. Clinically used opioids target the mu opioid receptors (MORs); preclinical 

reports, however, suggest that the delta opioid receptor (DOR) may be a valid target. It is 

now accepted that MORs and DORs oligomerize in heterologous expression systems and 

exhibit novel pharmacology distinct from their monomers. This research aimed to utilize 

both functional and molecular evidence to identify if a heteromeric mu-delta opioid 

receptor oligomer (M/DOR) forms in vivo and whether it is upregulated in NP pain. In an 

animal model of NP pain, animals displayed characteristic behaviours including 

protecting of the ipsilateral hindpaw from environmental stimuli, and mechanical 

allodynia in this paw. Behavioural studies reported that acute injection of DOR- selective 

agonists that bind M/DOR produced enhanced thermal antinociception and reversed 

mechanical allodynia in NP rats. DOR agonists that have low binding affinity for M/DOR 

did not produce enhanced thermal antinociception but did reverse mechanical allodynia in 

NP rats. Molecular studies were employed to characterize the molecular species of ORs in 

the lumbar spinal cord. Isolated spinal cord membranes were subjected to co-

immunoprecipitation with a M/DOR antibody. Co-immunoprecipitation was unable to 

conclusively identify changes in M/DOR levels in the dorsal horn but did confirm that 

such a species exists in vivo. Furthermore, antibody characterization was completed to 

determine if the commercial antibodies used were labeling the appropriate OR proteins. 
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HEK293T cells transfected with MOR and/or DOR plasmids were used in Western 

blotting and immunocytochemistry protocols to test commercially available antibodies. 

These studies determined that MOR and DOR antibodies do label their respective OR 

type, but also recognize additional proteins (non-specifically) in Western blotting 

protocols. In conclusion, behavioural studies revealed a putative role for M/DOR agonists 

in the treatment of NP pain; however, more sensitive tools and protocols must be 

developed before molecular experiments are able to identify quantifiable changes with 

endogenous M/DORs. 
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Chapter 1 

Introduction 

1.1 General Introduction 

Pain is a prevalent, expensive problem in today’s society. Anywhere from 15-25 

% of adults suffer from chronic pain at any given time, and this figure increases to 50 % 

in those aged 65 or older (Verhaak et al., 1998; Blyth et al., 2001; Harstall and Ospina, 

2003). The total economic burden attributable to those affected by chronic pain is 

estimated at $12.5 billion annually (Moulin et al., 2002). Neuropathic (NP) pain, a form 

of chronic pain, is defined as “pain arising as a direct consequence of a lesion or disease 

affecting the somatosensory system” (Ochoa, 2009). NP pain is estimated to affect 2-3 % 

of the Canadian population (Gilron et al., 2006), and is a health problem with significant 

economic repercussions. The impact of pain on the economy results from the direct 

medical costs of treatment, to the financial compensation of those affected and the 

removal of individuals from the workforce as a result of their pain.  

Pain is defined as an unpleasant sensory or emotional experience that is associated 

with actual or potential tissue damage (International Association for the Study of Pain; 

IASP), while nociception refers to the neural processes of encoding and processing 

noxious (or painful) stimuli.  Nociceptive pain is an adaptive mechanism that serves a 

protective role, warning of danger in the environment, while certain forms of chronic 

pain, such as NP pain, appear to serve no protective role; it persists long after an injury 

heals. NP pain can occur in the absence of any as yet identifiable pathology, and is 

usually associated with hyperalgesia, allodynia, or spontaneous pain, which are the 
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increased sensitivity to noxious stimuli, pain evoked from innocuous stimuli, or pain that 

is experienced in the absence of stimuli, respectively. 

NP pain is notoriously difficult to treat and is refractory to many widely used 

analgesics. No single drug will alleviate all NP pain states, and with the diversity of pain 

mechanisms, patient responses, and disorders, treatment must be individualized (Gilron et 

al., 2006). The lack of appropriate treatment regimens for the management of NP pain 

may result from a number of contributing factors, including inadequate diagnosis and 

treatment outcome measures, incomplete knowledge of pathophysiological mechanisms, 

and a lack of education regarding the spectrum of treatments of NP pain (Harden and 

Cohen, 2003). Many of the currently available therapeutics for the treatment of NP pain 

are unable to relieve pain completely for a number of reasons including the limited 

efficacy of treatments, the variety of physiological mechanisms associated with the 

generation and maintenance of NP pain, and the negative side effects of 

pharmacotherapies. For example, while a double-blind randomized clinical trial 

demonstrated that both gabapentin and morphine were able to attenuate NP pain more 

effectively than an active placebo, the maximum tolerated doses of each drug only 

reduced pain by 26-38 % (Gilron et al., 2005). The maximum tolerated dose of many 

traditional clinically used opioids (such as morphine) is determined by the appearance of 

unwanted side effects, including sedation, nausea, and constipation, thus limiting their 

use in the treatment of chronic pain. Conversely, the long-term efficacy of a number of 

traditional opioids has been reported as lasting up to 2 years in chronic treatment 

conditions, but a large amount of individual variation is also indicated (Kalso et al., 



 

 3 

2004). While opioids may exhibit long-term efficacy, the individual variability and the 

occurrence of side effects warrant further consideration. In addition, attitudes of both 

clinicians and patients towards the possibility of addiction to pain medication is also 

guiding the search for better opioids to use in the treatment of chronic pain conditions.  

Traditional clinically used opioids, which act at mu opioid receptors (MORs), 

have limited efficacy in the treatment of NP pain, necessitating the search for better 

analgesics. Previous research led by our laboratory has demonstrated that morphine 

treatment causes a decrease in efficacy in a model of NP pain (a rightward shift in the 

dose response curve when NP animals are compared to shams), however, Deltorphin II 

(delt), a delta opioid receptor (DOR) agonist, was associated with an increase in efficacy 

(leftward shift in the dose response curve in NP animals compared to shams; Holdridge et 

al., 2008). Recent research has expanded upon the role for DORs in the regulation of NP 

pain using DOR null mutant mice, which exhibit a greater pain response in comparison to 

wildtype mice that express DORs endogenously (Nadal et al., 2006). Similarly, 

preclinical studies have expanded upon the role of DORs in the treatment of chronic pain, 

demonstrating that a number of DOR agonists are able to elicit antinociceptive effects in 

chronic pain models including inflammatory (Stewart and Hammond, 1994; Fraser et al., 

2000a; Qiu et al., 2000; Cahill et al., 2003), NP (Nichols et al., 1995; Hurley and 

Hammond, 2000; Mika et al., 2001; Holdridge and Cahill, 2007; Kabli and Cahill, 2007), 

and cancer (Brainin-Mattos et al., 2006) pain. Taken together, these results suggest a 

putative role for the target of DORs in the treatment of multiple forms of chronic pain.  
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DOR agonists may prove effective in the treatment of chronic pain, and were 

briefly tested clinically (Onofrio and Yaksh, 1983). Unfortunately, further preclinical 

studies have since demonstrated that the use of small molecule DOR agonists, such as 

(+)-4-[(αR)- α-((2S,5R)-4-Allyl-2,5-dimethyl-1-piperazin-yl)-3-methoxybenzyl]-N,N-

diethylbenzamide (SNC80), can produce seizures when administered peripherally (Schetz 

et al., 1996). While this may limit the clinical use of DOR agonists, a burgeoning school 

of thought with respect to the in vivo heterodimerization of G-protein coupled receptors 

(GPCRs) and further, opioid receptors (ORs), has formed the basis for this thesis research 

(George et al., 2000; Gomes et al., 2000). The physiological roles of MORs and DORs 

that are currently understood demonstrates a need for further study into the mechanisms 

responsible for NP pain, which may, in turn, lead to the development of more effective 

treatments that cause fewer side effects. 

1.2 Nociception 

Nociceptive pain serves to both notify organisms of tissue damage and to promote 

healing post-injury. Chronic, or pathological, pain, which persists long after a physical 

injury has healed, results from lasting modifications in the activity of the nervous system, 

including variations in density or functionality of different receptor types involved in 

nociception. These changes may occur in both the central nervous system (CNS), 

comprised of the brain and spinal cord, and the peripheral nervous system (PNS), 

consisting of the nerves outside of the CNS, including the dorsal root ganglia (DRG). 
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Nociceptors are a group of highly specialized primary afferent sensory neurons 

that detect and process noxious stimuli (Sherrington, 1906). These neurons transmit 

information from the body with respect to the outside environment to the CNS. Certain 

nociceptors are selective to specific noxious information, such as thermal, chemical, or 

mechanical stimuli, but others can respond to multiple stimuli (Fig. 1.1). Nociceptors can 

be further divided into peptidergic or non-peptidergic neurons, C fibre neurons with 

different identifying characteristics that engage two parallel, potentially independent 

ascending pain pathways (Braz et al., 2005). Peptidergic neurons are small diameter, 

unmyelinated neurons that contain substance P (SP) and calcitonin gene-related peptide 

(CGRP), pro-nociceptive neuropeptides. Non-peptidergic neurons are characterized by 

their high affinity for the isolectin B4 from Griffonia simplicifolia.  

All nociceptors synapse onto neurons in the grey matter of the spinal cord in the 

dorsal horn. The dorsal horn is the point of termination for all sensory afferent neurons 

(whose cell bodies are located in DRGs) and can be divided into morphologically and 

functionally distinct regions, known as the Rexed laminae, which is further divided into 

laminae I-VI. Most primary afferents synapse onto neurons in laminae I and II, known as 

the superficial dorsal horn; laminae III-VI compose the deeper dorsal horn.  

1.2.1 Synaptic neurotransmission 

 Figure 1.2 details the process of excitatory synaptic neurotransmission in the 

dorsal spinal cord. The peripheral endings of primary afferent neurons detect the 

appropriate nociceptive stimulus, causing an influx of sodium (Na+) into the cell. A wave 
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Figure 1.1 Morphology and function of primary afferent sensory neurons. The 
diameter and extent of myelination of axons originating from dorsal root ganglia neurons 
is associated with the type of stimulus information that is relayed to the spinal cord. 
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Figure 1.2 Synaptic neurotransmission. Primary nociceptive neurons relay sensory 
information to neurons in the dorsal horn via excitatory synaptic neurotransmission. The 
stimulation of a nociceptive neuron causes an influx of Na+ to travel down its axon 
toward the axon terminal in the form of an electrical impulse (A). Upon reaching the 
terminal, the electrical gradient stimulates the opening of voltage-gated Ca2+ channels 
(VGCCs), causing Ca2+ to enter the cell (B). The increased amount of intracellular Ca2+ 
initiates exocytosis, causing vesicles carrying neurotransmitters to fuse with the 
presynaptic plasma membrane and release the contents into the synapse (C). 
Neurotransmitters then diffuse across the synapse to interact with specific receptors on 
the postsynaptic membrane. L-glutamate binds ionotropic receptors, triggering the influx 
of cations (such as Na+), and initiating depolarization and propagation of the signal (D). 
CGRP and SP bind metabotropic CGRP- and neurokinin-1 (NK-1) receptors, which 
activate adenylyl cyclase (AC) activity and lead to pro-nociceptive changes within the 
cell (E). 
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of electrical current, or depolarization, results from the influx of Na+ traveling the length 

of the axon. Once the depolarization reaches the central terminal, synaptic vesicles fuse 

with the cell membrane, causing a calcium (Ca2+)- dependent release of the 

neurotransmitter L-glutamate. L-glutamate binds post-synaptic ionotropic glutamate 

receptors including α-amino-3-hydroxyl-5-methyl-4-isoxazole-proprionic acid (AMPA), 

kainite, and N-methyl-D-aspartate (NMDA) receptors, thus propagating the nociceptive 

signal via chemical neurotransmission. The opening of these channels stimulates another 

cycle of depolarization in dorsal spinal cord post-synaptic neurons. 

Modifications in neurotransmission, such as physiological changes in the number 

or function of receptors involved in the propagation of nociceptive signals, can result in 

the generation of chronic pain states. Certain pro-nociceptive changes within the cell (i.e. 

the release of CGRP and SP) are mediated by the activation of peptide-containing 

nociceptors that cause release of these neuropeptides. The release of most neuropeptides 

contributes to both peripheral and central sensitization, which is characterized by ongoing 

neuronal discharges that result in a lowered firing threshold, and thus an increased 

response to a given stimulus. Alterations in both the quality and quantity of the 

neurotransmission associated with nociceptors contribute to the generation and 

maintenance of NP pain states.  

1.3 Neuropathic pain mechanisms 

NP pain does not invariably occur following nerve injury, and individual 

susceptibility is not well understood. This form of chronic pain may result from a wide 
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range of conditions, including mechanical nerve trauma, metabolic diseases (diabetes), 

viral infections (herpes zoster), neurotoxicity (cancer chemotherapy), and inflammatory, 

physical, or immunological nerve damage. NP pain is especially difficult to treat, because 

the clinical symptoms of the disease do not correlate with certain efficacious 

pharmacological agents (Woolf and Mannion, 1999). NP pain does not have a single 

etiology, and it is characterized by a series of physiological changes in both the PNS and 

CNS. Many different mechanisms may contribute to the development of NP pain, and the 

manifestation of symptoms is typically individualized.  The most often described 

symptoms with respect to NP pain include hyperalgesia, allodynia, and spontaneous pain, 

each of which may occur as a result of a number of physiological changes in the nervous 

system, modifying the sensation of pain. 

PNS lesions can result in a number of changes in both the PNS and CNS. These 

widespread alterations contribute to chronic pain and a change in sensation, including 

hypersensitivity at the site of damage and in surrounding tissue. Hypersensitivity, 

characteristic in NP pain, is caused by two phenomena known as modulation and 

modification (Woolf and Salter, 2000). Modulation refers to reversible changes in the 

excitability of primary sensory and central neurons and is mediated by post-translational 

alterations in cellular proteins (i.e. receptors, ion channels). Modification is the long-

lasting alteration in the expression of cellular proteins, or in the structure, connectivity, 

and survival of neurons. In NP pain states, modulation and modification are seen to occur 

in both the CNS and PNS.  
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The changes in nociceptor excitability and the mechanisms responsible for the 

generation of chronic pain states can occur through a modification in the expression of a 

number of different ion/receptor channels including NMDA receptors, Na+ channels, 

voltage gated Ca2+ channels (VGCCs), voltage-gated potassium (K+) channels (Nicol et 

al., 1997), ATP-gated ion channels (Gu and MacDermott, 1997), or acid-gated ion 

channels (Waldmann et al., 1997). Additionally, a nociceptor-specific receptor, transient 

receptor potential V1 (TRPV1), is a non-selective cation channel that plays a significant 

role in the transduction of heat. This receptor is an endogenous target for capsaicin, a chili 

pepper ingredient (Guo et al., 1999) and its action is implicated in the development of 

chronic pain states. The multitude of receptors involved in the sensation of pain provides 

a number of attractive targets for the treatment of NP pain. Unfortunately, since 

symptoms do not necessarily correlate with the mechanisms involved, NP pain states 

may not respond to certain pharmacological treatments.   

1.3.1 Peripheral mechanisms of neuropathic pain 

In peripheral sensitization, the terminals of primary afferent neurons become 

exposed to the products of tissue damage and inflammation. The sensitization of the 

peripheral sensory nerve terminals of both injured and uninjured neurons results from the 

increase in the release of extracellular proteins, lipid metabolites such as arachidonic acid, 

serotonin, bradykinin, nucleotides, and nerve growth factor (NGF) (Bridges et al., 2001). 
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Additionally, other changes in protein expression and trafficking occur within primary 

afferent neurons.  

Hyperalgesia and spontaneous pain result from an increase in nociceptive 

signaling, due to peripheral sensitization. There are several mechanisms that lead to the 

generation of peripheral sensitization, and each may contribute to the generation and 

maintenance of NP pain. Chronic pain can result in an increase in Na+ channel synthesis 

or the expression of previously inactive Na+ channels as a primary event in the sensation 

of pathological pain (Waxman et al., 1994).  Changes in the expression and distribution of 

Ca2+ channels have also been observed following peripheral nerve injury (PNI) 

(Malcangio and Bowery, 1996). Together, these changes in the expression of Na+ and 

Ca2+ channels can change the firing capabilities of both the injured and surrounding 

uninjured neurons. Spontaneous activity has been reported in primary afferents as a result 

of these modifications in receptor expression, which may contribute to both spontaneous 

and exaggerated pain (Lisney and Devor, 1987; Woolf and Mannion, 1999; Bridges et al., 

2001; Zimmerman, 2001; Chung and Chung 2002).  

The sympathetic nervous system (SNS) has now been implicated in the 

mechanisms responsible for some forms of NP pain; the expression of α1B and α2A 

adrenoreceptor subtypes increases in NP pain states in DRG neurons (Chen et al., 1996; 

Cho et al., 1997; Shi et al., 2000; Xie et al., 2001). This increase in the expression of 

certain adrenoreceptor subtypes also results in an increase in the sensitivity of these 

neurons to catecholamines (Woolf and Mannion, 1999). Post-nerve injury, as an example 
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of modification of the nervous system, an increased number of sympathetic fibres have 

been reported to grow towards DRG neurons, providing an increased number 

catecholaminergic ligands to the increased population of adrenoreceptors (McLachlan et 

al., 1993; Woolf and Mannion, 1999; Bridges et al., 2001; Chung and Chung, 2002). Due 

to the implication of the SNS in NP pain generation, some treatments have been 

developed which take advantage of this link; clinically successful treatments can involve 

the provision of sympathetic blocks to patients (Bridges et al., 2001), or in extreme cases, 

sympathectomies, surgical procedures that destroy nerves in the SNS. 

1.3.2 Central mechanisms of neuropathic pain  

In central sensitization, there exists activity dependent enhancement of 

transmission at central excitatory synapses involving both Aδ sensory neurons, which 

transmit sharp first pain, and C fibres, which transmit slow, dull, longer lasting pain. The 

increased release of neuropeptides that is associated with PNIs leads to hyperexcitability 

of dorsal horn nociceptive neurons (Bridges et al., 2001), also known as windup. In 

windup, the activation of Aδ and C sensory neurons can lead to a release of glutamate 

and neuropeptides, including SP and CGRP, from the nerve terminals of primary 

afferents in the dorsal horn. Glutamate activates post-synaptic AMPA and kainite 

ligand-gated ion channels, which leads to the depolarization of the dorsal horn neurons 

(Woolf and Mannion, 1999). However, the weak stimulation of these ligand-gated ion 

channels does not activate the NMDA receptor, which is blocked by physiological 
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concentrations of magnesium (Mg2+) via a voltage-dependent block (Mayer et al., 1984; 

Herron et al., 1985). A greater or sustained stimulation causes the continuous activation 

of the AMPA receptors, and is sufficient to remove the Mg2+ block. Upon the removal 

of the Mg2+ block, glutamate binds the NMDA receptors, opening the channel to Na+, 

Ca2+, and K+ ions. Activation of NMDA receptors produces slow excitatory post-

synaptic potentials (EPSPs), cumulative depolarization, and increases the responsiveness 

of dorsal horn neurons to frequency-dependent stimulation, which, upon repetitive 

activation, is thought to contribute to the clinical NP pain symptoms hyperalgesia and 

allodynia (Dubner and Ruda, 1992; Bridges et al., 2001).  

Modulation also occurs in the CNS with respect to both NMDA and AMPA 

receptors. Electron microscope and electrophysiological studies have reported an increase 

in receptor trafficking of AMPA receptors to the synapse, causing an increase in 

synaptic strength (Barria and Malinow, 2002; Malenka et al., 2003). Similar phenomena 

occur with NMDA receptors (Perez-Otano and Ehlers, 2005). 

1.3.3 Hyperalgesia, allodynia, and spontaneous pain 

Central and peripheral sensitization result in similar outcomes with regards to 

hyperexcitability. The abnormal processing of sensory afferent input occurs as a result of 

hyperexcitability, and may contribute to the development of NP pain symptoms such as 

allodynia, hyperalgesia, and spontaneous pain. Spontaneous pain is not well 

characterized, but is often described as either a lacinating, or continuous burning 

sensation, which is suggestive of a variety of separate mechanisms that contribute to this 
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sensation. Hyperalgesia and allodynia may result from both modification and modulation 

in the PNS and CNS. 

Neuropeptide release and hyperexcitability in both the PNS and CNS may 

contribute to the generation of hyperalgesia (Bridges, et al., 2001). Modulation plays a 

role in increasing the amount of neurotransmission in nociceptive neurons, which would 

act to exaggerate stimuli that are already being processed via the same set of neurons. 

Nerve sprouting may also act to cause hyperalgesia in NP pain via the exaggeration of 

existing sensations.  

Touch, a sensation that is normally transmitted by Aβ mechanoceptive fibres, can 

evoke a painful response in NP pain states. Many researchers have proposed that 

allodynia is transmitted by Aβ fibres since the stimuli are identical (Campbell et al., 

1988), or that there is reorganization within the dorsal spinal cord where sensory 

information is relayed. It has been reported that large myelinated Aβ sensory neurons 

undergo a phenotypic switch post-PNI, thus acquiring the ability to express and release 

SP (Malcangio et al., 2000). This ability of Aβ fibres to release SP may be the mechanism 

by which touch-evoked pain is transmitted. However, a central mechanism has also been 

proposed to account for this aberrant sensory processing (Woolf et al., 1997). It was 

previously reported that there is physical reorganization within the CNS so that large 

myelinated cutaneous afferents, which normally send projections into lamina III and 

deeper laminae of the dorsal spinal cord, sprout superficially onto lamina I and the dorsal 
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aspect of lamina II. Thus, terminals of Aβ fibres end in such close proximity to 

nociceptive specific second order spinal cord neurons so that they are able to activate 

these neurons and transmit nociceptive signals (Woolf et al., 1992). However, others have 

refuted this finding (Hughes et al., 2007).  

C fibres also play a role in transmitting the sensation of light touch. Olausson et 

al. (2002) performed fMRI studies and reported that when activated, unmyelinated C 

fibres can also evoke a faint sensation of pleasant touch, suggesting that this subsect of 

nociceptors is not only responsible for pain transmission but also for pleasure, 

supporting the idea that neurons are responsible for the transmission of different types of 

stimuli. C fibres have also been implicated in abnormal pain transmission via the action of 

TRPV1, a receptor normally expressed by nociceptive sensory neurons. TRPV1 

antagonists have been found to attenuate allodynia in animal models of NP pain, 

supporting the hypothesis that C fibres may be important for the transmission of this 

abnormal pain sensation (Pomonis et al., 2003). Additionally, desensitization of TRPV1 

can alleviate hyperalgesia in a model of diabetic neuropathy (Rashid et al., 2003). As a 

result, allodynia is thought to be mediated by both modulation and modification within C 

and Aβ nerve fibre populations, generating both synaptic plasticity and abnormal sensory 

transmission. 
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1.4 Non-opioid treatment of neuropathic pain 

Based upon the neurophysiological changes that occur in the transmission of 

nociceptive information in cases of chronic pain, several strategies have been developed to 

restore homeostasis or provide analgesia. Antagonists for Ca2+ channels (Prado, 2001), 

proton-gated channels (Waldmann et al., 1997), voltage-gated Na+ channels (Suzuki and 

Dickenson, 2000), and NMDA receptors (Suzuki et al., 2001) have been used in 

preclinical research to treat chronic pain conditions. Many of the available drugs that are 

used clinically to treat chronic pain are associated with side effects, such as tolerance or 

addiction, demonstrating the need for novel analgesics. For example, NMDA receptor 

antagonists have limited efficacy and produce intolerable side effects (Sang et al., 2002; 

Hocking and Cousins, 2003). Treatment with agonists for gamma-amino butyric acid 

(GABA)ergic (Malcangio and Bowery, 1996) or nicotinic acetylcholine receptors 

(nAChRs) (Decker and Meyer, 1999) has also been explored, with positive results. 

GABA agonists, including the classical benzodiazepines, may cause antihyperalgesia, 

however, this requires high receptor occupancy leading to strong sedation and other 

effects that mask the beneficial effects (Zeilhofer et al., 2009). Certain agonists at 

nAChRs have been reported to cause side effects including hypothermia and ataxia 

(Decker and Meyer, 1999), and seizures may also occur at higher doses of specific 

agonists, especially with repeated dosing. Also, nAChR agonists have a small therapeutic 

index, an indication that these drugs must be carefully controlled.  
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Other therapeutic options for the management of chronic pain include non-

traditional analgesic treatments for which the mechanism of action may not be known. 

For the treatment of moderate to severe pain, tricyclic antidepressants (TCAs) have been 

shown to reduce pain in some NP conditions. This may be attributable to the blockade of 

noradrenaline and serotonin reuptake, NMDA receptor antagonism, and Na+ channel 

blockade (McQuay et al., 1996; Stahl, 1998). However, drugs within this class are 

superior to selective serotonin reuptake inhibitors (SSRIs) and serotonin-norepinephrine 

reuptake inhibitors (SNRIs) with respect to pain relief. Thus, the effect of TCAs is not 

solely due to the ability to block monoamine uptake. Anticonvulsants, such as 

carbamazepine and phenytoin, have also been used to treat NP pain, however each has 

significant adverse effects including drowsiness, dizziness, and nausea (Gilron et al., 

2006). The use of antidepressants and anticonvulsants that act via a number of apparently 

non-specific mechanisms have been associated with causing general CNS depression and 

other unwanted side effects (Dickinson et al., 2003). Regardless of the significant side 

effects associated with some of the treatments for NP pain, some agents may still be used 

as first-line therapy for specific conditions; for example, carbamazepine is used to treat 

NP pain that is associated with trigeminal neuralgia (Finnerup et al., 2005). Other 

anticonvulsants, including gabapentin, an anti-epileptic that binds the α2δ subunit of 

voltage-gated Ca2+ channels and acts as an antagonist, have demonstrated analgesic 

efficacy in both clinical (Curran and Wagstaff, 2003; Gilron et al., 2005) and preclinical 

(Matthews and Dickenson, 2002; Klugbauer et al., 2003; Hansen et al., 2004) studies. 

Both gabapentin and its analogue pregabalin have demonstrated analgesic efficacy as 
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well as improvements in mood and sleep (Gilron et al., 2006). This is important, as 

conditions such as depression and sleep loss are co-morbidities associated with cases of 

NP pain. Pharmacological treatments that manage multiple conditions can prove to be 

especially useful in treatment regimens.  

Topical agents, including the lidocaine patch or capsaicin, are promising as long 

as their use is tolerated by those who begin the treatment (Finnerup et al., 2005). 

Lidocaine is a local anesthetic, while capsaicin is an agonist at TRPV1 receptors. The 

prolonged activation of TRPV1 receptors acts to deplete endogenous presynaptic SP. 

This causes a lasting numbness, but only if the initial treatments are tolerated. Lidocaine 

is not currently used as a first-line therapy for NP pain. It has been linked with adverse 

drug reactions involving the cardiovascular system, making it an unattractive treatment 

for NP pain states (Thomson et al., 1973).   

 Other drugs that have been used in the treatment of NP pain include clonidine, an 

α2 adrenergic agonist, and cannabinoids. Currently, clonidine has demonstrated efficacy 

in the treatment of patients with diabetic peripheral neuropathy (Byas-Smith et al., 1995), 

while a variety of cannabinoids have been reported as providing modest analgesia in 

randomized control trials of central pain associated with multiple sclerosis (Svendsen et 

al., 2004) and NP pain following brachial plexus avulsion (Berman et al., 2004). 

Clonidine is not widely used, as it produces tolerance (Paalzow, 1978), and at higher 

doses, secondary effects including sedation, bradycardia, and respiratory depression can 

occur (Giovannoni et al., 2008). The efficacy of cannabinoids is similar to that of 

codeine, thus the CNS depressant effects associated with this class of drugs are 
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unnecessary and unwanted, yielding these drugs unused in lieu of analgesics with similar 

efficacy.    

1.5 Opioids 

1.5.1 Historical use 

Opium, obtained from the seed pods of the Papaver somniferum poppy, was 

recognized as having analgesic and anti-diarrheal properties as early as 5000 years ago by 

ancient Sumerian and Egyptian cultures (Dhawan et al., 1996). Opium has had a wide 

variety of uses since its discovery, but it was not until 1806 that Friedrich Serturner 

isolated the active ingredient of opium. This component was named morphine after 

Morpheus, the god of dreams. In the 1850s, morphine was used as an anesthetic for minor 

surgical procedures and as an analgesic to treat chronic pain (Brownstein, 1993). Despite 

the problems associated with the chronic use of morphine and other opioids, this class of 

drugs is still widely used for the treatment of moderate to severe pain. The use of opioids 

in the treatment of moderate to severe chronic pain is controversial, as there is conflicting 

research regarding their long-term use (Gimbel et al., 2003; Watson et al., 2003; Watson 

et al., 2004). However, they remain widely used for NP pain.  

1.5.2 Opioid receptors 

The OR system is composed of three OR subtypes that have been identified via 

cloning (Evans et al., 1992; Chen et al., 1993; Meng et al., 1993). The existence of 3 

types is supported by radioligand binding studies that revealed differential binding site 

distribution in the CNS (Goldstein et al., 1971). The three cloned ORs were originally 
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identified by the experimental paradigms after which the specific ORs are named: the mu 

(for morphine) and kappa (ketocyclazocine; Martin et al., 1976) receptors, reported 

through selective binding experiments, and the delta receptor (Lord et al., 1977), named 

for the former as well as for the tissue specific activity ([D-Ala2,D-Leu5] enkephalin 

(DADLE), contraction of the vas deferens). An additional opioid receptor-like receptor 

(ORL1R) has been identified, and is homologous to DORs, MORs, and kappa opioid 

receptors (KORs). ORL1R binds endogenous KOR peptides with low affinity (Zhang and 

Yu, 1995) and interacts with nociceptin, a non-opioid peptide (Meunier et al., 1995; 

Reinshcheid et al., 1995). 

ORs belong to the 7-transmembrane domain GPCR super-family, with their 

transmembrane helices connected by intra- and extracellular loops. The three traditional 

OR types (MOR, DOR, KOR) share 58-68% sequence similarity with the transmembrane 

domains being highly conserved (Dhawan et al., 1996). Each portion of the OR (amino 

termini, extracellular and intracellular transmembrane domains, carboxy termini) has a 

specific role in receptor function. The amino termini and extracellular loops show a large 

degree of variation, which may account for the differences in agonist selectivity. G 

proteins interact with the highly conserved sequences of the intracellular loops of ORs. 

The intracellular carboxy terminal, like the amino termini and extracellular loops, is 

highly divergent among the receptors and confers receptor selectivity to intracellular 

proteins, including kinases such as protein kinases A and C, and G protein-coupled 

receptor kinases (GRKs). The ORs may have highly conserved regions, but due to 
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differences in receptor localization and a divergence in the downstream signaling 

mechanisms, they serve different functions within the nervous system. 

1.5.3 Endogenous opioid system 

The physiological changes that occurred in the body after the administration of 

opium or morphine led to the hypothesis that opioids interact with an endogenous 

receptor system (Pert et al., 1973; Simon et al., 1973; Hughes, 1975). Through the 

administration of exogenous drugs (e.g. morphine), it was discovered that endogenous 

peptides also act upon these receptors. There are four families of endogenous peptides 

that have been identified and include enkephalins, endorphins, dynorphins, and 

endomorphins. Each family is derived from the precursors proenkephalin (PENK), 

proopiomelanocortin (POMC), prodynorphin (PDYN), and proendomorphin (PEND), 

respectively (Przewlocki and Przewlocka, 2001).  

Enkephalins are considered endogenous DOR peptides, but they have similar 

binding affinity for MORs. Beta-endorphins, a subclass of the endorphin family, are 

selective to both MORs and DORs, and dynorphins preferentially bind KORs. 

Additionally, endomorphins are highly selective agonists at MORs. Endogenous opioid 

peptides are found throughout the CNS including regions that are reported to play a role 

in nociceptive signaling, such as the dorsal horn of the spinal cord (Przewlocki and 

Przewlocka, 2001). 

1.5.4 Opioid receptor signaling 

GPCRs are a large, diverse group of proteins, and represent the targets of 

approximately 30% of pharmaceuticals on the market (Hopkins and Groom, 2002). 
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Human GPCRs can be divided into five main families of receptors: rhodopsin, secretin, 

glutamate, adhesion, and frizzled-taste-2 (as reviewed by Fredriksson et al., 2003). ORs 

belong to the rhodopsin superfamily, and act to transduce extracellular signals via 

interactions with heterotrimeric G proteins. GPCRs such as ORs mediate a large variety 

of physiological activities, differentiated by the extensive heterogeneity in the G protein 

subunits (α, β, and γ). The effects of OR activation is therefore dependent on a number of 

variables, including the cellular and tissue localization of the OR as well as the G proteins 

and other effector molecules involved in signaling. Different G proteins or effectors can 

also be compartmentalized to different regions within the same cell, adding to the 

diversity of GPCR effects. 

OR signaling is activated following ligand binding (endogenous or exogenous 

agonists). Activation results in association of the receptor to inhibitory G proteins and 

promotes the exchange of GDP for GTP within the G protein-binding site. The exchange 

of GDP to GTP signals the dissociation of the Gα subunit from the Gβγ subunits. Cloned 

OR subtypes couple to the pertussis toxin (PTX)-sensitive Gi/o or PTX resistant Gz 

isoforms with differences in selectivity and downstream effects. DORs can also couple to 

Gq, producing antinociception supraspinally (Sanchez-Blazquez and Garzon, 1998). 

 The activation of ORs inhibits adenylyl cyclase activity (AC; Burns et al., 1983; 

Johnson et al., 1994) and VGCCs (Tsunoo et al., 1986), and increases the influx of K+ 

through K+ ion channels (North et al., 1987; Darlison et al., 1997; Schneider et al., 1998). 

Inhibition of pre-synaptic Ca2+ channels prevents the release of excitatory amino acid 

(Glaum et al., 1994; Grudt and Williams, 1994) and peptide (Suarez-Roca et al., 1992) 
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neurotransmitters; increased intracellular K+ hyperpolarizes the post-synaptic membrane. 

Collectively, OR activation results in the inhibition of nociceptive signaling in the PNS 

and CNS (Fig. 1.3).  

1.5.5 Problems associated with opioid use 

Acute nociceptive pain, which results following tissue injury, is well managed 

with traditional analgesics including opioids. Most opioids that are used in clinical 

settings for the treatment of pain are MOR agonists, but NP pain is reportedly less 

responsive to opioids. In chronic pain states, opioids must act to overcome the 

modulation and modification of the CNS and PNS, but are ineffective in being able to do 

so. This may also contribute to the resistance of NP pain to opioids (Arner and Meyerson, 

1988). Chronic opioid administration often results in decreased analgesia and the 

occurrence of a number of adverse effects including constipation, nausea, and vomiting. 

Dose escalation often increases the intensity of adverse effects to the point of intolerance 

and also affects compliance. In addition to the side effects, the chronic administration of 

high doses of opioids has been associated with tolerance, physical, and psychological 

dependence.  Clinically, the treatment of NP pain with a combination of analgesics is 

gaining favor due to the variety of physiological modifications in the nervous system that 

have been identified as playing a role in the causation of symptoms associated with the 

condition. Taken together, the tolerance, dependence, pathophysiology, and adverse 

effects demonstrate a need for the development of better analgesics for use in the 

treatment of NP pain. While MOR is the principal receptor that clinically used agonists 
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Figure 1.3 Endogenous opioid receptor activity. In the spinal cord, endogenous and 
exogenous opioid ligands act to produce antinociception by interacting with both pre- and 
post-synaptic opioid receptors (ORs). Presynaptic ORs inhibit the activity of voltage-
gated calcium (Ca2+) channels (VGCCs), thereby inhibiting the Ca2+-dependent release of 
excitatory neurotransmitters and pro-nociceptive chemicals into the synapse (A). 
Conversely, the activation of post-synaptic ORs causes the opening of inwardly-rectified 
potassium (K+) channels (KIR) initiating the efflux of K+ ions along their concentration 
gradient, leading to the hyperpolarization of the postsynaptic membrane (B). 
Additionally, postsynaptic ORs negatively couple to adenylyl cyclase (AC), acting to 
inhibit changes in the activity of kinases and gene regulation, thus promoting nociception 
(C). Taken together, ORs act to inhibit the signal propagated by painful stimuli. 
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act upon, it is not the only endogenous OR that can mediate analgesia. 

1.6 Delta opioid receptors and antinociception  

ORs are synthesized in the endoplasmic reticulum and undergo post-translational 

modifications in the trans Golgi network.  However, to be accessible to extracellular 

ligands (whether endogenous or exogenous) (Harter and Wieland, 1996; Claing et al., 

2002), mature ORs must be expressed on the plasma membrane. Most GPCRs, including 

the MOR (Cheng et al., 1996a; 1996b; 1997), are found on the plasma membrane, 

however, DORs are mainly localized to intracellular compartments (Dado et al., 1993; 

Cheng et al., 1995; Zhang et al., 1998; Cahill et al., 2001a; 2001b; 2003). Behavioural 

and pharmacological studies have demonstrated that spinal cord antinociception may 

involve each of the three main OR subtypes (Schmauss and Yaksh, 1984; Stevens and 

Yaksh, 1986; Dickenson et al., 1987). However, if DORs are maintained intracellularly, 

they are inaccessible to extracellular ligands, and are unable to exert acute 

antinociceptive effects. Thus, for DOR to be accessible to ligand binding, trafficking of 

DORs must be initiated. The trafficking of DORs to the cell surface can be initiated by a 

variety of stimuli, including exposure to agonists (Petaja-Repo et al., 2002; 2006; Bao et 

al., 2003), chronic morphine treatment (Cahill et al., 2001b; Morinville et al., 2003), 

chronic peripheral inflammation (Cahill et al., 2003b; Morinville et al., 2004), and 

chronic constriction injury (CCI; Holdridge et al., 2008). DOR agonist-mediated effects 

are enhanced in each of these conditions, demonstrating that further study on the 

regulation of DORs in chronic pain states is warranted.  
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1.7 Opioid receptor hetero-oligomerization hypothesis 

Tissue-dependent pharmacology was identified prior to the cloning of the ORs 

(Porreca et al., 1992; Xu et al., 1993). While three ORs have been cloned, 

pharmacological evidence suggests the existence of additional ORs as an extension of the 

three families (Pasternak and Standifer, 1995). Given that only the three genes have been 

identified and the human genome sequencing project is complete, there is little genetic 

basis supporting these findings, suggesting alternative hypotheses for the existence of 

other ORs. The multiple hypotheses for this discrepancy include: alternative RNA 

splicing with the translation of molecular variants, post-translational modifications, that 

receptor-effector interactions present in endogenous CNS/PNS systems may not have 

been adequately replicated in the heterologous receptor systems, or hetero-

oligomerization of the existing cloned receptors.  

Supporting the alternative RNA splicing hypothesis, each of the three OR genes 

contain introns that follow the first and fourth transmembrane domain-encoding exons 

(Yasuda et al., 1993; Pasternak and Standifer, 1995). The existence of introns in a genetic 

sequence provides the potential for alternative splicing and the translation of slightly 

modified ORs. ORs undergo maturation and post-translational modifications in the trans 

Golgi network, and thus differences in the ubiquitination, phosphorylation, 

palmitoylation, or glycosylation may be conferring a different pharmacological 

phenotype onto MORs, DORs, or KORs (Dhawan et al., 1996). However, the hypothesis 

that the three known receptors form hetero-oligomeric complexes with one another 
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(Jordan et al., 2000), or with other GPCRs, such as α2 receptors (Stone et al., 1997; 

Jordan et al., 2003) is rapidly gaining support.  

Most research supporting the hetero-oligomerization of GPCRs has been 

completed using plasmid transfection into cells, which are not the optimal systems to 

mimic the physiological behaviour of the endogenous OR system. Plasmid transfection 

results in the over-expression of ORs, as endogenous levels are much lower. However, 

the over-expression of ORs using tagged or untagged plasmids have demonstrated that 

MORs and DORs can hetero-dimerize in bioluminescence resonance energy transfer 

(BRET; Gomes et al., 2002; Wang et al., 2005; Hasbi et al., 2007), radioligand binding, 

and co-immunoprecipitation (co-IP; Jordan and Devi, 1999; George et al., 2000; Gomes 

et al., 2000) experiments. Additionally, the co-IP experiments were performed using 

antibodies to the tags in the plasmids, as these antibodies are better characterized in 

molecular work in comparison the commercially available OR antibodies. While the 

methodology is appropriate for identifying conformation and fixative sensitive oligomers, 

it is difficult to extend the results to endogenous conditions.  

The hetero-oligomerization of ORs is also supported by experiments reporting a 

switch in the signaling properties. Levac et al. (2002) proposed that the MOR and DOR, 

when coupled together in a heteromer, result in a switch in the G protein coupled to the 

receptors, from Gi/o to Gz. The heterodimerization of MORs and DORs may also promote 

a switch in the downstream signaling from G protein-mediated to arrestin-mediated 

(Rozenfeld and Devi, 2007). These findings demonstrate that a switch in signaling 

properties may result from the coupling of MORs and DORs, supporting the discrepancy 
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between the number of cloned ORs versus the number of different pharmacological 

subtypes. 

1.8 Localization of opioid receptors 

1.8.1 Anatomical location 

 The three OR types exhibit overlapping regions of distribution in the CNS and 

PNS. Immunohistochemistry (Mansour et al., 1995b), radioligand binding (Mansour et 

al., 1994b), and in situ mRNA hybridization (Mansour et al., 1994a; b) studies 

demonstrate that ORs are expressed in regions of the nervous system that are involved in 

the modulation of nociception, movement, emotion and reward, and endocrine function 

(Mansour et al., 1995a). Within the spinal cord, ORs are localized on the pre-synaptic 

axon terminals of primary afferents, and on the soma and dendrites of dorsal horn 

neurons (Besse et al., 1990; Dado et al., 1993; Arvidsson et al., 1995; Cheng et al., 1995; 

1996; 1997; Zhang et al., 1998).  

Within the PNS, conflicting results have been reported regarding the DRG cell 

types that express ORs; ORs may be expressed in small diameter neurons (Ji et al., 1995; 

Wenk and Honda, 1999), or in both small and large neurons (Pare et al., 2001; Wang and 

Wessendorf, 2001; Kabli and Cahill, 2007). Scherrer et al. (2009) used a mouse model 

that expressed green fluorescent tagged (GFP)-DORs and reported that MORs and DORs 

are co-expressed in only 5 % of primary afferents, which were myelinated, and of large 

diameter. 95 % of the ORs were localized to morphologically and functionally distinct 

neurons; MORs were localized to peptidergic neurons, co-expressed with SP or TRPV1, 
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and DORs were localized to myelinated and non-peptidergic unmyelinated afferents 

(Scherrer et al., 2009). 

1.8.2 Cellular localization 

 For heteromerization of ORs to occur, they must be expressed by the same cell; 

the changes in functionality that may occur through physical association require a certain 

degree of proximity. Immunoelectron microscopy studies performed by Cheng et al. 

(1997) reported that DOR can be localized to axon terminals that are presynaptic to 

dendrites that express both DOR and MOR, and conversely, MOR can be localized to 

axon terminals forming synapses with dendrites expressing DOR. Thus, DOR and MOR 

agonists may also modulate the presynaptic release of neurotransmitters onto neurons that 

express the alternative OR. Furthermore, within the dorsal horn of the cervical spinal 

cord, a subset of MOR labeled soma and dendrites also expressed DORs (Cheng et al., 

1997). The cellular co-localization experiments support the previously reported 

synergistic effects of MORs and DORs (Gomes et al., 2000) along with the 

heteromerization hypothesis.    

1.9 Opioid agonist affinity for monomeric versus oligomeric complexes 

 The differences in the anatomical and cellular location of the three cloned ORs, 

the non-conserved regions responsible for agonist binding, and the variety of effector 

molecules result in a range of downstream effects that can occur upon the activation of 

ORs. Additionally, co-expression experiments in heterologous systems have reported 

novel properties upon hetero-oligomerization (George et al., 2000), thereby increasing 

the variety of possible effects following receptor activation. Co-expressed receptors have 
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significant variation in their pharmacology and signal transduction properties, with the 

emergence of both unique properties (George et al., 2000; Gomes et al., 2000) and 

additive signaling functions (Martin and Prather, 2000). For example, the δ2 OR subtype 

was previously identified as pharmacologically distinct via radioligand binding 

experiments where agonist binding increased upon co-expression of MOR and DOR. 

However, exceptions in the pharmacological rank order have been reported (Gomes et 

al., 2000). Thus, both heterologous expression systems and behavioural pharmacology 

must be used as a benchmark to identify drug effect. 

Delt and [D-Ser2, Leu5, Thr6]-Enkephalin (DSLET) were originally reported as δ2 

OR agonists, one of the pharmacological subtypes; both drugs have since been suggested 

to have agonist activity at the DOR as well as high affinity of binding to the M/DOR 

oligomer. Fan et al. (2005) wrote that the δ2 OR was most likely a M/DOR dimer, as 

radioligand binding experiments using delt demonstrated an increase in binding when the 

two receptors were co-expressed rather than DOR expressed alone. In addition to delt 

being identified as a potent agonist at this oligomer, this study also reported that the drug 

mediated at least part of its effects via a pertussis toxin-insensitive G protein, Gz. The G 

protein coupled to MOR and DOR homomers is Gi/o, suggesting a switch in G protein 

coupling that results from heteromerization and further supporting the existence of 

M/DOR oligomers. 

Accordingly, [D-Pen2, D-Pen5]-Enkephalin (DPDPE) and SNC80 are inactive at 

M/DOR (Knapp et al., 1996; Fan et al., 2005). In radioligand binding studies, DPDPE is 

reported as a DOR-specific agonist (George et al., 2000), with >10,000 fold greater 
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affinity for the DOR over the MOR. When the MOR and DOR are co-expressed, there is 

a 10-fold reduction in the affinity for DPDPE. However, decreased antinociceptive 

potency of DPDPE has been reported using a variety of MOR knockout mice strains 

(Matthes et al., 1996; Sora et al., 1997a; Sora et al., 1997b; Hosohata et al., 2000). 

SNC80 was also suggested to be a selective DOR agonist with no binding at M/DOR. 

Contradictory to the DPDPE data, the SNC80 radioligand binding experimental results 

are supported by behavioural studies using MOR knockout animals where MORs are not 

expressed endogenously (Gendron et al., 2007). 

The differential agonist activity of the four agonists identified in this section will 

be used in behavioural studies in the course of this thesis research to distinguish if the 

M/DOR hetero-oligomer exists endogenously, and if it plays a role in pain nociceptive 

transmission through assessing the effect of antinociception or anti-allodynia. 

1.10 Opioid effects in animal models of neuropathic pain 

Many rodent models of NP pain have been used to better study the development 

of this form of chronic pain in the hopes that further understanding of the modifications 

in the nervous system would result in more effective treatments. Several animal models 

have been developed to mimic a specific disease condition from which NP pain can 

develop, however each model is very sensitive to minute changes in the experimental 

conditions. Thus, it is difficult to compare the experimental results between studies. Most 

animal models of NP pain are responsive to MOR agonists such as morphine, but the 

efficacy of these agents is reduced in comparison to models of acute pain. Specifically, 

the antinociceptive efficacy of morphine is reduced in nerve-injured animals (Ossipov et 
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al., 1995), and intrathecal (i.t.) administration of supramaximal doses does not reverse 

tactile allodynia (Bian et al., 1995). Conversely, opioids have also been reported to 

produce antinociception and anti-allodynia in rats following sciatic nerve crushing, 

another model of neuropathic pain (Przewlocka, et al., 1999). These studies differ mainly 

in the model of NP pain used and the methods by which allodynia is measured. 

Therefore, it is difficult to directly compare the two studies. Opioid effects are consistent 

depending upon the model used to produce NP pain, the paradigm used to quantify 

changes in the amounts or quality of pain, the strain of animal, and the route of drug 

administration. Many of the behavioural paradigms employed are highly variable, as 

many are dependent on the experimenter’s technique and are often subjective measures of 

pain. In order to directly compare behavioural data, strict control of many variables is 

necessary; thus the search for consistent objective paradigms is of the utmost importance.  

Many behavioural paradigms investigate stimulus-evoked pain via measurement 

of response latencies to thermal stimuli (hot/cold), such as the tail flick or paw 

withdrawal tests, or thresholds to tactile or chemical (capsaicin, formalin) stimuli. In 

order to assess specific hallmarks of NP pain (allodynia and/or hyperalgesia) these 

stimuli can be applied at either non-noxious or noxious thresholds. Spontaneous pain, 

another hallmark of NP pain, can also be quantified through observation of an animal 

over a pre-determined period of time during which behaviours, such as guarding of the 

impaired limb, limping, or licking or biting, manifest. Rodent models of pain are difficult 

to quantify as the animal is unable to speak to its exact perception of the pain it is 

experiencing, so non-threshold measures of pain have not yet been validated.  
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1.11 Statement of purpose 

 This introduction has reviewed the anatomical, molecular, and behavioural 

evidence of ORs modulating nociceptive transmission. There is also accumulating 

evidence that a putative hetero-oligomer composed of MORs and DORs has novel 

pharmacology distinct from each of the monomeric receptors and thus may have 

differential effects in modulating nociception. The presence of this heteromer may be 

increased in NP pain states. The aim of this thesis research was to determine if the 

biochemical tools available would identify the oligomer ex vivo, and if this receptor 

heteromer had a functional role in the regulation of NP pain. 

1.12 Research hypothesis 

There is an increase in M/DOR oligomers in NP pain, and agonists that show 

enhanced binding at these complexes will be more effective than monomeric receptor 

agonists in modulating associated pain hypersensitivity. 

1.13 Research objectives 

  This hypothesis had two specific objectives, the first being a behavioural 

approach, and the second a molecular approach. The first objective sought to determine 

the effectiveness of DOR agonists that have increased binding at M/DOR (delt, DSLET) 

as compared to DOR-specific agonists (SNC80 and DPDPE) in a model of NP pain. The 

second objective sought to identify a plausible molecular method by which the M/DOR 

heteromer may be identified ex vivo.  
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 To evaluate the first objective, we determined the effects of central i.t. 

administration of DOR-specific agonists, or DOR agonists that bind the M/DOR 

heteromer, on NP and sham animals tested in mechanical allodynia and thermal 

nociception behavioural pain paradigms. To investigate the second objective, we 

employed ex vivo co-IP techniques to determine if a heteromer could be identified in 

spinal cord tissue, afterwards a heterologous expression system was used to test whether 

the materials and techniques currently available are appropriate for identifying a M/DOR 

heteromer in the CNS of NP and/or sham rats. 
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Chapter 2 

Materials and Methods 

2.1 Animals  

 Adult male Sprague Dawley rats (200-350 g) were purchased from Charles River 

(Quebec, Canada). Animals were given ad libitum access to food (standard laboratory 

chow, Ralston Purina) and water, and were maintained on a 12/12 hour reverse light/dark 

cycle. Experiments were carried out during the light cycle according to protocols 

approved by the Queen’s University Animal Care Committee (QUACC) in accordance to 

guidelines set forth by the Canadian Council on Animal Care (CCAC) and the IASP 

Committee for Research and Ethical Issues. 

2.2 Materials 

For use during the surgical treatments, the following materials were purchased 

from Queen’s University Animal Care (Kingston, ON, Canada): lubricating eye ointment 

(Hypotears), Tribrissen antibiotic, Lactated Ringers solution, Chromic gut 4-0 suture 

thread, and Monocryl 3-0 suture thread. The drugs that were used for the duration of the 

behavioural testing were purchased from Tocris Bioscience (Burlington, ON, Canada): 

delt, DPDPE, SNC80, and DSLET. The 0.9 % sodium chloride (saline) was purchased 

from the Hospira Healthcare Corporation (Montreal QC, Canada), and isofluorane was 

supplied by the Pharmaceutical Partners of Canada, Abraxis Biosciences Inc. (Richmond 

Hill, ON, Canada). 
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For use in the molecular studies conducted during the course of this thesis 

research, the following chemicals were purchased from Sigma-Aldrich (Oakville, ON, 

Canada): agar, ampicillin (amp), yeast extract, tryptone, sucrose, poly-D-lysine, sodium 

fluoride (NaF), phenyl methanesulfonyl fluoride (PMSF), sodium vanadate (Na3[VO4]), 

ethylenediaminetretraacetic acid (EDTA), sodium chloride (NaCl), glycerol, and Triton 

X-100. Fisher Scientific (Ottawa, ON, Canada) supplied the following chemicals and 

materials: sodium phosphate dibasic anhydrous (Na2HPO4), sodium phosphate 

monobasic anhydrous (NaH2PO4), Dulbecco’s modified Eagle Medium (DMEM), 

Penicillin/Streptomycin/Fungiezone (PSF) solution, and Tween 20. Tris, sodium dodecyl 

sulfate (SDS), β-mercaptoethanol, glycine, nitrocellulose membranes, and Kaleidoscope 

molecular mass marker were purchased from BioRad (Richmond, CA, USA). The 

following materials were purchased from Invitrogen (Burlington, ON, Canada): 

ElectroMAX DH10B™ Escherichia coli cells, S.O.C. medium, 0.5 % (10 X) Trypsin-

EDTA, lipofectamine, PLUSTM reagent, fetal bovine serum (FBS), goat anti-mouse Alexa 

fluor 594 (lot 443030), goat anti-guinea pig Alexa fluor 488 (lot 84B2-1), goat anti-rabbit 

Alexa fluor 488 (lot 467052), 8 % Tris-Glycine pre-cast gels, 4-20 % Tris-Glycine pre-

cast gels, and SimplyBlueTM SafeStain; GE Healthcare (QC, Canada) supplied the 

following: species-specific horse radish peroxidase (HRP)-conjugated secondary 

antibodies, ECLTM, ECL AdvanceTM, and Protein G sepharose beads. Bovine serum 

albumin (BSA), and normal goat serum (NGS) were bought from Roche (Toronto, ON, 

Canada), and paraformaldehyde (PFA) EM grade was supplied by Polysciences, Inc. 

(Warrington, PA, USA). 
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2.3 Induction of neuropathic pain in male Sprague Dawley rats 

 CCI was performed with minor modifications of methods previously described by 

Bennett and Xie (1988). Pre-operatively, 0.6 ml (160 mg/5 ml) Children’s Tylenol was 

given orally to each rat. Animals were anesthetized by isofluorane inhalation, induced at 

5 L/min and maintained at 2 L/min, and lubricating eye ointment (Hypotears) was 

applied. Peri-operatively, both Tribrissen antibiotic (0.02 ml/kg) and 5 ml Lactated 

Ringers solution were delivered subcutaneously. The left hind leg and hip were shaved 

clean of hair, and a small incision was made in the left hind leg distal to the hip, along the 

longitudinal axis. The muscle was bluntly dissected to expose the sciatic nerve, which 

was isolated from the surrounding connective tissue. Four loose non-continuous ligatures 

were tied around the nerve (proximal to its bifurcation into the tibial and sural nerves) 

using Chromic gut 4-0 suture thread, with 2 mm of space between each consecutive 

ligature. The muscle and dermal wounds were each sutured closed with single non-

continuous stitches using Monocryl 3-0 suture thread. Rats were returned to their home 

cages and monitored until recovered from the anesthetic. Sham animals received the 

same surgical treatment, however the sciatic nerve was not manipulated. Post-surgery, 

animals received Jello containing acetaminophen (24 mg). The following day animals 

were given fruit and more Jello with 24 mg acetaminophen. Rats were allowed to 

recover for a minimum of 4 days prior to behavioural testing. 

2.4 Behavioural testing 

  Separate groups of rats were used for each behavioural testing paradigm 

described below. All rats underwent pre-surgical behavioural testing in the respective 
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paradigm in order to establish baseline measurements to which both post-surgical and 

post-drug administration values could be compared. Rats were then divided into two 

groups, those that underwent sciatic nerve constriction via CCI, and those that underwent 

sham surgery. I.t. administration of all drugs (30 µl volume) was accomplished by way of 

lumbar puncture between the L4 and L5 vertebrae while under brief isofluorane 

anesthesia. The successful placement of the drug in the spinal column was confirmed by 

a vigorous tail flick upon injection. 

 All behavioural tests, regardless of the paradigm used, were performed pre-

surgically (referred to as day -1), and on the fifth and seventh day post-surgery (referred 

to as day 5 and 7, respectively). Each animal was administered only one drug, and the 

experimenter who performed each behavioural paradigm was blinded to which drug each 

animal received.  

2.4.1 Behavioural observations 

 In addition to the quantitative assessment of nociception, the presence of 

stereotypic pain behaviours was noted, including spontaneous paw lifting or a reduction 

in weight bearing of the hind paw ipsilateral to sciatic nerve injury. No quantitative data 

were obtained for this measure. 

2.4.2 Behavioural habituation 

 The animals were handled for 10 minutes on 2 consecutive days prior to any 

quantitative behavioural assessment. One day prior to baseline testing, animals were 
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allowed to acclimatize to the appropriate pain testing apparatus for 10 minutes. The same 

experimenter performed all behavioural tests and handled the animals on all occasions.  

2.4.3 Thermal nociceptive test 

 The latency to a vigorous tail flick following the immersion of the distal 5 cm of 

the tail into noxious 52 °C water was measured in order to determine the effects of DOR 

agonists on thermal withdrawal latencies. Post-surgery (on day -1, day 5, and day 7), 

withdrawal latencies were obtained three times at 10 minute intervals in order to obtain 

stable baseline measurements. The summation of the day 7 pre-drug administration tail-

flick values for each animal was imposed as a cut-off during the post-drug trials. A cutoff 

value (individualized for each animal involved in this behavioural paradigm) was 

imposed, as 52 °C water is a noxious stimulus and may cause tissue damage or skewed 

results if an animal is overexposed to the stimulus.  

The data was transformed into percentage of the maximum possible effect (% 

M.P.E.) values as follows: 

% M.P.E. = (post-drug response- baseline)       x 100 
    (maximum response- baseline) 

2.4.4 Tactile mechanical test  

 The effects of intrathecally administered DOR agonists were determined in a 

mechanical withdrawal threshold test. Mechanical response thresholds were quantified by 

measuring the hind paw withdrawal response to von Frey filament stimulation according 

to the method described by Chaplan et al. (1994). 
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Rats were placed under opaque Plexiglas boxes positioned on a wire grid 

platform (5 mm x 5 mm mesh), and allowed to acclimatize to their surroundings for 10 

minutes prior to testing. Testing was initiated when the exploratory behaviour of the 

animals decreased, and grooming resumed. Von Frey filaments were applied through the 

wire mesh to the plantar surface of the ipsilateral and contralateral hind paws in either 

ascending or descending force as necessary to most accurately determine the threshold at 

which a rat will respond 50 % of the time. The stimuli intensity ranged from 0.25 g to 15 

g. The 50 % response thresholds (g) were calculated from the resulting response patterns. 

The resulting pattern of positive (withdrawal) and negative (no withdrawal) responses to 

the filaments was tabulated and the 50% withdrawal threshold was interpolated using the 

formula: 

50 % g threshold = (10[xf+kδ])/10000 

where xf = value (in log units) of the final von Frey hair used; k = tabular value (see 

Chaplan et al. (1994) for pattern of responses); and δ = mean difference (in log units) 

between stimuli (here 0.224). 

2.5 Drug testing 

 During the drug testing portion of each pain paradigm, the experimenter was 

blinded to the drug each animal received. The experimenter resuspended each drug in 

saline, and an impartial observer was given the solutions to place in labeled containers, 

coded for future reference. Qualitative observation of each animal was able to distinguish 

surgical treatment, so blinding to the surgery was not completed.   
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2.5.1 Drug testing in thermal nociception paradigm 

 The thermal behavioural testing paradigm was used to test the responses of each 

animal on day -1, day 5, and day 7. On day 7 post-surgery, after the baseline values were 

recorded for each rat, DOR agonists were administered and the thermal withdrawal 

latencies of each rat were recorded at 10 minute intervals for 50 minutes. The drug effect 

was assessed by transforming raw data into % M.P.E. as described above.  

2.5.2 Drug testing in mechanical threshold paradigm 

This behavioural testing paradigm was used to test the mechanical withdrawal 

threshold of each animal on day -1, day 5, and day 7. On day 7, withdrawal thresholds 

were determined for both the ipsilateral and contralateral hind paw prior to drug injection. 

At 20 and 30 minutes post-injection, withdrawal thresholds were again measured. The 

two time points chosen for data collection were selected according to prior results 

demonstrating a peak effect for all drugs at either 20 or 30 minutes post-injection, and as 

the experimenter was blinded to the injections each animal received, it was necessary to 

collect data at both time points in each animal. The paw withdrawal thresholds were 

expressed as 50 % withdrawal threshold or converted to % M.P.E. as described in section 

2.4.3. 
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2.6 Molecular experiments 

2.6.1 Ex vivo spinal cord tissue experiments 

2.6.1.1 Spinal cord tissue preparation 

To prepare tissue membranes for co-IP experiments, animals were briefly 

anesthetized with isofluorane and were euthanized via decapitation on day 7 post-surgery. 

The spinal cords were collected via spinal ejection from CCI- and sham-operated 

animals. The lumbar enlargement (L4-L6) region of the spinal cord was removed, 

separated into dorsal and ventral components as well as ipsilateral and contralateral 

halves. The appropriate tissue from 2 rats was pooled generating CCI ipsilateral, sham 

ipsilateral, CCI contralateral, sham contralateral samples. All tissue samples were 

homogenized using a glass dounce homogenizer in 10 ml ice-cold Buffer A (50 mM Tris, 

1 mM EDTA, 10 % sucrose, protease inhibitors (CompleteTM Protease inhibitor tablets), 

pH 7.4). Samples were centrifuged for 10 minutes at 35 000 g at 4 °C (Beckman Optima 

XL-100K Ultracentrifuge, Type 70.1Ti rotor; Beckman Coulter, Fullerton CA, USA). 

The resulting pellet was collected and resuspended in 10 ml of Buffer B (50 mM Tris, 1 

mM EDTA, protease inhibitors (CompleteTM Protease inhibitor tablets), pH 7.4), and left 

on ice for 30 minutes. The samples were then centrifuged for 20 minutes at 35 000 g at 4 

°C. The resulting pellet was resuspended in a minimum volume of Buffer C (50 mM Tris, 

10 % glycerol, protease inhibitors (CompleteTM Protease inhibitor tablets,), pH 7.4). 

Tissue samples were stored at -80 °C for co-IP studies or Western blotting. 
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2.6.1.2 Co-immunoprecipitation 

Protein determination of tissue membranes (section 2.6.1.1) conducted as 

described by Bradford (1976). One mg of each tissue sample was solubilized with buffer 

(10 mM NaF, 10 mM Na3[VO4], 10 mM PMSF, 100 mM NaCl, 1 % Triton X-100, 1 mM 

EDTA, 50 mM Tris, 5 mM MgCl2, protease inhibitors (CompleteTM Protease inhibitor 

tablets), pH 7.4) for 1 hour at 4°C on a rotator-shaker (Sigma Aldrich, Oakville, ON, 

Canada) at a final volume of 0.5 ml. Samples were centrifuged for 20 minutes at 35 000 g 

at 4 °C (Beckman Optima MAX ultracentrifuge, TLA100.3 rotor; Beckman Coulter, 

Fullerton CA, USA). The supernatant was collected in a 1.5 ml eppendorf tube and pre-

cleared with 50 µl pre-equilibrated (for 1 hour at 4 °C, in solubilization buffer) Protein G 

sepharose beads (GE Healthcare, QC, Canada) for 1 hour at 4 °C. The pre-cleared 

supernatant was then centrifuged at 14 000 g for 10 minutes at 4 °C.  

The supernatant was transferred to a 1.5 ml eppendorf tube, and 100 µl of the co-

IP antibody (either Devi M/DOR heteromer-specific antibody or the Devi DOR 

antibody), and 50 µl Protein G sepharose beads were added. The antibodies used in the 

co-IP experiments were generously supplied by Dr. Lakshmi Devi (Mount Sinai, New 

York, NY, USA). Enough solubilization buffer containing protease inhibitor tablets was 

added for a final volume of 1 ml. The antibodies were incubated O/N on a rotator shaker 

at 4 °C.  

 The following day, the solutions were centrifuged at 14 000 g for 10 minutes at 4 

°C. The supernatant was then collected and saved for Western blotting. The beads were 



 

 44 

collected and washed 4 times according to the following protocol: 10 minutes at 4 °C on 

a rotator shaker in 200 µl solubilization buffer containing protease inhibitors, followed by 

centrifugation at 14 000 g for 10 minutes at 4 °C. After the last centrifugation step, the 

solubilization buffer was removed, and 40 µl of 2X Laemmli sample buffer (100 mM 

Tris, 4 % w/v SDS, 20 % v/v glycerol, 4 % v/v β-mercaptoethanol, 0.07 % w/v 

bromophenol blue, pH 6.8) was added to each sample of the Protein G sepharose beads. 

The supernatant removed after the first centrifugation and prior to the washes had 40 µl 

5X Laemmli sample buffer (313 mM Tris, 10 % w/v SDS, 25 % v/v glycerol, 10 % v/v 

β-mercaptoethanol, 0.17 % w/v bromophenol blue, pH 6.8) added to each sample. 

 After the sample buffer was added, the samples were heated at 70 °C for 10 

minutes or vigorously shaken at RT for 30 minutes. Co-immunoprecipitated samples 

were either immediately subjected to Western blotting techniques or stored at -20 °C for 

use at a later date.  

2.6.1.3 Western blotting 

Tissue membranes (with or without co-IP) were loaded on an 8 % or 4-20 % Tris-

Glycine pre-cast gel and resolved by SDS-PAGE. The proteins were resolved on the gels 

until the loading dye reached the bottom of the gel, then electroblotted onto nitrocellulose 

membranes at 0.25 A for 1.5 hours. Gel migration and protein size were calibrated with a 

Kaleidoscope molecular mass marker and biotinylated protein ladder (Cell Signaling 

Technology, Beverly, MA, USA).  
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Post-electroblotting, nitrocellulose membranes were incubated for 1 hour at RT 

with blocking solution (1 % BSA in 26 mM Tris buffered saline (TBS) containing 0.075 

% Tween 20). O/N incubations at 4 °C were completed with the anti-DOR antibody 

(Chemicon, Temecular, CA, USA, lot LV1480422) diluted 1:1000 in blocking solution, 

or a anti-MOR antibody (Neuromics, Edina, MN, USA, 400946) diluted 1:1000 in 

blocking solution. Secondary antibody incubations included a species-specific HRP-

conjugated secondary antibody  (GE Healthcare), diluted 1:4000 in blocking solution, 

used to visualize the appropriate bound opioid receptor, and a HRP-conjugated anti-biotin 

antibody (New England Bioloabs, Ipswich, MA, USA; lot 17) diluted 1:10000 in 

blocking solution, to visualize the biotinylated protein ladder. The secondary antibody 

incubation was carried out for 1 hour at RT. The secondary antibodies used were HRP-

conjugated donkey anti-rabbit secondary antibody (lot 210113) to visualize the DOR, or 

HRP-conjugated goat anti-guinea pig secondary antibody (lot 23040398) to visualize the 

MOR. The membranes were stripped and reprobed for the alternative opioid receptor that 

was not visualized in the first experiment. The membranes were exposed to 

chemiluminsecent reagents ECLTM or ECL AdvanceTM, and developed onto hyperfilm.  

Multiple stripping buffer protocols were attempted during the course of this thesis 

research. A β-mercaptoethanol stripping buffer (0.9 M β-mercaptoethanol, 20 % w/v 

SDS, 0.063 M Tris) was used at 65 °C for 30 minutes, or 56 °C for 20 minutes. Another 

protocol, incubating the membranes with 0.2 M glycine at pH 2.6 for 1 hour at RT was 

also tested. 
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Blots were digitized with a Hewlett-Packard 4570c Scanjet Scanner, and 

formatted using Adobe Photoshop version 7.0 (Adobe Systems Inc., San Jose, CA, USA).  

2.6.2 Human embryonic kidney (HEK) cell experiments 

HEK293T cells were maintained at 37°C in DMEM supplemented with 10% FBS 

in the presence of 1% PSF. Cells were grown in a humidified incubator at 37 °C with 5 % 

CO2, and passaged every 3-4 days once they reached 70-80 % confluence.  

2.6.2.1 Plasmid amplification 

 The plasmids used in this study were a generous gift from Dr. Lakshmi Devi 

(New York, NY, USA). The myc-tagged DOR and HA-tagged MOR plasmids were 

constructed by insertion of the DNA fragments into pcDNA3 plasmids. These plasmids 

were amplified using the bacterial transformation protocol and QIAGEN (Valencia, CA, 

USA) maxi prep kit from Dr. Louise Winn’s lab.  

 Bacterial transformation was completed using ElectroMAX DH10B™ 

Escherichia coli cells. Two transformations per plasmid (using 1 ng and 10 ng DNA) 

were completed to ensure isolated colonies could be isolated from a Luria Bertani (LB; 5 

g bacto tryptone, 2.5 g bacto yeast extract, 5 g NaCl, 7.5 g agar double distilled water to 

500 ml) agar medium plate. The bacteria/DNA mixtures were subjected to 

electroporation at 1250V, 1ml S.O.C medium (2 % tryptone, 0.5 % yeast extract, 10 mM 

NaCl, 2.5 mM potassium chloride (KCl), 10 mM magnesium chloride (MgCl2), 10 mM 

magnesium sulfate (Mg(SO4)), 20 mM glucose) was added, and the mixture was 

subjected to shaking at 225 RPM at 37°C for 1 hour on a bellydancer shaker (Inova 4230, 
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Fisher Scientific). The transformed bacteria was plated onto LB agar/ 1 % Amp plates in 

amounts of 10 µl and 100 µl per each amount of DNA (1 ng and 10 ng) and left overnight 

(O/N) at 37 °C. The next day, isolated colonies of myc-DOR and HA-MOR were picked 

and added to test tubes containing 3 ml LB/ 3 µl Amp broth, and incubated for 8 hours at 

a temperature of 37°C, shaking at 225 RPM. The incubated mixtures were then 

transferred to 200 ml LB/ 200 µl Amp broth and left to grow O/N at 37°C, shaking at 225 

RPM. 

Bacterial cells were harvested by centrifugation at 6000 g for 15 minutes at 4°C, 

and re-suspended in 10 ml Buffer P1. 10 ml Buffer P2 was added to the solution, mixed 

thoroughly 5 times by vigorous inversion, and incubated at room temperature (RT) for 5 

minutes. After the incubation, 10 ml chilled Buffer P3 was added to the lysate and mixed 

immediately by vigorous inversion 5 times. The lysate was poured into a QIAfilter 

cartridge and incubated at RT for 10 minutes. A QIAGEN-tip 500 was equilibrated by 

applying 10 ml Buffer QBT, and the column was allowed to empty by gravity flow. The 

cap was removed from the QIAfilter cartridge outlet nozzle, and the plunger was inserted 

into the QIAfilter maxi cartridge to filter the cell lysate into the QIAGEN-tip. The cleared 

lysate was permitted to enter the resin via gravity flow, and the QIAGEN-tip was washed 

with 2 x 30 ml Buffer QC. The DNA elution step was completed by the addition of 15 ml 

Buffer QF, and DNA precipitation was performed upon the addition of 10.5 ml (0.7 

volumes) room-temperature isopropanol to the eluted DNA. The solution was mixed and 

centrifuged immediately at 15 000 g for 30 minutes at 4°C. The supernatant was carefully 

removed and discarded, and the DNA pellet was washed with 5 ml of RT 70 % ethanol. 
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The pellet was air-dried, the DNA was redissolved in a minimum volume of TE buffer 

(pH 8.0), and yield was determined before the amplified plasmids were stored at -20 °C 

until further use. 

2.6.2.2 Plasmid transfection 

 HEK293T cell plasmid transfections were completed with a modified protocol for 

further experiments with either the immunocytochemistry or Western blotting 

procedures. For both transfection protocols, 3 experimental conditions were completed 

(1: double transfection with myc-DOR + HA-MOR plasmids; 2: myc-DOR only; 3: HA-

MOR only) as well as a negative control (no plasmid). However, both the µg amount of 

DNA used in the protocol as well as the size of the plates cells were grown in were 

different.  

 For western blotting, the HEK293T cell transfections were performed in a 6 well 

plate. HEK293T cells at 75 % confluence were split into the plate the day prior to 

transfection into 4 wells, one per each condition. To begin, two separate tubes were 

prepared. Per well: Tube 1 (100 µl sterile DMEM (no FBS or PSF), 1.5 µg DNA, 5 µl 

PLUSTM reagent) and Tube 2 (100 µl sterile DMEM, 10 µl lipofectamine) were incubated 

separately at RT for 15 minutes. Tube 1 and Tube 2 were combined, and the complexes 

were incubated for another 15 minutes at RT. 50 µl of the complexes were added to each 

well, along with 500 µl sterile DMEM. The plate was incubated for 3 hours at 37 °C, then 

the media was changed to growth media (DMEM with 10% FBS, 1% PSF) and left O/N 
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at 37 °C. At this point, the well plate was placed in at -80 °C until use for Western 

blotting. 

For use in immunocytochemistry, the HEK293T cell transfections were 

performed in Petri dishes. Cells were split into Petri dishes the night before and left at 37 

°C. The next day, the transfections per plate were prepared as follows: Tube 1 (200 µl 

sterile DMEM, 3 µg DNA, 12.5 µl PLUSTM reagent) and Tube 2 (200 µl sterile DMEM, 

25 µl lipofectamine). Tubes were incubated for 15 minutes at RT and combined, then 

incubated for another 15 minutes at RT. The whole volume of complexes was added to 

Petri dishes with 5 ml sterile DMEM, and incubated 3 hours at 37 °C. After 3 hours, the 

media was changed to growth media. For immunocytochemistry, previously washed and 

autoclaved glass coverslips were placed into a 24 well plate, pre-incubated for 2 hours at 

37 °C in 50 µg/ml poly-D-lysine, then washed with 0.1 M PBS. Transfected cells were 

split and counted, and 20 000 cells in growth media were added to each well. The 24-well 

plate was incubated O/N at 37 °C to allow the HEK293T cells to adhere to the coverslip. 

After the O/N incubation, cells were washed for 10 minutes, 6 times, with 0.1 M PB (pH 

7.4) and fixed using 4 % paraformaldehyde. The plate was stored at 4 °C until 

immunocytochemistry was begun. 

2.6.2.3 Western blotting 

Cell membranes were prepared from HEK293T cells transfected with myc-DOR 

or HA-MOR plasmids. Cells were collected in buffer (25 mM Tris, 1 mM EDTA, and 

CompleteTM Protease inhibitor tablets, Roche Molecular Biochemicals, Laval, Quebec, 
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Canada) and pelleted by centrifugation at 9 400 g for 10 minutes at 4 °C. Cells treated 

with the transfection solution minus the plasmid were processed via the same protocol. 

Pellets were resuspended in 5 mM Tris base (with CompleteTM Protease inhibitor tablets, 

pH 7.4) and sonicated. Samples were then centrifuged at 20 000 g for 20 minutes at 4 °C, 

and pellets were again resuspended in 5 mM Tris base (with CompleteTM Protease 

inhibitor tablets, pH 7.4).   

The modifications to the procedure are as follows: prepared membrane samples 

were loaded on an 8 % Tris-Glycine pre-cast gel and proteins were resolved by SDS-

PAGE (polyacrilamide gel electrophoresis). O/N incubation at 4 °C with one of the 

following primary antibodies was completed: anti-DOR antibody (Chemicon, Temecular, 

CA, USA, lot LV1480422) diluted 1:1000 in blocking solution, anti-MOR antibody 

(Neuromics, Edina, MN, USA, lot 400946) diluted 1:1000 in blocking solution, anti-HA 

tag antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA, lot G1808) diluted 1:200 

in blocking solution, or anti-myc tag antibody (Sigma Aldrich, lot 088K4800) diluted 

1:1000 in blocking solution. Secondary antibody incubations included a species-specific 

HRP-conjugated secondary antibody  (GE Healthcare, QC, Canada), diluted 1:4000 in 

blocking solution, used to visualize the appropriate bound opioid receptor and a HRP-

conjugated anti-biotin antibody (New England Bioloabs, Ipswich, MA, USA; lot 17) 

diluted 1:10000 in blocking solution, to visualize the biotinylated protein ladder. The 

secondary antibodies used were HRP-conjugated donkey anti-rabbit secondary antibody 

(lot 210113) to visualize the DOR, HRP-conjugated goat anti-guinea pig secondary 

antibody (lot 23040398) to visualize the MOR, or HRP-conjugated sheep anti-mouse 
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secondary antibody (lot 316304) to visualize the myc- or HA-tags. The secondary 

antibody incubation was carried out for 1 hour at RT.  

The membranes were stripped and reprobed as needed using 0.2 M glycine, pH 

2.6 for 1 hour at RT. Blots were digitized with a Hewlett-Packard 4570c Scanjet Scanner, 

and formatted using Adobe Photoshop version 7.0 (Adobe Systems Inc., San Jose, CA, 

USA).  

2.6.2.4 Immunocytochemistry 

HEK293T cells were washed 2 x 10 minutes with 0.1 M PB (pH 7.4) and 2 x 10 

minutes with 0.1 M PBS (pH 7.4). Cells were fixed with 4 % PFA for 30 minutes at RT. 

Fixed cells were blocked for 1 hour at RT in blocking solution (5 % NGS, 5 % BSA in 

0.1 M PBS, pH 7.4). Primary antibody was then applied and left O/N at 4 °C. The 

antibodies used included: anti-DOR antibody (Chemicon, Temecular, CA, USA, lot 

LV1480422) diluted 1:1000, anti-MOR antibody (Neuromics, Edina, MN, USA, lot 

400946) diluted 1:1000, anti-HA tag antibody (Santa Cruz Biotechnology, Santa Cruz, 

CA, USA, lot G1808) diluted 1:200, or anti-Myc tag antibody (Sigma Aldrich, lot 

088K4800) diluted 1:2000. The primary antibodies were diluted into 1 % NGS, 1 % BSA 

in 0.1 M PBS, pH 7.4. The fixed cells were then washed 3 x 0.1 M PBS (pH 7.4), and 

secondary antibody was applied. The secondary antibodies used included: goat anti-

mouse Alexa fluor 594 (lot 443030), goat anti-guinea pig Alexa fluor 488 (lot 84B2-1), 

goat anti-rabbit Alexa fluor 488 (lot 467052), each used at a working dilution of 1:200 in 

antibody solution. The secondary antibody incubation was carried out for 1 hour in the 
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dark at RT, wells were washed 3 x 10 minutes with 0.1 M PBS (pH 7.4), and the 

coverslips were mounted using Aqua-Poly/Mount (Polysciences, Inc., Warrington, PA, 

USA). 

Images were acquired using a Leica DM 4000 microscope equipped with a digital 

camera (DFC 350 FX, Leica Microsystems, Cambridge, ON, Canada). Images were 

captured using OpenLab© 4.01 image acquisition and analysis software (Improvision, 

Lexington, MA, USA).  

2.7 Statistics 

 GraphPad Prism software 4.0© (San Diego, CA, USA) was used for statistical analyses 

and graph generation. The results are presented as mean + standard error of the mean (S.E.M.). 

An area under the curve (AUC) analysis, which was tested for significance using an unpaired 

Student’s t-test, and two-way ANOVA with a Bonferroni post-hoc test were used to analyze the 

data generated from thermal antinociception tests. One-way ANOVA with a Dunnett’s post-hoc 

test and two-way ANOVA with a Bonferroni post-hoc test was used to analyze the data from the 

mechanical test. p<0.05 was deemed significant.  
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Chapter 3 

Results 

3.1 Behavioural studies 

3.1.1 Development of neuropathic pain behaviours 

3.1.1.1 Qualitative measurement 

Immediately following surgery, CCI rats were not hindered in their ability to 

access food and water, nor did they display altered social interactions with their cage 

mates. After surgery, sham animals displayed a normal gait similar to naïve animals, 

moving with their body weight dispersed evenly across all four limbs. Additionally, the 

digits were evenly spaced and pointed forwards. This group of animals also possessed 

normal grooming habits. Conversely, CCI of the sciatic nerve induced a range of postural 

characteristics in the NP rats, evident in the ipsilateral hind leg only (Figure 3.1). Most 

NP animals demonstrated asymmetrical gait and cupping of the paw acting to protect the 

pad from the surface, which appeared to result in the majority of the weight bearing 

shifted to the contralateral side, although this was never objectively measured. The 

postural changes extended to the ipsilateral hindlimb, including slight atrophy of the 

muscles responsible for the operation of the limb, and hyperextension of the limb when 

walking. Animals were excluded from the study if the change in gait was assessed to be 

as a result of nerve damage during surgery (measured via changes in the mechanical 

withdrawal threshold).  
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Figure 3.1 Qualitative effects of nerve injury in a rat. Chronic constriction injury of 
the sciatic nerve induced a characteristic posture in the ipsilateral hindpaw (bottom) that 
was not seen on the contralateral side (top). Other postural changes included 
asymmetrical gait with a reduction in weight bearing on the ipsilateral side, protection of 
the paw from painful stimuli, and limb hyperextension during walking.  
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3.1.1.2 Changes in nociception in neuropathic animals 

 To examine the development or changes in thermal nociception over the time 

course chosen for these studies, the latency to tail flick was tested on day -1, and days 5 

and 7 after either CCI or sham surgery.  Figure 3.2 illustrates this time course of thermal 

nociception from day -1 to day 7 post-surgery.  On days 5 and 7 post-surgery, CCI rats 

did not display a significant change in the latency to tail flick when compared to pre-

surgery values. Similar results were produced in sham rats where no difference in thermal 

latencies following surgery was evident when compared to pre-surgical baseline values. 

These results suggest that the surgical treatment did not alter thermal withdrawal 

latencies. However, there was a significant difference between the thermal baseline 

latencies between CCI and sham rats (F(1, 106) = 8.03, p = 0.0065). A 2-way ANOVA 

followed by a Bonferroni post-hoc test further determined the statistical significance of 

treatment (NP vs. sham) at day -1 and day 5 demonstrating that the groups were not 

appropriately stratified. However, on day 7, baseline thermal thresholds, prior to drug 

administration, were not significantly different between the groups. This result also 

demonstrates that nerve injury that affects the hindpaw has no effect on thermal sensory 

transmission for the tail.  

3.1.1.3 Development of allodynia in neuropathic animals 

 Before CCI or sham surgery, all rats were unresponsive up to the maximum 

mechanical force of 15.0 g, an indication of the innocuous nature of the von Frey 

stimulus. The development of hypersensitivity to the von Frey stimulus was demonstrated 

post-surgery for CCI rats only (measured on days 5 and 7) and is illustrated in Figure 3.3.  
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Figure 3.2 Time course of thermal nociception in the chronic constriction model of 
neuropathic pain. Mean tail flick latencies of NP and sham-operated animals pre- (day -
1) and post surgery (day 5, 7) in a thermal nociception test. The differences in tail flick 
latencies between CCI and sham groups were significant before surgery and on day 5 
after surgery. On day 7, there was no significant difference between NP and sham latency 
values. Pre- and post surgery values were not significantly different within the groups. 
Data are presented as mean + S.E.M. for n = 31 for neuropathic and n = 24 for sham 
groups. Statistical analyses performed using 2-way ANOVA with Bonferroni post-hoc 
test [F(1, 106)= 8.03, p  = 0.0065]. *p<0.05 and ** p<0.01 denote statistical significance 
of surgical treatment. 
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Figure 3.3 Time course of mechanical allodynia in the chronic constriction injury 
model of neuropathic pain. Mean mechanical hindpaw withdrawal thresholds of 
neuropathic animals prior to CCI (day -1) and on days 5 and 7 after surgery. Chronic 
constriction of the sciatic nerve resulted in mechanical allodynia in the ipsilateral, but not 
the contralateral hindpaw after surgery. Mechanical allodynia manifested as a decrease in 
withdrawal thresholds to stimulus by non-noxious von Frey hairs. Data are presented as 
mean + S.E.M. for n = 13. Statistical analyses were performed using 2-way ANOVA 
with a Bonferroni post-hoc test. [F(1, 72)= 95.54, p<0.0001 indicating a significant 
difference between ipsilateral and contralateral; F(2, 72)= 13.40, p<0.0001 indicating a 
significant effect of day], ### p<0.001 denotes statistically significant differences in 
withdrawal thresholds compared to pre-surgery baselines, and *** p<0.001 represents 
statistical significance between values collected from the ipsilateral and contralateral 
hindpaws on days 5 and 7 post surgery. 
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The mechanical withdrawal thresholds of the un-operated contralateral hindpaw of NP 

animals were unchanged and remained at the maximum value (15 g) for this behavioural 

paradigm for all test days. CCI of the sciatic nerve resulted in a significant decrease in 

mechanical withdrawal thresholds of the ipsilateral paw on days 5 and 7 relative to pre-

surgery baseline (F(2, 72) = 13.40, p < 0.0001). The 50% withdrawal threshold values 

measured for the ipsilateral and contralateral sides on days 5 and 7 (p<0.001) were 

significantly different. Additionally, the withdrawal thresholds measured on the ipsilateral 

side were significantly decreased from the pre-surgery baseline after CCI surgery. Taken 

together, these results demonstrate the development of hypersensitivity to non-noxious 

tactile stimulation, which is interpreted as mechanical allodynia in the ipsilateral hindpaw.  

3.1.2 Antinociceptive effects of spinally administered opioids 

On day 7 post CCI or sham surgery, baseline thermal nociceptive thresholds were 

determined using the tail flick. The acute i.t. administration of DOR specific agonists 

DPDPE and SNC80, and DOR agonists with high binding affinity to M/DOR, DSLET 

and delt, was performed at 10 minute increments post injection for a total of 50 minutes. 

I.t. administration of DPDPE and SNC80 (Figure 3.4) produced little change in thermal 

thresholds compared to pre-drug baseline measurements in either sham or CCI rats. Upon 

injection of DSLET and delt (Figure 3.5), both agonists produced antinociception in CCI 

and sham animals, although significantly enhanced antinociception was observed only in 

CCI animals when compared to sham for both DSLET and delt groups (p = 0.0374 and p 

= 0.0252, respectively, in unpaired t-tests of the AUC). Lower doses of DSLET were 

tested to determine if the effects were dose- dependent (Figure. 3.6). While a 10 µg dose  
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Figure 3.4 Time course of thermal antinociception elicited via the administration of 
the DOR agonists SNC80 and DPDPE in a chronic constriction injury model of 
neuropathic pain. Time course of percent maximum possible effect of DOR agonists 
administered to NP and sham animals on day 7 prior to drug administration (time 0) and 
post drug administration (time 10, 20, 30, 40, 50). The administration of DOR-specific 
agonists DPDPE (10 µg) and SNC80 (30 µg) did not show a significant difference 
between the percent maximum possible effect values in NP and sham animals. Data are 
presented as mean + S.E.M. for n=6 (NP, SNC80; sham, SNC80; NP, DPDPE) and n= 7 
(sham, DPDPE). Statistical analyses performed using an area under the curve analysis 
and an unpaired Student’s t-test of the results. AUC: area under the curve   
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Figure 3.5 Time course of thermal antinociception elicited via the administration of 
the DOR agonists DSLET and Deltorphin II in a chronic constriction injury model 
of neuropathic pain. Time course of percent maximum possible effect of DOR agonists 
administered to NP and sham animals on day 7 prior to drug administration (time 0) and 
post drug administration (time 10, 20, 30, 40, 50). The administration of DOR-agonists 
that have a high binding affinity to M/DOR (Deltorphin II (30 µg) and DSLET (10 µg)) 
demonstrate enhanced antinociception in NP rats in comparison to shams (DSLET: p= 
0.0374; Deltorphin II: p= 0.0252). Data are presented as mean + S.E.M. for n=8 (NP, 
DSLET; sham, DSLET), n=6 (sham, Deltorphin II) and n= 7 (NP, Deltorphin II). 
Statistical analyses performed using an area under the curve analysis and an unpaired 
Student’s t-test of the results. * p<0.05 denotes statistical significance of surgical 
treatment. AUC: area under the curve 
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Figure 3.6 The effects of 1 µg DSLET on tail flick latencies in a test of thermal 
antinociception. DSLET dose-dependently enhanced thermal antinocieption in NP 
animals in comparison to sham animals. On day 7 following surgery, latencies to tail flick 
were measured at time 0 before DSLET was injected i.t., and in increments of 10 minutes 
after administration for a total of 50 minutes. (10 µg: p= 0.0374). Data are presented as 
mean  + S.E.M. of the % M.P.E of n = 6 (sham, 1 µg DSLET; NP, 10  µg DSLET; sham 
10  µg DSLET) and n = 8 (NP, 1  µg DSLET). AUC analyses were performed, and an 
unpaired Student’s t-test was used to determine statistical significance.  * p<0.05 denotes 
statistical significance of surgical treatment. i.t: intrathecal; CCI: chronic constriction 
injury; AUC: area under the curve 
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produced an enhanced thermal antinociceptive effect in CCI rats (unpaired t-test, p = 

0.0374), a ten fold lower dose did not produce a significantly augmented antinociception 

response in either CCI or sham animals. 

3.1.3 Anti-allodynic effects of spinally administered opioids 

Prior to drug administration, mechanical withdrawal responses were assessed on day 7 

after surgery and used to establish a baseline measurement. Acute i.t. administration of 

DOR specific agonists DPDPE and SNC80, and DOR agonists with high binding affinity 

to M/DOR (DSLET and delt) was performed 10 minutes after the baseline measurement 

was taken. The acute administration of DPDPE and SNC80 on day 7 post-surgery 

produced a significant increase in the mechanical withdrawal thresholds in CCI rats 

(Figure 3.7). The post drug 50% withdrawal thresholds were significantly higher than 

pre-drug values at 20 minutes and 30 minutes after injection for both drugs (F(2, 15) = 

4.765, p = 0.0250 for DPDPE, F(2, 15) = 5.472, p = 0.0164 for SNC80). Additionally, the 

i.t. acute administration of DSLET and delt on day 7 post-surgery also produced an 

increase in the mechanical withdrawal thresholds of CCI rats (Figure 3.8). The 

withdrawal thresholds for 20 minutes after delt injection and 20 and 30 minutes after 

DSLET injection were significantly different from baseline measurements (F(2, 15) = 

4.297, p = 0.0335 for Delt, F(2, 15) = 5.592, p = 0.0153 for DSLET).  
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Figure 3.7 The effects of intrathecal administration of DOR agonists DPDPE and 
SNC80 on mechanical withdrawal thresholds in neuropathic animals. The intrathecal 
administration of DOR specific agonists SNC80 (30 µg) and DPDPE (10 µg) 
significantly altered the mechanical withdrawal thresholds at both 20 minutes and 30 
minutes post injection 7 days after CCI surgery. Data are presented as mean + S.E.M. for 
n = 6 for both SNC80 and DPDPE administered groups. Statistical analyses were 
performed using 1-way ANOVA with a Dunnett’s Multiple Comparison post-hoc test  
[F(2, 15)=4.765,  p= 0.0250 for DPDPE; F(2, 15)= 5.472, p= 0.0164 for SNC80]. 
*p<0.05 denotes statistical significance of drug treatment. 
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Figure 3.8 The effects of intrathecal administration of nonspecific DOR and M/DOR 
agonists Deltorphin II and DSLET on mechanical withdrawal thresholds in 
neuropathic animals. At 7 days post surgery, the intrathecal administration of DOR 
agonist Deltorphin II (30 µg) significantly altered withdrawal thresholds at 20 minutes 
post injection, while DSLET (10 µg) significantly altered the withdrawal thresholds at 
both 20 minutes and 30 minutes in CCI animals. Data are presented as mean + S.E.M. for 
n = 6 for both DSLET and Deltorphin II administered groups. Statistical analyses were 
performed using 1-way ANOVA with a Dunnett’s Multiple Comparison post-hoc test  
[F(2, 15) =4.297, p= 0.0335 for Deltorphin II; F(2, 15)= 5.592, p= 0.0153 for DSLET]. 
*p<0.05 denotes statistical significance of drug treatment.  
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3.2 Molecular studies 

3.2.1 Ex vivo spinal cord tissue experiments 

Initial co-IP experiments using a M/DOR specific antibody reported a high 

molecular weight band of the same size as when blotted with an anti-DOR or anti-MOR 

antibody (Figure 3.9).  A molecular species over 200 kDa was identified by gel 

electrophoresis following co-IP with the M/DOR antibody.  The molecular species was 

considered specific for an oligomeric complex as this band was not visualized in control 

co-IPs incubated with a nonspecific mouse IgG. Unfortunately, this result could not be 

replicated, thus different steps within the protocol were tested in order to optimize the 

experimental technique. 

 As a control, plasma membrane preparations prepared from spinal cord tissue 

were run on 4-20% gradient Tris-Glycine gels and immunoblotted to identify any MOR- 

or DOR-specific immunoreactive bands using the polyclonal OR antibodies characterized 

in section 3.2.2.1 (Figure 3.14; Figure 3.15).  These results could then be compared to the 

molecular species from spinal cord membrane preparations identified by the same 

antibodies but after subjecting them to co-IP protocols with the M/DOR antibody. In 

spinal cord membrane samples that did not undergo immunoprecipitation, a number of 

immunoreactive molecular species were evident with both anti-DOR (Chemicon) or anti-

MOR (Neuromics) (Figure 3.10). The anti-DOR produced many immunoreactive species. 

The molecular species at approximately 45 kDa and 60 kDa correlates with that reported 

previously for the cloned receptor.  Similarly, the anti-MOR produced multiple  
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Figure 3.9 Co-immunoprecipitation with a Devi anti-M/DOR antibody identifies a 
similarly sized band when immunoblotted with an anti-MOR or anti-DOR antibody.  
Membranes from the dorsal lumbar spinal cord tissues of sham and CCI rats were 
isolated and proteins resolved using 8 % Tris-Glycine gels electroblotted onto 
nitrocellulose membranes. Immunoblot analysis revealed one immunoreactive band, 
when blotted with a Chemicon anti-DOR antibody or Neuromics anti-MOR antibody, 
with an estimated molecular weight of approximately 230 kDa specific to the co-IP with 
the anti-M/DOR antibody. A control sample was prepared using a mouse IgG antibody to 
co-IP in order to identify non-specific binding. IP: immunoprecipitate, IB: immunoblot, 
contra: contralateral, ipsi: ipsilateral, kDa: kilo Daltons 
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Figure 3.10 Isolated plasma membranes yield a range of immunoreactive bands 
when immunoblotted with a DOR or MOR antibody. Membranes from the dorsal 
lumbar spinal cord tissues of sham and CCI rats were isolated, and proteins resolved 
using 4- 20 % Tris-Glycine gels electroblotted onto nitrocellulose membranes. Analysis 
of the blots revealed a number of immunoreactive bands at 30, 43, 45, 55, 62, 70, 105, 
110, 120, 135, 139, and 142-170 kDa, when blotted with a Chemicon anti-DOR antibody, 
and 43, 55, 60, 79, 120, 130, and 142-180 kDa when blotted with a Neuromics anti-MOR 
antibody. IB: immunoblot; kDa: kilo Daltons  
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Immunoreactive species. Again, the molecular species at approximately 45 and 60kDa 

approximates the molecular species previous reported for the cloned MOR. Interestingly, 

polyclonal antibodies for either OR revealed molecular species at high molecular 

weights. 

With some experimental protocols, GPCRs aggregate upon heating in the 

denaturation step. The co-IP protocol that was kindly provided by the Devi laboratory 

listed a sample denaturation step at 75 °C for 10 minutes before loading the sample onto 

a Tris-Glycine gel. However, this temperature has been known to cause aggregation of 

GPCRs, thus a modification of shaking the samples at RT on a vortex for 30 minutes was 

identified as a valid alternative in lieu of the 75 °C treatment. Figure 3.11 demonstrates 

that the heating of the samples in comparison to shaking does yield slightly different 

results, however, no molecular species were seen over 200 kDa range as identified by 

early experiments. Thus, heating of the samples most likely did not cause the aggregation 

of ORs that resulted in the very high molecular species identified in Figure 3.9. 

 The fragile nature of the OR heterodimer association was indicated as another 

variable that could cause the dissociation of the MOR and DOR and therefore limit 

visualization of the oligomeric complex by gel electrophoresis. To this aim, an 

experiment was conducted to determine if the freeze-thaw cycles of the samples could 

affect the sample composition and OR association or dissociation. Spinal cord 

membranes preparations were subjected to co-IP with the M/DOR antibody prior to either 

being processed immediately for gel electrophoresis and sample denaturing or frozen for  
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Figure 3.11 Denaturation of samples via heating at 75 °C for 10 minutes does not 
cause aggregation of opioid receptors. Membranes from the dorsal lumbar spinal cord 
tissues of sham and CCI rats were isolated and prepared using a denaturation step of 
heating at 75 °C for 10 minutes, and compared to shaking of samples at room 
temperature for 30 minutes. Proteins were resolved using 4-20 % Tris-Glycine gels 
electroblotted onto nitrocellulose membranes. Immunoblot analysis revealed a similar 
pattern of immunoreactive bands for both the heated and shaken samples with estimated 
molecular weights of approximately 108, 55, and 45 kDa when immunoblotted with a 
Chemicon anti-DOR antibody. IP: immunoprecipitate, IB: immunoblot, contra: 
contralateral, ipsi: ipsilateral, super: supernatant.  
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subsequent processing of this latter protocol.  Figure 3.12 demonstrates that even one 

freeze-thaw cycle may cause sample degradation, as 3 bands that are specific to the 

M/DOR co-IP that was not frozen at – 80 °C are not evident in the samples that were 

frozen. Molecular species at approximately 170, 32, and 18 kDa were visualized in the 

non-frozen samples incubated with the Neuromics anti-MOR antibody that were not seen 

in the frozen samples. These results are indicative of the fragile nature of the OR 

heteroligomer, and suggest that the samples must be treated carefully and quickly.  

 Using the results from the protocol troubleshooting above, co-IPs were conducted 

with the M/DOR antibody and blotted with either the Neuromics anti-MOR or Chemicon 

anti-DOR antibodies (Figure 3.13). Immunoreactive bands were visualized at 

approximately 170, 57, and 45 kDa by the Chemicon anti-DOR antibody, and at 

approximately 170, 32, and 18 kDa by the Neuromics anti-MOR antibody. After blotting 

with one of the polyclonal OR antibodies the membranes were stripped and re-probed 

with the alternative polyclonal OR antibody. The results indicate that both MORs and 

DORs can be visualized when co-IPed with an antibody specific to the M/DOR 

heteromer complex, however the ORs do not remain complexed once run on a gel under 

denaturing conditions.  
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Figure 3.12 Freeze-thaw cycles can affect sample degradation. Membranes from the 
dorsal lumbar spinal cord tissues of sham and CCI rats were isolated and prepared using a 
different number of freeze-thaw cycles. The samples that were frozen at -80 °C were 
frozen overnight between the membrane preparation and co-immunoprecipitation step, 
whereas the other samples were not frozen once the membrane preparation step was 
begun, until the loading of the gels when the remainder of the samples were stored. 
Proteins were resolved using 4-20 % Tris-Glycine gels electroblotted onto nitrocellulose 
membranes. Immunoblot analysis revealed a number of bands in the samples that were 
not frozen in comparison to the samples that were frozen overnight. The MOR-specific 
estimated molecular weights of approximately 170, 32, and 18 kDa were reported when 
blotted with the Neuromics anti-MOR antibody. IP: immunoprecipitate, IB: immunoblot, 
contra: contralateral, ipsi: ipsilateral, super: supernatant.
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Figure 3.13 Co-immunoprecipitation with a Devi anti-M/DOR antibody identifies 
similar sized bands when immunoblotted with an anti-MOR or anti-DOR antibody.  
Membranes from the dorsal lumbar spinal cord tissues of sham and CCI rats were 
isolated and proteins resolved using 4- 20 % Tris-Glycine gels electroblotted onto 
nitrocellulose membranes. Immunoblot analysis with a Neuromics anti-MOR antibody 
revealed immunoreactive bands at 170, 32, and 18 kDa that were specific to the co-
immunoprecipitation protocol. Immunoblot analysis with a Chemicon anti-DOR antibody 
reported immunoreactive bands at 170, 57, and 45 kDa that were specific to the co-
immunoprecipitation with the anti- M/DOR antibody. Control samples were prepared 
using a mouse IgG to identify non-specific binding. IP: immunoprecipitate, IB: 
immunoblot, contra: contralateral, ipsi: ipsilateral. 
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3.2.2 HEK293T cell experiments 

Transfected HEK293T cells (including cells which had been treated with 

lipofectamine and plus reagent, but no plasmid) did not resemble non-transfected cells. 

Through the maintenance of this cell line, naïve or un-transfected cells were judged to be 

healthy by the presence of cellular processes. Upon transfection, the majority of cells 

became round, with fewer processes, suggestive of a decrease in the general health of the 

cells. While the cells may not have survived for long post- transfection, they adhered well 

to the vessels they were grown in and were labeled with antibodies in 

immunocytochemical protocols, serving their experimental purpose.  

3.2.2.1 Western blotting 

 HEK293T cells transfected with myc-DOR or HA-MOR were lysed and plasma 

membranes sample preparations were run under denaturing conditions via SDS-PAGE on 

an 8 % Tris-Glycine gel. Antibodies to the myc or HA tags were used as a control to 

determine the antibody specificity of the commercially available antibodies against the 

MOR (from Neuromics) and DOR (from Chemicon).  

Labeling of the HA tag was compared to labeling of the Neuromics MOR antibody 

(Figure 3.14). The antibody directed against the HA tag specifically labeled the HA- tagged MOR 

protein, as there was no labeling in the control lanes, containing samples not transfected with a 

plasmid and cells transfected with the myc-DOR plasmid. However, cross-reactivity was evident 

when samples were immunoblotted with a Neuromics MOR antibody, as bands were labeled in 

the myc-DOR transfected cell lane. This antibody was not specifically labeling just the MOR 

protein, as the control 
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Figure 3.14 Western blotting of HEK293T cells transfected with opioid receptor 
plasmids with antibodies directed to HA tag and MOR. HEK293T cell membranes 
were isolated and proteins resolved on a 8 % Tris-Glycine gel, then electroblotted onto 
nitrocellulose membranes. When blotted with an HA antibody, analysis revealed a range 
of bands in cells transfected with only the HA-MOR plasmid, at 260, 130, 100, 80, and 
70 kDa. The membrane was stripped using 0.2 M Glycine, pH 2.6, and blotted with a 
Neuromics MOR antibody. Immunoblot analysis revealed non-specific binding in cells 
transfected with no plasmid, and the myc-DOR plasmid, with bands at 68, 60, and 40 
kDa. In cells transfected with a HA-MOR plasmid, discrete bands were visualized at 80, 
70, and 35 kDa. Cells transfected with both plasmids reported bands at 260 and 35 kDa. 
IB: immunoblot, kDa: kilo Daltons 
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column, with cells subjected to the transfection reagents, displayed immunoreactive 

bands. In both immunoblots, specific bands were reported at 260, 80, and 70 kDa. 

The labeling of the myc tag was compared to labeling of the Chemicon DOR 

antibody (Figure 3.15). The antibody directed against the myc tag did not specifically 

label the myc-DOR protein, as immunoreactive bands were visualized in the lanes 

containing samples subjected to the transfection reagents, but no plasmid, and samples 

transfected with the HA-MOR plasmid. Samples immunoblotted with a DOR antibody 

revealed a similar, but not identical, range of bands as the myc antibody blot, with 

additional bands at 75 and 72 kDa.  While non-specific labeling was evident in the 

samples subjected to the transfection reagent and the HA-MOR plasmid transfection, a 

band above 200 kDa was also reported in both antibody conditions that was much darker 

in the myc-DOR transfection alone rather than the samples transfected with both 

plasmids. 

3.2.2.2 Immunocytochemistry 

 Immunocytochemistry was completed using myc-DOR and HA-MOR plasmids 

transfected into HEK cells, which do not endogenously express either receptor, and 

labeled with a combination of antibodies to the HA and myc tags alongside commercially 

available antibodies to MOR (Neuromics) or DOR (Chemicon, Alomone labs) (Figure 

3.16).  Neither the antibodies for the tags or the commercially available polyclonal 

antibodies produced immunolabeling in non-transfected cells (Figure 3.16A first 

column). Cells transfected with the MOR plasmid showed immunolabeling using anti- 
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Figure 3.15 Western blotting of HEK293T cells transfected with opioid receptor 
plasmids with antibodies directed to myc tag and DOR. HEK293T cell membranes 
were isolated and proteins resolved on a 8 % Tris-Glycine gel, then electroblotted onto 
nitrocellulose membranes. When blotted with a myc antibody, analysis revealed a range 
of bands in cells transfected with no plasmid, myc-DOR, HA-MOR and both plasmids, at 
100, 90, 78, 70 and 52 kDa. A band specific to the myc-DOR transfection was seen at 
260 kDa. The membrane was stripped using 0.2 M Glycine, pH 2.6, and blotted with a 
Chemicon DOR antibody. Immunoblot analysis revealed non-specific binding in cells 
transfected with no plasmid and the HA-MOR plasmid, with bands at 90, 78, 75 and 72  
kDa. In cells treated with the transfection reagents, a band was also visualized at 55 kDa. 
Cells transfected with myc-DOR and both plasmids reported a specific band at 260 kDa. 
IB: immunoblot, kDa: kilo Daltons 
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Figure 3.16 Immunocytochemistry of human embryonic kidney (HEK) cells 
transfected with DOR and MOR plasmids. HEK cells that were transfected with a 
DOR or MOR plasmid were tested using antibodies against the tags (anti-HA and anti-
Myc) and commercially available OR antisera from Chemicon (anti-DOR), Alomone labs 
(anti-DOR), or Neuromics (anti-MOR). (A) Font color of antibodies represents the 
fluorophor conjugated to the secondary antibody (Alexa 594 = red, Alexa 488 = green). 
Columns represent the transfections completed, rows represent the antibodies used to 
label the cells. Solid arrows indicate single labeling of tags. White stars denote images 
used for Part (B). Co-labeling in HEK cells represented by yellow color. C-DOR: 
Chemicon DOR; A-DOR: Alomone DOR. 
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HA antibody indicating that the transfection was successful and the cells expressed MOR 

protein (Figure 3.16B top row).  Double immunofluorescent experiments revealed that 

the Neuromics MOR antisera co-localized only with anti-HA and did not label non-HA 

labeled cells. No immunolabeling was produced by the anti-MOR in cells transfected 

with the DOR plasmid indicating no cross-reactivity with another OR protein.  

Cells transfected with the DOR plasmid showed immunolabeling using anti-myc 

antibody indicating that this transfection was successful in producing DOR protein 

(Figure 3.16B middle and lower panel). Double immunofluorescent experiments revealed 

that the polyclonal DOR antisera co-localized with anti-myc, however some anti-myc 

labeled cells did not appear to be recognized by either commercially available DOR 

antibody suggesting that the antisera do not necessarily recognize all DOR species. 

Additionally, there was some background low immunoflurescence of the Chemicon anti-

DOR in cells transfected with the MOR plasmid indicating some non-specific labeling.   

 Co-transfections with the Myc-DOR and HA-MOR plasmids were carried out in 

order to validate the M/DOR heterodimer antibody in subsequent experiments (Figure 

3.17). Every cell that was labeled by an antibody to either the HA tag or MOR, was 

labeled by an antibody to the Myc tag or DOR, demonstrating that all HEK cells that 

underwent double transfection synthesized both DOR and MOR protein.  
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Figure 3.17 Human embryonic kidney (HEK) cells co-transfected with myc-DOR 
and HA-MOR plasmids express receptors in the same cells. HEK cells that were 
transfected with a DOR and MOR plasmid were tested using antibodies against the tags 
(anti-HA and anti-myc) and commercially available OR antisera from Chemicon (anti-
DOR), Alomone labs (anti-DOR), or Neuromics (anti-MOR). Co-labeling in HEK cells 
represented by yellow color. C-DOR: Chemicon DOR; A-DOR: Alomone DOR. 
 



 

 80 

Chapter 4 

Discussion 

4.1 Summary of major findings 

This study aimed to further characterize the pharmacological and molecular 

changes in DORs produced by NP pain. Functional studies, conducted via behavioural 

nociception paradigms, demonstrated that the i.t. administration of DOR agonists  

(delt and DSLET) that reportedly bind M/DOR oligomers resulted in enhanced thermal 

antinociception in NP compared to sham animals.  In contrast, the i.t. administration of 

the DOR agonists DPDPE and SNC80, with little or no binding affinity for the M/DOR 

oligomer, produced similar effects in NP and sham rats in the thermal nociceptive test. In 

another group of animals, the doses of each DOR agonist used in the thermal nociception 

test resulted in a significant increase of mechanical withdrawal thresholds in CCI rats.  

Thus, all DOR agonists attenuated mechanical pain in NP rats to a similar extent.   

For molecular studies, optimization of the co-IP protocol for MOR and DORs has 

yet to be achieved as results to date have provided conflicting data. A molecular species 

above 200 kDa was identified by co-IP where a M/DOR antibody was used in the initial 

immunoprecipitation part of the protocol, and either MOR or DOR polyclonal antibodies 

revealed this high molecular weight species upon immunoblotting.  Unfortunately, the 

co-IP protocol proved extremely sensitive to the experimental conditions as this high 

molecular weight species was not evident on subsequent blots.  Various troubleshooting 

techniques were implemented including assessment of the effect of sample freeze- thaw 
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cycles. Additional immunoreactive bands were revealed in samples that had not been 

frozen at -80 °C.  Concern about OR aggregation induced by a boiling step in the sample 

preparation was negated, as there was no difference in molecular species identified with a 

protocol that eliminated this step.  Thus, it is unlikely that boiling was responsible for the 

preliminary result that identified immunoreactive bands above 200 kDa. While the 

experiment that yielded the high molecular weight band is unreplicated, other specific 

bands have been identified using the Chemicon DOR and Neuromics MOR antibodies. 

After the ex vivo co-immunoprecipitation experiments yielded conflicting results, 

a heterologous expression system was employed to characterize OR antibody specificity. 

HEK293T cells, transfected with a combination of myc-tagged DOR and/or HA-tagged 

MOR plasmids, were subjected to either immunocytochemical or gel electrophoresis 

protocols. Western blotting studies reported that a DOR antibody from Chemicon non-

specifically labeled proteins in cells transfected with no plasmid or the HA-MOR 

plasmid, but the MOR antibody from Neuromics specifically labeled MORs in cells 

transfected with the HA-MOR plasmid only. Immunocytochemical results demonstrated 

that the commercially available DOR (from Chemicon and Alomone labs) and MOR 

(from Neuromics) antibodies labeled cells expressing the appropriate OR, but each OR 

antibody produced some non-specific labeling in cells that expressed the alternative OR.  
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4.2 Behavioural studies 

4.2.1 Model justification 

 Animal models that are used in basic science research to study NP pain must 

cause sensory deficits that are typically associated with the clinical manifestation of the 

condition, which include, but are not limited to, allodynia, hyperalgesia, and spontaneous 

pain. These three forms of pain are considered to be hallmarks of NP pain conditions 

experienced by human patients who suffer from PNIs (Bennett and Xie, 1988). The CCI 

model of NP pain developed by Bennett and Xie (1988) produces both behaviour that can 

be associated with the generation of spontaneous pain, along with chemical or heat-

evoked hyperalgesia, or mechanical allodynia.  

Additional animal models that can be used to mimic NP pain include the spinal 

nerve ligation (SNL), partial sciatic ligation (PSL), tibial or sural transection (TST), or 

complete sciatic transection (CST) models (Dowdall et al., 2005). Previously used 

surgical techniques, for example the complete transection (CT) of the sciatic nerve, 

require treatment that causes unnecessary levels of pain and as a result, are rarely used 

(Wall et al., 1979). With a number of these treatments, there is also considerable 

variability reported in the magnitude and duration of mechanical withdrawal thresholds, 

hyperalgesia, and cold allodynia (Dowdall et al., 2005). The general outcomes of the 

various models can also differ as a result of the testing methods, housing, diet, and the 

surgical techniques and materials (Shir et al., 1998; Field et al., 1999; Chesler et al., 

2002; Dowdall et al., 2005). The order in which the various parameters are tested must 
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also be tightly controlled. Thus, the extensive variability that has been reported was used 

to formulate the paradigm protocols for the duration of this thesis research. 

The CCI model of NP pain has several advantages over other models cited above 

used to generate the condition in animals. The surgery has a distinct advantage over the 

PSL model as it lacks the physical dissection of the nerve. In addition to the loss of 

sensory function associated with other nerve transection models, the CCI model is not 

associated with autotomy, or the self-amputation of appendages, that is seen in other 

animal models (Bennett and Xie, 1988). Animals that have undergone CCI surgery are 

also reported to be sensitive to treatment with analgesics that are used clinically in the 

treatment of NP pain, providing an appropriate model for the identification of novel 

treatments (De Vry et al., 2004). The reliability associated with the Bennett and Xie 

(1988) CCI model, in addition to the previously mentioned advantages and the problems 

associated with other animal models, were the rationale behind the choice of this 

treatment during the course of this thesis research. 

4.2.2 Time course of neuropathic pain behaviour 

 The time course of thermal nociception and mechanical allodynia were measured 

over the course of 7 days post-CCI surgery. Prior to surgery and behavioural thermal 

nociception testing, rats were stratified into the two surgical groups.  In hindsight this was 

not appropriate as there was a significant difference in thermal latencies at baseline prior 

to surgery.  However, by day 7 post-surgery, the sham and CCI rats displayed time 

latencies that were not significantly different from each other. This indicates that the CCI 
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rats did not feel widespread pain in their tails from the surgery of their common sciatic 

nerve. Consistent with our findings, previous studies have reported that there is no 

significant effect on thermal tail flick latencies following PNI (Wegert et al., 1997).  

CCI rats developed mechanical hypersensitivity, a significant decrease in the 

mechanical withdrawal thresholds, by day 5 post-surgery. This decrease in withdrawal 

thresholds was interpreted as tactile allodynia. Previous research in our laboratory 

demonstrated that the lowered withdrawal thresholds were not a result of post-operative 

pain, as sham operated rats did not demonstrate a lower threshold from their pre-surgery 

baseline (Kabli and Cahill, 2007).  On day 7 post-surgery, animals that underwent the 

CCI surgery displayed mechanical allodynia, and this, in addition to the qualitative 

observations regarding the gait and posture of CCI animals demonstrated that the NP pain 

state had developed.  

4.2.3 DOR agonists with binding affinity for M/DOR produced augmented thermal 

antinociception 

 In this study, acute doses of the DOR agonists that bind M/DOR, DSLET and 

delt, both demonstrated significantly enhanced antinociception in a thermal nociception 

paradigm. A log decrease in the dose of DSLET produced no difference in thermal 

antinociception between NP and sham rats over the 50 minute time course. The enhanced 

antinociception elicited by DSLET and delt, but not SNC80 and DPDPE, in CCI rats may 

indicate that the M/DOR oligomer is responsible for mediating analgesia towards heat 

pain. 
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 Previous studies have suggested that DOR agonists can block thermal nociception 

via a non-specific effect at the MOR. For example, DOR agonist-induced thermal 

antinociception was either reduced or absent in MOR null mutant mice (Matthes et al., 

1996; Sora et al., 1997a; Scherrer et al., 2004; Gendron et al., 2007). In DOR null mutant 

mice, the activity of DOR agonists against heat pain was only partially reduced, or 

preserved (Zhu et al., 1999; Scherrer et al., 2004). Additionally, a study by Heyman et al. 

(1989) reported synergistic effects of DOR-specific agonists in vivo, as DPDPE is able to 

enhance the effect of certain MOR agonists (morphine, normorphine, and codeine) in a 

thermal nociception assay in mice, providing evidence for synergism between MORs and 

DORs. The antinociceptive effect of DPDPE administration was confirmed as only a hot 

water effect by Adams et al. (2000). Taken together, these studies suggest that the 

presence of MOR is required for the full activity of DOR agonists, or that high doses of 

DOR agonists are non-selective.  Early studies examining delt, DSLET, SNC80 and 

DPDPE reported a high binding affinity to DORs, and low binding affinity to MORs 

(Buzas et al., 1992; Knapp et al., 1996; Bot et al., 1997). Fan et al. (2005) further 

detailed the binding affinities in cells transfected with MORs and DORs, suggesting that 

DSLET and delt, but not DPDPE bind to M/DOR. We propose that rather than the DOR 

agonists being non-selective for the MOR, that these agonists have activity at oligomeric 

complexes and require more than one functional OR. Such a phenomena could be 

conceived, yet although dimerization of MORs and DORs has been reported in 

heterologous expression systems (Rozenfeld et al., 2007), it has not yet been identified in 

vivo. One important criterion for the existence of endogenous OR oligomeric complexes 
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is their co-localization within the same neuron.  Previous immunohistochemical studies 

have demonstrated that DOR and MOR are co-expressed (Cheng et al., 1997) and within 

nociceptors that express SP (Alcher et al., 2000; Kawate et al., 2005). However, Scherrer 

et al. (2009), using DOR-eGFP mice, reported that the co-expression of MORs and 

DORs was not seen in these neurons.  This does not preclude co-expression of MOR and 

DOR on post-synaptic sites within the spinal cord or co-expression on other thermal 

sensitive primary afferent nociceptors. 

4.2.4 DOR agonists attenuated mechanical allodynia 

 Both the DOR agonists with binding affinity to the M/DOR (DSLET, delt), and 

the DOR-specific agonists (DPDPE, SNC80), produced anti-allodynic effects. A recent 

publication provided evidence that thermal and mechanical nociception is mediated via 

different populations of primary afferent nociceptors and that MOR and DOR can 

modulate nociception within these populations respectively (Scherrer et al., 2009).  Our 

data with the peptide DOR agonist DPDPE and non-peptide DOR agonist SNC80 

supports this hypothesis, however, delt-induced thermal nociception is blocked by DOR 

specific antagonists (Holdridge and Cahill, 2007).  Indeed, there are numerous 

publications that have reported DOR-induced thermal antinociception (Bilsky et al., 

1994; Fraser et al., 2000b; Broom et al., 2002).  It is not clear why our results differ from 

that published by Scherrer and colleagues, however species differences may partially 

explain such differences, as well as that the mouse they used in their study was a knock-

in. Thus, genetic manipulation may have also altered the normal distribution patterns of 

the DOR.  
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 The results in this thesis demonstrate agonist-specific effects in alleviating 

different modalities of nociception. All DOR agonists relieved mechanical allodynia, but 

DOR agonists with binding affinity to M/DOR provided enhanced thermal 

antinociception in CCI animals. Scherrer et al. (2009) detailed two conflicting hypotheses 

to explain this data. The line hypothesis of pain postulates that a group of nociceptors is 

responsible for transmitting a specific type of pain or (mechanical versus thermal), that 

nerves within the PNS are responsible for discerning between different forms of pain. 

Another view is that circuits within the CNS interpret the activity that is generated by 

nociceptors that sense a number of different types of stimuli, and that the specificity of 

stimuli detection is not at the level of the PNS. DSLET and delt may have the ability to 

bind and act upon both the DOR and M/DOR, and the mechanical and thermal effects 

may be the result of binding to either species of receptor, respectively. As the drugs were 

administered centrally, the latter view, or the view that the CNS is responsible for the 

identification of the form of pain sensed by the PNS, is more likely to occur.  

4.3 Molecular studies 

4.3.1 Co-immunoprecipitation analysis of mu and delta opioid receptors in the 

dorsal horn of the lumbar spinal cord 

Currently, the reagents and methods used to test the hypothesis that an M/DOR 

oligomer exists in the spinal cord are not optimized. However, the preliminary work 

completed in this thesis suggests that with further optimization, this hypothesis may be 

possible to test in the future. This thesis research has demonstrated that OR aggregation 

does not occur upon heating during the denaturation step, but that the protocol should 
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avoid freezing of the samples. The binding of commercially available OR antibodies to 

different molecular species or even entirely different proteins must be taken into account, 

specifically with respect to the DOR. This is a valid concern, as many antibodies are 

raised against synthetic peptide antigens that correspond to fragments of the protein; 

however, these small peptides may not have the proper secondary and tertiary structure 

that is found endogenously, leading to the improper detection of the protein (Kirkpatrick, 

2009). Antibodies against the DOR are available from a number of biotechnology 

companies, including Alomone labs (Jerusalem, Israel), Chemicon, Santa Cruz 

Biotechnology, and Neuromics, but a range of different labeling patterns are reported 

from immunohistochemistry even though many are raised against the same amino acid 

sequence (AA’s 3-17; Cahill et al., 2001; Chabot-Dore, 2009). Currently, experiments 

using DOR-eGFP knock-in mouse suggest that many antisera directed at DOR may not, 

in fact be labeling DORs but another unidentified protein (Scherrer et al., 2009). 

However, DOR expression in this knock-in mouse may not represent the endogenous 

DOR as every electron microscopy experiment performed within the last two decades 

identified the DOR as being primarily intracellular, but DOR-eGFP mice exhibit high 

density of plasma membrane DOR expression (Cheng et al., 1995; Zhang et al., 1998; 

Cahill et al., 2001a; Morinville et al., 2003). Thus, further characterization of these mice 

is warranted especially considering studies that demonstrate that GFP tags modify GPCR 

trafficking (including DOR and cannabinoid 1 receptors; Rozenfeld and Devi, 2008; 

Wang et al., 2008). The use of available antibodies directed against ORs in basic science 

research is a controversial topic, especially upon the generation of the GFP-tagged DOR 
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mouse model. While this model may allow for better study of the endogenous behaviour 

of DORs, the GFP tag is large and may also alter the normal physiological regulation of 

DORs. Thus, careful consideration must be taken before further experimentation using 

the available molecular reagents to study the endogenous regulation and behaviour of 

MORs and DORs. 

Antibody limitations are easily recognized by western blotting experiments, 

explaining the discrepancy between past results generated using a DOR antibody and 

current results using membranes prepared with the same protocol. When spinal cord 

membrane preparations were run on a Western blot, multiple species were revealed and 

none matched the previously identified immunoreactive species using a DOR antibody 

from the same company (52 and 75 kDa; Holdridge and Cahill, 2007). However, the 

company that previously made this antibody no longer produces the same antisera, and 

the product that is currently sold was generated differently than what was used originally. 

Thus, the antisera used in the present study may be identifying a different molecular 

species as well as non-DOR proteins.  

The antibody sensitivity to fixation was a problem encountered early in the 

molecular studies during the course of this research. Specifically, the M/DOR antibody, 

which was generated in the laboratory of Dr. L.A. Devi via subtractive immunization, is 

fixative sensitive, necessitating the use of the co-IP protocol. This antibody has been 

tested using an enzyme-linked immunosorbent assay (ELISA) to confirm its specificity 

for M/DOR, and would be extremely useful in immunohistochemical experiments with 

rat spinal cord. Due to the differences in the commercially available antibodies, double-
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labeling immunohistochemistry of DORs and MORs was not an option. Fresh tissue 

immunohistochemistry was attempted using the antibody directed to M/DOR, and failed 

due to the extremely fragile nature of the tissue.  

The antibodies currently in use are protocol (commercially available MOR and DOR 

antibodies) and fixative (M/DOR antibody developed by the Devi lab) sensitive, leaving 

very little choice in what to use to test this biochemical technique. The putative 

association between MORs and DORs is difficult to visualize using co-IP due to the 

denaturing conditions of western blotting; SDS-PAGE may destroy the interaction 

between the ORs, not allowing for an oligomer to be visualized (which may have been 

visualized in preliminary studies reporting a band heavier than 200 kDa). Thus, while co-

IP using an M/DOR antibody may pull down the heteromer, it is difficult for the ORs to 

remain associated and visualized. 

Identical immunoreactive bands were reported in the preliminary co-IP studies, when 

the samples were probed with a MOR or DOR antibody. High molecular weight bands 

were also reported in HEK293T cell experiments, with weights over 200 kDa reported 

when samples were immunoblotted with a MOR or DOR antibody. This may be 

attributed to the weights of the myc or HA tags, however the weights of each of the tags 

are over 40 kDa, which, when added to the band over 200 kDa observed in ex vivo 

experiments, does not account for the discrepancy. Additionally, bands over 200 kDa 

were not only seen in cells transfected with both the myc-DOR and HA-MOR plasmid, 

but in cells singly transfected with one of the two plasmids. Thus, the high molecular 

weight band cannot be attributed to the oligomerization of the receptors.  However, in 
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later experiments the immunoreactive bands were not identical when probed with an 

alternative OR antibody, indicating that the MORs and DORs may have dissociated as a 

result of the denaturing conditions of the SDS in the Tris-Glycine gels. 

 In the co-IP experiments, tissue was collected from sham and CCI animals in the 

hopes that quantification was possible. While quantification was not completed due to the 

extensive optimization required, samples were subjected to qualitative observations. In 

the preliminary experiments, where a band over 200 kDa was observed, similar bands 

were evident when blotted with a MOR or DOR antibody. Additionally, it appears as 

though a bilateral increase in the immunoreactive bands in the CCI samples is present 

when immunoblotted with the MOR antibody. The same qualitative observations could 

not be completed with the samples visualized with the DOR antibody, as equal amounts 

of samples were not loaded onto the gel due to loss of sample. The qualitative changes 

reported with the MOR antibody labeling the over 200 kDa band were not observed in 

later experiments, where a range of bands were reported with Chemicon DOR and 

Neuromics MOR. For these experiments, the sham and CCI samples appeared to have 

similar amounts of protein in the patterns of immunoreactive bands. Additionally, during 

the optimization of the co-IP protocol, differences between sham and CCI animals were 

not observed in samples that were heated or shaken. Similar amounts were observed for 

all samples. When membrane samples that were frozen O/N at -80 °C were compared to 

samples that were co-IPed in the same day, it appeared as though the sham samples for 

both experimental conditions exhibited similar discrete bands as the CCI samples, but 

more non-specific background labeling.  
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4.3.2 HEK293T cell data 

Heterologous expression systems were employed to test the specificity of 

commercial antibodies raised against MOR and DOR. Immunoblotting using a 

combination of myc-DOR and/or HA-MOR plasmid transfections into HEK293T cells 

identified that the Neuromics MOR antibody does produce non-specific labeling in 

samples that were not transfected with the MOR plasmid. No cross-reactivity was 

observed in samples that were transfected with the myc-DOR plasmid, supporting the use 

of this plasmid as an appropriate reagent for ex vivo studies. The immunoreactive band 

that was specific to both the HA antibody and MOR antibody in cells transfected with the 

HA-MOR plasmid was a large band above 200 kDa. Co-IP studies from Rozenfeld and 

Devi (2007) using cells transfected with flag-DOR and HA-MOR plasmid report bands 

that weighed approximately 80 kDa. Similar sized immunoreactive bands were seen in 

this thesis research, however the bands were identified as non-specific as cells transfected 

with myc-DOR and no plasmid also reported these bands. Conversely, the Chemicon 

DOR antibody reported a significant amount of non-specific labeling, both in samples 

treated with transfection reagents with no plasmid, and samples transfected only with the 

myc-DOR plasmid. In comparison to the samples incubated with HA or MOR antibodies, 

the samples incubated with myc or DOR antibodies also reported a similarly sized band 

above 200 kDa as well. While the Neuromics MOR antibody is an appropriate choice for 

co-IP studies, the Chemicon DOR antibody should not have been utilized. However, with 

a lack of trusted DOR antibodies available commercially, Chemicon was the only choice 

for use in western blotting protocols. Previous experiments completed in our lab 
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indicated that an Alomone DOR antibody, while useful for immunochemistry 

experiments, was non-functional for immunoblotting.  

Immunocytochemical studies utilizing the Neuromics MOR, Chemicon DOR, and 

Alomone DOR antibodies produced specific immunolabeling to the respective OR. The 

cross-reactivity of the antibodies to the alternative OR was minimal in comparison to 

binding at the appropriate OR, demonstrating a high level of antibody specificity. 

Additionally, there was no background immunolabeling in the HEK cell transfections 

with no plasmid (as this cell line does not possess an endogenous ORs). The 

immunocytochemistry experiments demonstrate that the choice of the Neuromics MOR 

and Chemicon DOR antibody to complete the ex vivo co-IP experiments was appropriate.  

Nevertheless, it is recognized that although each OR antibody was able to recognize the 

protein it is designed to recognize, this does not mean that the antibodies do not recognize 

other proteins that would be expressed in vivo.  Further antibody characterization using 

siRNA or knockout animals are necessary to ensure specificity for ex vivo studies.  

4.4 Conclusions 

This study provides evidence supporting the functional association of MORs and 

DORs in a model of NP pain, and preliminary data supports the morphological 

association of these receptors in the dorsal section of the lumbar spinal cord of the rat. 

The ability of DSLET and delt to provide enhanced antinociception in NP rats provides a 

basis for the further study of opioids in the use of symptom-specific pain relief, as the 

DOR agonists SNC80 and DPDPE as well as DSLET and delt provided anti-allodynic 
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effects. The findings of this research demonstrate a need for further study of the 

molecular changes in the endogenous OR system in vivo, specifically MORs and DORs, 

as a result of PNI, to facilitate the development of drugs that would be better tailored to 

treat NP pain. Small molecule M/DOR agonists may prove useful in the alleviation of 

multiple hallmark symptoms of NP pain, as they are less susceptible to degradation from 

peptidases. An important factor to consider in future studies must be the side effects 

associated with such drugs; MOR agonists are associated with tolerance and addiction, 

while small molecule DOR agonists are known to cause seizures. It is possible that the 

heteromerization of these two ORs may also have side effects, however, it is hoped that 

the benefits will outweigh the risks. 

4.5 Future directions 

The search for the M/DOR heteromer and its putative role in the regulation of NP 

pain requires further characterization of the in vivo function and morphology of both 

receptors. The available antibodies used to perform molecular experiments must be better 

characterized prior to any further data collection, or better reagents must be developed. 

Radioligand binding studies using plasma membrane samples from both CCI and sham 

rats, separated into ipsilateral and contralateral sides of the cord relative to injury, must 

be completed using the agonists chosen for this study. Electron microscopy using two 

different sizes of immunogold labeling can assess the distribution of MORs and DORs 

and better identify heteromerization than fluorescence immunohistochemistry of spinal 

cord sections. Conversely, the morphology of the endogenous OR system must be studied 

in the PNS in DRG neurons, as this may provide a basis for clinical usage without the 



 

 95 

possibility of centrally mediated side effects.  However, further characterization of the 

functionality of ORs in the CNS must be completed, and acute dosing studies should be 

continued using behavioural paradigms for hot or cold hyperalgesia with the agonists 

tested in this research, in addition to the completion of dose response curves for the drugs 

in the paradigms previously explored. Furthermore, a larger complement of agonists 

should be characterized in the behavioural tests for mechanical withdrawal thresholds or 

thermal nociception than were employed for this research in order to gain a better 

understanding of agonist activity in vivo. Better understanding of the physiological 

changes in the endogenous OR system caused by NP pain states will allow for the 

development of small molecule opioid agonists that are suited to treat a variety of clinical 

symptoms, deferring the economic burden and helping the 2-3 % of the population 

affected by NP pain.  
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