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Abstract 

 Neuronal-glial interactions play an important role in the development of 

neuropathic (NP) pain states. Earlier studies in our laboratory suggest a role for activated 

glia in morphine-induced delta opioid receptor (DOR) trafficking by altering DOR 

functional competence. Thus, chronic treatment with the glial inhibitor, propentofylline 

(PF) blocks the anti-allodynic and anti-hyperalgesic effects of the DOR agonist 

deltorphin II.  The present study aimed to determine whether NP pain-induced changes in 

DOR function and trafficking are dependent on glial activation.  

The first global aim of this study was to determine the molecular and behavioural 

effects of glial activation by two glial inhibitors, PF and PJ34 in a model of neuropathic 

pain.  Glial activation was assessed via changes in specific proteins using fluorescent 

immunohistochemistry (IHC). Neuropathy-induced c-Fos activation was assessed by IHC 

and pain hypersensitivity was assessed, including mechanical allodynia and spontaneous 

pain. The second global aim determined the role of activated glia in changes in 

neuropathy-induced increases in DOR function and DOR subcellular localization using 

immunogold IHC and transmission electron microscopy (EM).  

Chronic PJ34 attenuated chronic constriction injury (CCI)-induced mircoglial, but 

not astrocyte activation. Chronic administration of either PF or PJ34 attenuated the CCI-

induced increase in c-Fos immunoreactive expression. However, neither drug attenuated 

CCI-induced mechanical allodynia or spontaneous pain.  

Both chronic PF and PJ34 administration in NP animals attenuated the anti-

allodynic effects of the DOR-selective agonist deltorphin II, suggesting glial inhibition 
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blocks DOR function. However, chronic PF, but not PJ34, blocked the anti-allodynic 

effects of another DOR agonist, SNC80.  These data suggest that SNC80 might be 

targeting a different DOR molecular species that is not affected by factors released from 

microglia. Finally, EM experiments revealed that chronic PF treatment prevented the 

CCI-induced increase in DOR trafficking providing a positive correlation between 

behaviour and receptor localization. 

This study suggests that activated glia contribute to changes in DOR function and 

trafficking in NP pain states.  It also suggests that there is a dissociation between glial 

inhibition and pain hypersensitivity.  
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INTRODUCTION 
 
1.1  General Overview of Neuropathic Pain 
  

Neuropathic (NP) pain is a chronic pain condition affecting millions of people 

world-wide and develops as a consequence of nerve injury due to trauma, exposure to 

toxicants like chemotherapeutic agents, or certain diseases including diabetic neuropathy 

and post-herpetic and trigeminal neuralgias (Baron, 2006). Unlike acute pain, which 

serves an important, protective, biological function by warning the brain about bodily 

damage, chronic pain has little protective function and is now, itself, considered to be a 

disease process by many pain societies.  

In acute, nociceptive pain, activation of thermal, chemical or mechanical 

nociceptors in response to a painful stimulus begins propagation of a nerve impulse along 

peripheral afferent fibers to the dorsal horn of the spinal cord where the impulse is then 

relayed toward the brain and the pain is perceived (Milligan and Watkins, 2009).  In NP 

pain, synaptic plasticity and central and peripheral sensitization (including alterations in 

neurotransmission), and neuronal-glial interactions play an important role in the 

development, establishment and progression of pain responses (Zhuo, 2007). Common 

components of NP pain include stimulus-evoked pain such as allodynia, a painful 

response to a normally innocuous stimulus, and hyperalgesia, a heightened response to a 

noxious stimulus, as well as spontaneous pain occurring in the absence of external stimuli 

(Jorum et al., 2003).  

NP pain is often described as burning, tingling, crushing, searing or shooting pain, 

the severity of which varies widely among individual sufferers and with the cause of the 

pain (Costigan et al., 2009). Current estimates place the prevalence of all chronic pain in 
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Canada to affect nearly 1/3 of the general population, while NP pain affects 2-3% of 

individuals (Moulin et al., 2007). A recent study comparing patients with painful 

neuropathies to age- and sex-matched controls found that the average annual medical cost 

of treating a NP pain sufferer in Quebec was more than double that of a control patient, 

and the number of annual visits to a physician was more than doubled as well (Lachaine 

et al., 2007), placing an enormous burden on the health care system (Gilron and Johnson, 

2010). Quality of life (QOL) surveys show that chronic pain sufferers have much lower 

QOL scores and higher instance of co-morbidity compared to healthy age and sex-

matched individuals (O’Connor, 2009). Not only does the pain itself contribute to 

decreased QOL, but is also associated with sleep disturbances, and decreased mobility 

and mood, placing a severe emotional strain on both the sufferer as well as his or her 

relationships (Deshpande et al., 2006). 

 

1.2 Mechanisms of Acute and Chronic Pain Transmission 

1.2.1 Neurotransmission and Peripheral and Central Sensitization 

Nociceptive fibers including myelinated Aδ (medium diameter, medium 

conductive speed) and unmyelinated C fibers (small diameter, slow conducting) are 

primarily responsible for relaying pain sensations resulting from nociceptor activation in 

the periphery in response to thermal, mechanical or chemical stimuli to the dorsal horn of 

the spinal cord, while Aβ fibers (thickly myelinated, large diameter, high conductive 

speed), which normally do not conduct nociceptive information, may play a role in the 

development of allodynia (Zimmerman, 2001). Dorsal root ganglia (DRG) contain the 

cell bodies of primary sensory afferents and project to the dorsal horn. Primary afferent 



 3 

neurons synapse with projection neurons in the spinal cord, which are responsible for 

relaying the nerve impulse toward supraspinal and cortical regions within the brain where 

the pain is perceived and interpreted, including the somatosensory cortex, the frontal 

cortex and the limbic system (Ueda, 2006).  

Propagation of a nerve impulse along the primary afferent neuron results in 

calcium influx at the nerve terminal causing release of neurotransmitters and 

neuropeptides across the synaptic cleft. Excitatory amino acids like glutamate and 

peptides like substance P bind AMPA (α-amino-3-hydroxy-5-methylisoxazole-4-

propionic acid) and neurokinin -1 (NK-1) receptors, respectively, post-synaptically, 

causing further depolarization and transmitting the nociceptive signal (Mayer and Price, 

1999) (see fig. 1.1). In acute phasic pain, the N-methyl-D-aspartate (NMDA) glutamate 

receptor is not active due to the presence of a magnesium plug, and glial cells are 

quiescent (Riley and Boulis, 2006). Following repeated noxious stimulation, however, as 

in chronic pain, depolarization causes removal of the magnesium plug of the NMDA 

receptors, allowing calcium influx and constitutive activation of nitric oxide synthase, 

which converts L-arginine to citrulline, with release of nitric oxide (NO). Retrograde 

diffusion of NO causes increased release of excitatory amino acids and substance P pre-

synaptically, increases excitability of the post-synaptic neuron, and activates nearby 

microglia and astrocytes, changing their morphology and gene expression (Latremoliere 

and Woolf, 2009; Mayer and Price, 1999) (see fig. 1.2). NMDA receptors have been 

shown to exist pre-synaptically as well on small diameter DRG neurons involved in pain 

transmission (Hummel et al., 2008). 

Central sensitization not only occurs within the spinal cord, but in areas of the 
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brain associated with pain processing as well, for example within the amygdala, anterior 

cingulate gyrus, insular cortex and prefrontal cortex, leading to maladaptive sensory and 

emotional responses over time (Costigan et al., 2009).  
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Fig. 1.1: Normal neurotransmission following activation of peripheral nociceptors. Incoming 
action potential is propagated along the primary sensory afferent toward the dorsal horn of the spinal 
cord (1). Depolarization causes opening of voltage-gated calcium channels (VGCC), allowing 
calcium influx into the pre-synaptic neuron (2), resulting in exocytosis of vesicles containing 
substance P, calcitonin-gene-related peptide (CGRP), and glutamate into the synaptic cleft (3). 
Substance P  binds the neurokinin (NK-1) receptor, CGRP binds CGRP-R, and glutamate activates 
AMPA (α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionic acid) and metabotropic glutamate 
(mGluR) receptors post-synaptically, while the NMDA (N-methyl-D-aspartate) receptor remains 
inactive due to the presence of a magnesium ion plug (4). Glutamate binding to AMPA-R opens an 
ion channel, allowing post-synaptic sodium influx, and nerve impulse propagation along the post-
synaptic projection neuron continues (5). Excess glutamate is taken up by nearby astrocytes through 
glutamate-aspartate transporter (GLAST) and glutamate transporter-1 (GLT-1), helping terminate 
acute pain transmission (6). 
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Fig. 1.2: Aberrant synaptic signalling during central sensitization. Repeated stimulation leads to increased release of 
excitatory substance P, CGRP, and glutamate from primary afferents (1). (2) CGRP binds CGRP-R post-synaptically to activate 
adenylyl cyclase (AC), increasing cAMP (cyclic adenosine monophosphate) levels and activating protein kinase A (PKA). (3) 
Substance P binds neurokin-1 receptor (NK-1R), causing PKA activation through AC and cAMP as well. (4) Activation of NK-1 
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repeated stimulation and PKC activation cause removal of the magnesium plug from previously blocked NMDA receptors (8), 
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conversion of L-arginine (11). Retrograde diffusion of NO acts pre-synaptically to increase neurotransmitter release, pre and 
post-synaptically to increase neuronal excitability (12). ATP, fraktalkine and other inflammatory mediators lead to glial 
activation, downregulating the astrocytic glutamate reuptake transporters GLT-1 and GLAST, leading to an accumulation of 
excitatory glutamate in the synapse (13). 



 7 

1.2.2 Pain Modulation 

Mechanisms through which an organism is able to modulate pain responses have 

evolved over time and have led to systems such as the endogenous opioid and 

cannabinoid systems and descending inhibition pathways to regulate pain. Inhibitory 

GABAergic (γ-amino butyric acid) and glycinergic interneurons within the central 

nervous system (CNS) synapse on primary sensory afferents to modulate 

neurotransmission, while descending pathways from brain areas within the hypothalamus, 

amygdala, and anterior cingulate gyrus regulate pain responses through adrenergic and 

serotonergic systems by regulating control of norepinephrine and 5-hydroxytryptamine, 

respectively (Costigan et al., 2009; Ueda, 2006). Increased synthesis and release of 

endogenous cannabinoids (like anandamide and 2-arachidonyl glycerol) regulate 

neuronal transmission by binding CB1 (the most prominent G-protein-coupled receptors 

[GPCRs] within the CNS) and CB2 receptors, while increased synthesis and release of 

endogenous opioids inhibit pain transmission by binding their respective receptors 

(MORs bind endogenous endorphins, DORs bind enkephalins, κ-opioid receptors 

[KORs] bind dynorphins, and ORL1 [opioid-receptor-like] binds nociceptin), (see table 

1.1 for list of endogenous and exogenous opioid receptor ligands). Following the 

development of long-term potentiation and peripheral and central sensitization, however, 

these inhibitory systems become dysregulated and may even shift to a facilitatory state 

(Zimmerman, 2001). 
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1.2.3  Endogenous Opioid Systems, Tolerance and Desensitization 

Opioid receptors are GPCRs that exist both pre- and post-synaptically throughout 

the peripheral and central nervous systems. Opioid receptor binding pre- and post-

synaptically prevents conversion of adenosine triphosphate (ATP) to cyclic adenosine 

monophosphate (cAMP), inhibits calcium influx and increases potassium efflux, 

hyperpolarizing the cell and limiting neurotransmitter release (Pan et al., 2008) (see fig. 

1.3). Not only do opioids play a role in the reduction of sensory components of pain, they 

also modulate the affective (psychological) component as well, enhancing mood and 

emotional responses (Le Merrer, 2009; Price, 2002). 

Though morphine, a MOR agonist, is very effective for treatment of acute pain, it 

is not as effective for the treatment of chronic and NP pain due to the development of 

desensitization, tolerance, side effects and risk of dependency. Upon repeated morphine 

exposure, tolerance events develop involving arrestin binding, formation of a clathrin-

coated pit and internalization of the receptor, removing it from the membrane and 

decreasing its functional competence (Bohn et al., 2002; Mayer et al., 1999; Virk and 

Wiliams, 2008; Zuo, 2005).  The internalized receptor is then either targeted for 

degradation at the lysosome or returned to the membrane for reinsertion via endosomal 

processes (Christie, 2008; Martini and Whistler, 2007; Tanowitz and von Zastrow, 2003). 

Additionally, the risk of side effects and possibility of dependence with traditional 

MOR agonists like morphine are indicative of the need for better drugs to treat NP pain 

conditions, but with the need for better drugs comes the need for a better understanding 

of the molecular processes and mechanisms underlying the disease state as well. 
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Fig. 1.3: Opioids and pain regulation. Action potential from the primary afferent reaches nerve 
terminal (1), causing calcium channels to open (2) and calcium to enter cell leading to release of 
vesicles containing glutamate, substance P and CGRP (3). These excitatory neurotransmitters and 
peptides activate their respective receptors post-synaptically (4) leading to post-synaptic influx of 
sodium and calcium ions and activation of AC (adenylyl cyclase) (5), enhancing nerve impulse 
propagation (6). See Fig. 1.2 for more details. 
Opioid receptor (OR) activation, however modulates neurotransmission by pre-synaptically inhibiting 
calcium influx to prevent neurotransmitter release (7), and post-synaptically inhibiting adenylyl 
cyclase (8), (thus decreasing calcium release from intracellular stores), and activating inwardly-
rectifying potassium channels (IRK), increasing potassium efflux and hyperpolarizing the cell making 
it more difficult to relay a nerve impulse to the brain (9). 

IRK  
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Receptor Endogenous Ligand Agonists Antagonists 

µOR Endorphins DAMGO, DADLE, Morphine, 

Etorphine, 

Hydromorphone, Codeine, 

Oxycodone, 

Norbuprenorphine (not selective), 

Buprenorphine (partial) 

Naloxone, 

naltrexone 

δOR Enkephalins Deltorphin I, Deltorphin II, 

DPDPE, SNC80 

Naltrindol, 

Naltriben 

κOR Dynorphin Salvinorin A,  Buprenorphine, 

norbinaltorphimine 

ORL-1  Nociceptin Buprenorphine (partial), 

Norbuprenorphine (not selective) 

JTC-801 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1.1: Opioid receptor ligands. Summary of endogenous ligands, and agonists and antagonists 
of mu, delta, and kappa opioid receptors, and the opioid-like receptor, ORL-1. 
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1.3 Current Treatment for Neuropathic Pain 

1.3.1 Overview 

Due to the nature of chronic pain, and NP pain in particular, treatment is often 

very difficult and is frequently inconsistent among individuals. Non-steroidal anti-

inflammatory drugs (NSAIDs) are generally not effective in treating NP pain, but some 

patients may find relief from non-conventional treatments that were not originally 

intended for use in pain management such as anti-depressants (tri-cyclics [TCAs], SNRIs 

[selective norepinephrine reuptake inhibitors]), anti-arrhythmic and anti-convulsant 

agents, or topical anesthetics (for example, topical lidocaine or capsaicin gels or patches) 

all of which carry the risk of side effects and whose mechanisms of action in NP pain are 

not entirely understood (Zin et al., 2008).  

 

1.3.2 Mechanisms of Current Neuropathic Pain Treatments 

The mechanism through which TCAs like amitriptyline are believed to be 

effective in the treatment of NP pain is not understood, but evidence exists for their 

ability to modulate NP pain through the balanced inhibition of the reuptake of the 

monoamines norepinephrine and serotonin (Sindrup et al., 2005), and possibly through 

blockade of NMDA receptors (Eisenach and Gebhart, 1995). Studies have also 

demonstrated the ability of TCAs to reduce nerve impulse propagation and neuronal 

excitability by sodium channel inhibition, through stabilization of their inactive state 

(Dick et al., 2007). There are also reports that implicate the necessity for DOR in the 

analgesic effects of amitriptyline (Benbouzid et al., 2008; Onali et al., 2010). It may be 

due to the multiple modes of therapeutic action that TCAs are effective in treating NP 
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pain arising from a number of etiologies, but may also lead to a broad range of side 

effects that could necessitate discontinuation including cardiac problems, which may be 

attributed to TCAs inhibition of L-type calcium channels (Zahradnik et al., 2008), as well 

as antimuscarinic effects such as dry mouth, constipation and urinary retention due to 

blockade of muscarinic cholinergic receptors (Sindrup et al., 2005). 

Another class of antidepressants that have proven effective in some cases are the 

SNRIs such as duloxetine and venflaxine. The more specific mechanism of SNRIs 

compared to TCAs may explain why they are generally better tolerated, but undesirable 

side effects still exist including, but not limited to, increased heart rate and blood pressure 

due to increased adrenergic activity, hepatic problems, dizziness, sexual dysfunction, and 

withdrawal-type symptoms resulting from abrupt discontinuation (Sindrup et al., 2005). 

Not only do TCAs and SNRIs inhibit the sensory components of pain responses, 

but they also impact the affective component of pain, where emotion plays an important 

role in pain interpretation. Though some studies have shown selective serotonin reuptake 

inhibitors (SSRIs) like paroxetine to be effective in alleviating allodynia and hyperalgesia 

in several animal models (Anjaneyulu and Chopra., 2004; Matsuzawa-Yanagida et al., 

2007; Wang et al., 1999), it is debatable whether they are effective in treating NP pain in 

human populations. A number of randomized, placebo-controlled, cross-over trials with 

SSRIs have failed to show superiority over placebo (Otto et al., 2008), with some groups 

suggesting a balanced inhibition of the reuptake of both serotonin and norepinephrine is 

needed to combat pain, explaining why TCAs and SNRIs may be more effective than 

SSRIs (Mochizucki, 2004; Sindrup et al., 2005). 

Anti-epileptic agents such as gabapentin, pregabalin and carbemazepine have 
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proven effective in treating NP pain arising from a number of sources. Both gabapentin 

and its newer derivative pregabalin are ligands for the α2-δ subunit of N-type voltage-

gated calcium channels, reducing calcium ion-induced exocytosis of neurotransmitters 

into the synapse, with a recent study showing that pregabalin is actually capable of 

preventing the trafficking of the α2-δ subunit to the pre-synaptic terminal, as it was 

previously assumed the drug was only able to interact at the cell surface (Bauer et al., 

2010). Gabapentin has been demonstrated to prevent the formation of excitatory synapses 

by preventing thrombospondin binding to the α2-δ subunit (Eroglu et al., 2009). Other 

mechanisms for pregabalin’s mode of action have implicated reduced release of 

excitatory glutamate from the synapse in the spinal dorsal horn (Kumar et al., 2010), and 

activity at supraspinal sites, including descending modulation via noradrenergic systems 

(Tanabe et al., 2008). Carbamazepine works by stabilizing the inactive state of sodium 

channels following inactivation so fewer of them are available to propagate a nerve 

impulse, while also potentiating inhibitory GABA receptors (Ambrosio et al., 2002). 

 

1.3.3 Effectiveness of Current Treatments in Randomized Clinical Trials 

A meta-analysis of recent randomized clinical trials (O’Connor and Dworkin, 

2009, see table 1.2) reveals the complexity in treating NP pain in clinical populations. 

TCAs were shown to be more effective than placebo in significantly reducing pain in 

patients suffering from peripheral pain disorders including painful diabetic neuropathy, 

post-herpetic neuralgia and painful polyneuropathy, as well as central post-stroke pain, 

while there was no evidence, compared to placebo, that TCAs are efficacious in phantom 

limb pain, cancer or chemotherapy-induced neuropathy, HIV (human immunodeficiency 
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virus) neuropathy or pain resulting from spinal cord injury. Gabapentin and pregabalin 

were shown to be efficacious for treatment of central NP pain resulting from stroke or 

spinal cord injury, but gave negative or conflicting results, for example, in the treatment 

of painful diabetic neuropathy, phantom limb pain, and HIV neuropathy. To further 

complicate interpretation, gabapentin was superior to placebo for the treatment of post-

herpetic neuralgia, while its derivative pregabalin had both positive and negative trials. It 

is apparent from this analysis that a mechanistic approach is required in predicting drug 

efficacy in the treatment of an individual suffering from NP pain. 

Guidelines established by NeuPSIG (Neuropathic Pain Special Interest Group), 

CPS (Canadian Pain Society) and EFNS (European Federation of Neurological Societies) 

all recommend TCAs and gabapentinoids as first-line treatments to alleviate NP pain, 

excluding trigeminal neuralgia, with disagreement among the groups about other drug 

classes. For example, NeuPSIG recommends SNRIs as first-line treatment as well, while 

CPS and EFNS recommend this class of drugs as second line treatment, only if the 

previous classes have proven ineffective on an individual basis, following weeks of 

titrating doses and enduring side effects. Both NeuPSIG and EFNS agree on opioid 

analgesics and tramadol (a combination MOR agonist and serotonin and norepinephrine 

reuptake inhibitor) as second-line treatment, while CPS recommends these two classes 

only if all other attempts to minimize pain have failed. 

Treatment of NP pain is inconsistent among sufferers. For example, though TCAs 

have been shown to have positive outcomes compared to placebo in the treatment of 

painful diabetic neuropathy, and are recommended as first-line therapy by all three 

group’s guidelines described above, there is no guarantee a sufferer will receive any 
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benefit with TCAs, with some studies describing the NNT (numbers needed to treat) as 

2.1 (meaning two patients need to be treated for one to receive a fifty percent reduction in 

pain score), or drug compliance may be an issue due to the incidence of side effects (Attal 

et al., 2010). In addition to the difficulty in predicting whether a single drug will be 

effective in treating NP pain, support is gaining for the use of combination therapies 

(Gilron et al., 2009; Gilron and Max, 2005; Romano et al., 2009; Schechtmann et al., 

2010). 

It is apparent that there is a great necessity for new classes of drugs for the 

treatment of NP pain that have fewer side effects than currently available therapies, with 

more predictable outcomes. The majority of current drugs for the treatment of chronic 

pain focus on neuronal mechanisms (Milligan and Watkins, 2009), however over the last 

several years, a role for glial cells in the development of NP pain has been established so 

glial inhibitors may have a role in the future of NP pain treatment. 
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Type of Neuropathic Pain Drug Classes with Only 

Positive Randomized Clinical 

Trials 

Drug Classes with both 

Positive and Negative 

Randomized Clinical Trials 

PHN TCAs, gabapentin, topical 

lidocaine patch 5%, opioids, 

tramadol 

Pregabalin 

DPN TCAs, SNRIs, opioids, tramadol Gabapentin, pregabalin 

HIV 

polyneuropathy 

None None 

NP cancer pain Gabapentin None 

Peripheral 

Chemotherapy-

induced  

None None 

Post-stroke TCAs, pregabalin None Central 

Spinal cord 

injury 

Gabapentin, pregabalin None 

 
 

 

 

 

 

 

 

 

 

 

Table 1.2: Randomized clinical trial results of current NP pain treatments Table indicates 
drugs or drug classes with positive outcomes in a meta-analysis of randomized clinical trials for 
treating NP pain states. Not all drug classes were tested for all conditions. Table excludes drugs 
or classes that had no positive outcomes (statistically significant pain relief) compared to 
placebo, or where data was not available. Adapted from O’Connor and Dworkin, 2009. 
DPN = diabetic painful neuropathy, PHN = post-herpetic neuralgia, SNRIs = serotonin 
norepinephrine reuptake inhibitor (duloxetine and venlafaxine), TCAs = tri-cyclic 
antidepressants. Gabapentin and pregabalin are calcium channel ligands at α2-δ. Tramadol 
targets MORs as well as acts as a serotonin and norepinephrine reuptake inhibitor. 
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1.4 Glia and Neuropathic Pain 

 

1.4.1 Neuropathic Pain Induces Glial Activation 

Until recently, it had been believed that neurons were alone responsible for acute 

and chronic pain, and that the role of glia in the nervous system was simply that of 

housekeeping cells, helping form the blood-brain barrier, providing nutrients to neurons, 

and cleaning up cellular debris. It has been demonstrated, however, that the range of 

function of glial cells in the nervous system is not so limited, and that glia themselves 

actually have a role in the development of NP pain states by increasing neuronal 

excitability, inflammation and neurotoxicity (Milligan and Watkins, 2009). 

It has been demonstrated that following peripheral nerve injury (PNI) to induce 

NP pain in rats, certain glial cells become activated, as determined by changes in their 

morphology, function and gene expression (Inoue, 2006) (see fig. 1.4). It has been shown 

that astrocytes and microglia can also become activated by chronic morphine treatment, 

through activation of toll-like receptor 4 (TLR4) (Hutchinson et al., 2007 and 2008). 

Activated astrocytes are larger than those in their quiescent state, whereas microglia go 

through various morphological states with an initial increase in cell volume followed by a 

retraction of their processes and expansion of their cell body (Jo et al., 2009). Astrocytes 

and microglia (hereon referred to as glia) can become activated in a number of ways 

including through exposure to excitatory amino acids, fractalkine, ATP, NO and substance 

P, all of which are released by primary afferent neurons (Inoue and Tsuda, 2009). 

Following activation glia release a number of pro-inflammatory cytokines, including 

interleukin-1 beta (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor alpha (TNF-α), 
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reactive oxygen species (ROS), NO, and more excitatory amino acids and ATP, which can 

further activate nearby glia, amplifying their response. These pro-inflammatory cytokines 

increase pre-synaptic neurotransmitter release from primary afferents and increase post-

synaptic neuronal excitability, enhancing nociceptive transmission (Watkins and Maier, 

2004). 

Microglia are the resident immune cells of the nervous system, acting like 

macrophages to clean up cellular debris through phagocytosis, while also playing a role 

in innate immune responses through the release of complement factors (Kauppinen et al., 

2008). Astrocytes are stellate-shaped cells that are closely associated with neurons, 

providing support through the release of nutrients and other factors that help maintain 

normal neuronal function, in addition to forming a protective network that helps establish 

the blood-brain barrier. Astrocytes are in close contact with neuronal cell bodies, 

dendrites, nodes of Ranvier and synapses, and can be activated through a number of 

surface receptors, including NK-1, NMDA, metabotropic glutamate receptors and 

purinergic receptors, by neurotransmitters and other factors released from pre-synaptic 

neurons (substance P, glutamate, and ATP) (Gosselin et al., 2010).  

Receptor activation on microglia and astrocytes results in initiation of signaling 

cascades leading to phosphorylation and activation of kinases, in particular, JNK (c-Jun-

N terminal kinase) and ERK (extracellular signal-regulated kinase) in the case of 

astrocytes, and ERK and p38 MAPK (mitogen-activated protein kinase) in the case of 

microglia (Ji and Suter, 2007). Phosphorylation of these kinases leads to the activation of 

a transcription factor within the nucleus, NF-κB (nuclear factor kappa-light-chain-

enhancer of activated B cells), which initiates and promotes increased transcription of 
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inflammatory mediators like ROS, ATP and pro-inflammatory cytokines IL-1β, IL-6 and 

TNF-α, all of which play a role in stress responses (Vallejo et al., 2010). In addition, 

studies have shown that following astrocyte activation, there is a decrease in the surface 

expression of GLT-1 (glutamate transporter 1) and GLAST (glutamate aspartate 

transporter), resulting in a decrease in the amount of glutamate being removed from the 

synaptic cleft, increasing excitatory glutamatergic responses (see figs. 1.5 and 1.6 for 

mechanisms of microglial and astrocyte activation, respectively) (Gosselin et al., 2010). 

Glial activation, following induction of NP pain in animal models, has been 

shown to down-regulate chloride transporters in nociceptive-specific neurons within 

lamina I of the spinal cord. The net result of this effect is a reversal in chloride 

conductance at GABA-A receptors, whereby their activation leads to depolarization 

rather than hyperpolarization, reducing the inhibitory control of pain (Coull et al., 2005). 

In addition to being implicated in the enhancement of chronic pain states, studies 

have also demonstrated the role of activated glia in the development of morphine 

tolerance and reduced efficacy of MOR agonists in NP pain (Raghavendra et al., 2002). 

This may help partially explain why opioid analgesics are so effective for the treatment of 

moderate to severe acute pain, but have limited therapeutic value in the treatment of NP 

pain. Interestingly, repeated administration of opioid analgesics has been shown to 

activate glia, contributing to opioid-induced hyperalgesia and development of tolerance 

and desensitization (Raghavendra et al., 2002). A recent study demonstrated glial 

activation induced by morphine was significantly attenuated by treatment with the glial 

inhibitor propentofylline (PF). Additionally, this study demonstrated PF attenuated 

inflammatory cytokine levels within the lumbar spinal cord, as well as the development 
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of analgesic tolerance (Raghavendra et al., 2004). Another study showed microglial 

inhibition was able to attenuate NP pain states and enhance the analgesic effects of 

morphine (Mika, 2008), providing support for the role of glia in opioid tolerance and 

hypersensitivity induced by opioid withdrawal. 
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Fig. 1.4: Peripheral nerve injury causes glial activation 
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Fig. 1.4: (Top) Fluorescent immunohistochemical micrographs taken within the lumbar dorsal 
horn of rat spinal cords, ipsilateral to site of surgery, eleven days post-surgery. The green images 
show astrocytes labelled for GFAP, while the red images show microglia labelled for CD11b, in 
sham animals (left) and NP animals following peripheral nerve injury (right). The density of both 
astrocytes and microglia are increased in NP animals compared to shams. To the left of each 
confocal image is a 3-dimensional reconstruction of the second largest cell.  
(Bottom): Quantification of the cell volumes of the 3-d astrocyte reconstructions show a 
significant increase in cell size both ipsi and contralateral to the site of injury in NP animals 
compared to shams. Cahill et al., Unpublished Data. 
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Fig. 1.5: Mechanisms of microglial activation in neuropathic pain (1) Prolonged release of excitatory 
amino acids like glutamate, peptides like substance P, and ATP and fraktalkine from primary afferents 
activate NMDA, AMPA, purinergic receptors like P2X4, and the CXRCR1 receptor, respectively, on 
nearby microglia, as do other factors like LPS (on TLR4), and CCL2 (on CCR2), activating them, leading 
to an upregualtion of these surface receptors, and increased expression of markers like CD11b. (2) 
Receptor activation leads to increased intracellular calcium levels and (3) phosphorylation and activation 
of kinase cascades leading to p38 and ERK activation. (4) This, in turn, activates the transcription factor, 
NF-κB leading to enhanced production of proinflammatory cytokines IL-1β, IL-6 and TNF-α, and other 
inflammatory mediators like NO, ATP and prostaglandins (5). (6) These mediators act on primary 
afferents and second-order neurons to increase release of excitatory neurotransmitters and increase 
neuronal excitability, while also activating and recruiting other microglia, increasing their density within 
the dorsal horn, and activating astrocytes (see next page for astrocyte activation). 
Adapted from Jo et al., 2009, and Gosselin et al., 2010. 
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Fig.1.6:  Mechanisms of astrocyte activation in neuropathic pain (1) Inflammatory cytokines IL-6, IL-1β 
and TNF-α, and other inflammatory mediators like NO, and ATP released from primary afferents and activated 
microglia, as well as glutamate and substance P from primary afferents bind to and activate their respective 
surface receptors on astrocytes, which become upregulated in chronic pain states (2) Repeated stimulation 
during chronic pain states leads to inhibition of the astrocytic glutamate transporters GLAST and GLT-1, 
preventing glutamate removal from the synapse, increasing excitatory responses. (3) Receptor activation leads 
to downstream effects resulting in an increase in intracellular calcium levels and initiation of kinase cascades 
resulting in the phosphorylation and activation of c-Jun and ERK (4). (5) This leads to the activation of the 
transcription factor NF-κB, causing the upregulation of the release of more pro-inflammatory mediators IL-6, 
IL-1β, TNF-α, NO, and prostaglandins (6). (7) These mediators can further activate astrocytes or microglia, 
increase excitatory neurotransmitter release from primary afferents as well as increase the neuronal excitability 
of projection neurons, enhancing pain transmission. Activated astrocytes are characterized by larger cell size, 
increased cell density within the dorsal horn, and enhanced release of the marker GFAP.  
Adapted from Jo et al., 2009, and Gosselin et al., 2010. 
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1.4.2 Glial Inhibition 

Many studies have assessed the possibility of inhibiting glia to treat chronic pain 

states. Experiments have shown that intrathecal injection of an antibody against the 

microglial fractalkine receptor CX3CR1 attenuated the development of mechanical 

allodynia in animals with peripheral nerve injury (PNI) and inhibited microglial p38 

expression (Zhuang et al., 2007). Similar behavioral responses were seen in CX3CR1 null 

mice following PNI (Clark et al., 2007).  

Similarly, antagonism of the microglial purinergic and toll-like receptors (PX4 

and TLR4, for example), whose expressions are upregulated following PNI and which 

play a role in pain regulation (Chen et al., 2008), have been shown to attenuate allodynia 

and hyperalgesia (Bennett et al., 2009; Bettoni et al., 2008; Inoue and Tsuda, 2009).  

However, blockade of glial surface receptors is not the only means of reversing 

NP pain development. Methods of reducing levels of pro-inflammatory cytokines or 

increasing levels of anti-inflammatory cytokines have proven effective in animal NP pain 

models as well. For example, following CCI, administration of interleukin-1 receptor 

antagonist (IL-1ra) has been shown to reverse NP pain development, as did knockout of 

IL-1 in murine models (Honore et al., 2006). Administration of the anti-inflammatory 

cytokine interleukin-10 (IL-10) was able to attenuate pain development as well. 

The effects of glial inhibition are also seen in other NP pain models. Following 

spinal nerve transection, administration of IL-1ra, soluble tumor necrosis factor receptor 

(sTNFR, a soluble form of the TNF receptor, capable of isolating excess TNF), and 

neutralizing antibody against IL-6 have all been shown to reduce pain hypersensitivity 

(Arruda et al., 2000; Rothman and Winkelstein, 2010, Waetzig et al., 2004). Knockout 
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(KO) of IL-1 has been shown to reduce pain responses in a spinal nerve root injury 

model, and administration of IL-1ra and the anti-inflammatory cytokine IL-10 have 

proven effective in animal models of spinal cord injury (Murata et al., 2005; Sweitzer et 

al., 2001a; Zhang et al., 2008). 

These studies suggest an important role for glial activation in the development of 

NP pain following nerve injury and drugs that could modulate glial activation could be 

effective in managing NP pain states, such as propentofylline (PF) and PJ34 [N-(6-Oxo-

5,6-dihydrophenanthridin-2-yl)-(N,N-dimethylamino) acetamide hydrochloride]. There is 

clinical relevance for the use of glial inhibitors in the treatment of NP pain with phase 2 

clinical trials currently being carried out by Avigen, Inc. testing systemic administration 

of the glial inhibitor AV411 (ibudiblast) and Solace Pharmaceuticals, testing PF for post-

herpetic neuralgia.   

PF, a methylxanthine derivative, is a non-selective glia inhibitor that reduces the 

activation of both astrocytes and microglia through an unknown mechanism. Some 

studies suggest that PF may act through inhibition of adenosine reuptake mechanisms on 

glial cells (Parkinson et al., 1993), leading to accumulation of adenosine in the synaptic 

cleft, which reduces pre-synaptic release of excitatory substance P and glutamate. 

Adenosine regulates the intracellular second messengers cAMP and calcium ions, helping 

maintain homeostasis by balancing the action of these opposing pathways in neurons and 

glia, the regulation of which becomes disrupted in NP pain states leading to an increase in 

calcium-dependent signaling processes.  PF also exhibits action as a non-selective 

cAMP/cGMP (cyclic guanosine monophosphate) phosphodiesterase inhibitor (type I, II 

and IV), preventing the breakdown of cAMP and helping restore the balance by 
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increasing cAMP levels (Schubert et al., 1997). Increased cAMP contributes to increased 

expression of the anti-inflammatory cytokine IL-10. Chronic PF has been shown to 

increase spinal IL-10 protein levels (Platzer et al., 1999) as well as messenger ribonucleic 

acid (mRNA) levels in nerve-injured rats (Raghavendra et al., 2003a), and a single 

injection of IL-10 at the time and site of nerve injury (using a CCI model) has been 

shown to attenuate the development of hyperalgesia, inhibits TNF-α expression and 

reduces macrophage recruitment (Wagner et al., 1998).  

Another study using fluorescent protein tagging showed that chronic systemic 

administration of PF reversed the neuropathy-induced reduction in expression of the glial 

glutamate transporters, GLAST and GLT-1 within the lumbar dorsal horn, ipsilateral to 

the site of nerve injury (Tawfik et al., 2008). This latter study suggests that PF might 

reduce glial activation by increasing the removal of excitatory glutamate that contributes 

to neuronal sensitization. Indirectly, by inhibiting activation of glia, there is a reduction in 

the number of inflammatory mediators being released and fewer glia are recruited and 

activated as a result. 

IHC studies performed by our lab, as well as others, have shown that chronic 

administration of PF following nerve injury blocks the neuropathy-induced increase in 

cell size and cell number of both microglia and astrocytes within the dorsal horn of the 

spinal cord (Gwak et al., 2008; Holdridge et al., 2006; Raghavendra et al., 2003a; 

Sweitzer et al., 2001b,). The same studies have shown that chronic administration of PF 

following nerve injury is able to both prevent and reverse the development of mechanical 

allodynia (Gwak et al., 2008, Sweitzer et al., 2001b) and thermal hyperalgesia 

(Raghavendra et al., 2003a). In addition to its action on inhibiting glial activation, many 
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studies have demonstrated the neuroprotective effects of PF in enhancing learning and 

memory in animal models and enhancement of nerve growth factor levels (Ringheim, 

2000), suggesting the drug may be a promising molecule for treating NP pain (see fig. 

1.7). 

It is of interest to determine how inhibition of only one type of glia, for example 

inhibition of microglia alone without affecting astroyctes, affects molecular and 

behavioural processes related to NP pain. Microglia are activated earlier than astrocytes 

in NP pain development. Some studies have suggested PJ34 may be a microglia inhibitor 

that does not affect astrocyte activation. 

PJ34 is a novel inhibitor of poly-ADP ribose polymerase (PARP-1) that was 

initially discovered to be efficacious in the treatment of ischemia-induced neuronal 

damage in stroke models. Studies have shown that following reperfusion injury, chronic 

administration of PJ34 has neuroprotective effects (Crawford et al., 2010; Kaupinnen et 

al., 2009; Stone et al., 2009), which makes sense when one considers the mechanism of 

action of the compound. Following repeated stress responses, as is the case in chronic 

pain or following a stroke, increased release of inflammatory mediators causes repeated 

activation of their respective receptors on post-synaptic neurons. This leads to activation 

of kinase cascades, leading to the phosphorylation and activation of ERK, which then 

translocates into the nucleus where it activates the PARP-1 enzyme, which activates the 

NF-κB transcription factor. Activation of NF-κB results in the increased transcription of 

inflammatory cytokines and other mediators such as ROS and ATP, which increase 

excitatory neurotransmitter and neuropeptide release and increase neuronal excitability, 

as well as activate and recruit other glial cells, which amplify these cycles. By inhibiting 
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the PARP-1 enzyme, PJ34 is able to reduce stress responses within the cell (Szabo, 2006), 

(see fig. 1.8). 

Studies have shown that unlike PF, which prevents the activation of both 

astrocytes and microglia, PJ34 inhibits microglia but does not affect astrocyte activation 

in ischemic models of stroke (Chiarugi and Moskowitz, 2003, Kauppinen and Swanson, 

2005, Ullrich et al., 2001). However, because microglia are activated earlier than 

astrocytes in the development of NP pain, PJ34 may have an indirect effect on astrocyte 

activation by reducing release of factors from microglia that would later lead to increased 

astrocyte activation, which may explain why the study by Kauppinen et al. (2009) 

observed changes in astrocyte activation as well.  

Studies have shown that systemic administration of PJ34 just before and 

immediately following reperfusion injury, a stroke model of tissue damage from 

ischemia, reduces tissue damage and inflammation and may have neuroprotective effects 

(Crawford et al., 2010, Stone et al., 2009, Kaupinnen et al., 2009). 

These studies all suggest that glial inhibition may be efficacious in the treatment 

of NP pain. See table 1.3 for a summary of behavioral and IHC results from glial inhibitor 

studies.  
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Fig.1.7:  Chronic PF causes glial inhibition and has neuroprotective effects 
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Fig. 1.7: (Top) 
Quantification of cell 
size from 3-d 
reconstructions of 
astrocytes within the 
ipsilateral lumbar dorsal 
horn, eleven days post-
surgery in sham and NP 
animals receiving 
chronic intrathecal PF or 
saline vehicle, 
demonstrated a 
significant reduction in 
glial cell size in both 
sham and NP animals 
treated with PF 
compared to saline. 
 
(Middle): This correlated 
with a reduction in 
spontaneous pain scores. 
Chronic intrathecal 
administration of the 
glial inhibitor PF caused 
a significant reduction in 
spontaneous pain 
compared to saline in 
neuropathic animals, 
three, seven and ten days 
post-surgery. 
 
(Bottom): Neuropathic 
animals chronically 
treated with PF after 
surgery did not 
experience the 
characteristic drop in 
body weight immediately 
after nerve injury (1-2 
days post) seen in saline-
treated animals, and 
maintained an overall 
higher body weight over 
the entire time course, 
possibly indicating a 
state of improved general 
health. Cahill et al. 
Unpublished 
observations. 
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Fig. 1.8: Mechanism of action of PJ34. Excitatory neuotransmitters released from primary 
afferents bind and activate their respective post-synaptic receptors (1). Receptor activation leads 
to downstream activation of kinase cascades, resulting in phosphorylation and activation of ERK 
(extracellular signal-regulated kinase) (2), which then translocates into the nucleus to activate 
PARP-1 (poly ADP-ribose polymerase) (3). This leads to the activation of the transcription 
factor NF-κB (4), causing the upregulation of pro-inflammatory cytokines TNF-α, IL-1β and IL-
6 and other inflammatory mediators like reactive oxygen species (ROS) and nitric oxide (NO) 
(5), which act pre-synaptically to increase neurotransmitter release, pre and post-synaptically to 
increase neuronal excitability, and activate glial cells (6). 
PJ34 works by inhibiting the PARP-1 enzyme, preventing activation of NF-κB and generation of 
inflammatory mediators (7) 
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Study Drug(s) Model Result on 
Gliosis 

Result on Behaviour 

Sweitzer et al., 
2006 

PF (i.p.) Vincristine  Microglia and 
astrocytes 
inhibited 

Mechanical allodynia 
inhibited 

Sweitzer et al., 
2001b 

PF (i.p.) L5 nerve 
transection 

Microglia and 
astrocytes 
inhibited 

Mechanical allodynia 
attenuated, even after 
NP pain established  

Tawfik et al., 
2007 

PF  (i.p.) 
(administration 
begun 14 days 
after injury) 

L5 nerve 
transection 

Microglia and 
astrocytes 
inhibited. 
Microglia 
inhibition 
sustained even 
two weeks after 
drug 
discontinuation.  

Mechanical allodynia 
attenuated, even after 
NP pain established, 
and even two weeks 
after drug 
discontinuation  

Ledeboer et al., 
2005 

Minocycline (i.t.) SNI Microglia 
inhibited 

Mechanical allodynia 
attenuated (day 1, not 7) 

Padi and 
Kulkarni, 2008 

Minocycline (i.p.) CCI (mice & 
rats) 

--------------------- Reduced 
hypersensitivity in only 
if administered prior to 
nerve injury 

Raghavandra et 
al., 2003b 

Minocycline (i.p.) L5 nerve 
transection 

--------------------- Mechanical 
hypersensitivity 
blocked only if 
administered prior to 
injury 

Berti-Matera et 
al., 2008 

PJ34 oral (in diet) STZ ---------------------
-- 

No effect on mechanical 
hypersensitivity 

Wodarksi et al., 
2009 

Gabapentin STZ-diabetic  Microglia 
inhibited 

Mechanical allodynia 
attenuated 

 

 

 

 

 

 

 

 

Table 1.3: Effect of Glial Inhibition on Behavioural Responses in NP Pain Models. Summary of 
results of recent studies looking at glial inhibitors and their effect on pain responses. The non-selective 
glial inhibitor, PF was able to prevent the development of mechanical allodynia and inhibit microglia 
and astrocyte activation when administered before induction of neuropathy in a number of different 
NP pain models, but was also to reverse established allodynia and glial activation, with one study 
showing these effects continued even two weeks after discontinuation. Studies looking at the 
microglia inhibitor minocycline, on the other hand, demonstrated prevention of microglia activation 
and mechanical allodynia if administered prior to injury, but could not reverse allodynia and 
microglial activation already established, suggesting microglia play a more important role in the early 
development of NP pain than in its maintenance. CC I= chronic constriction injury, i.t. = intrathecal, 
i.p. = intraperitoneal, PF= propentofylline, SNI = spared nerve injury, STZ = streptozotocin (diabetic). 
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1.5 Delta-Opioid Receptor Trafficking 

1.5.1 Overview 

DORs have unrealized potential in the treatment of NP pain, however the 

mechanism through which they are trafficked from intracellular sites to the plasma 

membrane is not understood. Our laboratory has shown that the increased function of 

DOR agonists following chronic morphine treatment is mediated at least in part by 

activated glia (Holdridge et al., 2007). Since activated glia have been shown to contribute 

to NP pain, we surmised that the increased DOR function seen in NP pain states may also 

depend on glial activation (Holdridge and Cahill, 2007). 

 

1.5.2 Delta Opioid Receptors 

DORs are a class of opioid receptors that bind enkephalins as their endogenous 

ligands, and DPDPE, deltorphin II and SNC80 are exogenous agonists with high binding 

affinity for the DOR. Our studies, as well as others, have provided support for DORs as a 

novel therapeutic target for the treatment of NP pain. It has been demonstrated that 

genetic knock-out of DOR enhances pain hypersensitivity following NP injury in mouse 

models (Nadal et al., 2006), while activation of DOR, like MOR, elicits an analgesic 

response in acute (Porreca et al., 1984; Traynor et al., 1990; Mattia et al., 1991) and 

inflammatory pain models (Stewart and Hammond, 1994; Cahill et al., 2003), as well as 

in a number of NP models (Petrillo et al., 2003; Sohn et al., 2000; Desmeules et al., 1993; 

Hao et al., 1998; Holdridge and Cahill, 2007, Kabli and Cahill, 2007). The clinical 

development of DOR agonists has been attractive to pharmaceutical companies because 

of their reportedly fewer side effects compared to MOR agonists like morphine and a 
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slower onset of analgesic tolerance (Lazarus et al., 1999). 

Opioid receptors are synthesized within the smooth endoplasmic reticulum (ER) 

and sorted through the trans-Golgi network. Unlike MORs which are trafficked 

immediately to the neuronal plasma membrane following synthesis, DORs remain 

primarily localized in intracellular compartments within the cytosol under homeostatic 

conditions (Wang et al., 2008). In response to chronic morphine treatment and chronic 

pain, mechanisms inducing the trafficking of DORs from intracellular sites towards the 

plasma membrane are initiated (Bie and Pan, 2007; Cahill et al., 2007) (see fig. 1.9). In 

vivo studies in spinal cord neurons show chronic inflammatory pain induces DOR 

trafficking and enhances DOR-mediated anti-nociception, likely through mechanisms 

involving MOR activation (Gendron et al., 2007), as genetic deletion of MOR prevents 

trafficking of DOR (Cahill et al., 2003; Morinville et al., 2004b), with similar results seen 

in afferent DRG neurons as well (Gendron et al., 2006). Similarly, chronic morphine also 

causes DOR trafficking in spinal cord neurons (Cahill et al., 2001; Morinville et al., 

2003; Morinville et al., 2004a). DORs have been implicated in the development of 

tolerance to MOR agonists, with morphine tolerance being attenuated in DOR null mice 

(Nitsche et al., 2002), as well as in regulation of MOR function (Rozenfeld et al., 2007).   

Neither the mechanisms through which DOR causes tolerance and desensitization to 

MOR agonists, nor the mechanisms through which trafficking occurs is understood. 
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1.5.3 Glia and Delta Opioid Receptor Trafficking in Neuropathic Pain 

Chronic PF treatment has been demonstrated to inhibit the anti-allodynic and anti-

hyperalgesic effects of the DOR-selective agonist deltorphin II in rats following chronic 

morphine treatment to induce glial activation (Holdridge et al., 2007). Since DOR 

trafficking to the plasma membrane is required to increase functional competence of the 

receptor and this trafficking is known to occur in NP pain, it would suggest that since 

inhibiting glial activation abolishes the anti-nociceptive effects of DOR agonists, glial 

activation in NP pain is an important component of DOR trafficking. This mechanism, 

however, is not entirely understood and the goal of this project will be to better 

understand the role of activated glia in DOR trafficking.  
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Fig. 1.9: Delta-opioid receptor trafficking in NP pain states. Opioid receptor internalization and DOR trafficking 
to the neuronal plasma membrane. Agonist binding to an opioid receptor (1) leads to G-protein activation and 
phosphorylation of the opioid receptor intracellularly by G-protein-coupled receptor kinase (GRK) (2). This leads 
to the intracellular binding of AP-2 (adaptor protein 2) and B-arrestins (3) and the formation of a clathrin-coated pit 
(4), causing receptor internalization (5). The internalized receptor is then either targeted for degradation at the 
lysosome (6) or recycled to the plasma membrane for reinsertion through an endosomal process (7). Opioid 
receptors are synthesized in the rough endoplasmic reticulum (ER) (8) and sorted through the trans-Golgi network 
(9) before insertion into a vesicle. Unlike MORs, which are immediately targeted for insertion into the plasma 
membrane (10), DORs remain within intracellular vesicles under basal conditions, unless certain stimuli initiate 
their trafficking to the membrane. It has been shown that following induction of NP pain states and following 
chronic morphine treatment (11), there is increased trafficking of DORs to the membrane. Both chronic pain and 
chronic morphine have also been shown to activate glia (12), so perhaps there may be a role for activated glia in 
inducing DOR trafficking in NP pain states. Modified from Bie and Pan, 2007. 
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1.6 Statement of purpose and objectives 

 Because of the enormous economic, physical and emotional burden NP pain 

places on individuals and the health care system, and the inconsistency with which 

current treatments are able to effectively alleviate pain in sufferers and improve their 

quality of life, it is apparent that there is an unmet clinical need for new treatment 

options. A large body of evidence exists for both the use of glial inhibitors and DOR 

agonists in the treatment of chronic pain. One such glial inhibitor, PF, has been quite well 

characterized in NP pain models, while another, PJ34, has not. Evidence exists that 

suggests that glia contribute to DOR trafficking in NP pain states, increasing their 

functional competence. The research in this thesis will address the GENERAL 

HYPOTHESIS that activated glia in NP pain states are necessary for the increase in 

DOR function and trigger the trafficking of DORs from intracellular sites to the plasma 

membrane. 

 OBJECTIVE 1: To characterize the glial inhibitors PF and PJ34, molecularly and 

behaviourally, to assess their efficacy following CCI in inhibiting glial activation (by 

fluorescent IHC), neuronal activation (by DAB IHC), and mechanical allodynia and 

spontaneous pain. 

 OBJECTIVE 2: To determine what effect glial inhibition has on DOR trafficking 

following CCI. DOR function was assessed through the use of DOR agonists deltorphin 

II and SNC80 to determine if chronic administration of glial inhibitors could block the 

anti-allodynic and anti-hyperalgesic effects of these agonists, while changes in DOR 

subcellular localization were determined by immunogold electron microscopy. 
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METHODS 

2.1 Animals 

Male Sprague-Dawley rats (Charles River, Quebec, Canada) weighing 225-250g 

were housed two per cage on a 12 hour: 12 hour reverse light:dark cycle and allowed ad 

libitum access to food and water. Animal testing was performed during the day to 

coincide with the animals’ active phase in accordance with Queen’s University Animal 

Care Committee guidelines established by the Canadian Council on Animal Care and the 

International Association for the Study of Pain Committee for Research and Ethical 

Issues. 

Pain models have been well-characterized in rats and their large size allows for 

ease of manipulation. This species has proven a good animal model for NP pain in 

humans. For consistency within our own lab and other published works, male rats were 

used as there is sexual dimorphism in pain responses due to hormonal fluctuations in 

female rats which may complicate interpretation of data (Khasar et al., 2005). 

Animals were weighed daily and signs of severe pain and distress were 

monitored. Rats displaying greater than twenty percent weight loss, bloody urine, 

listlessness, segregation from other animals, red discharge around eyes or spontaneous 

vocalization when handled were euthanized.  

 

2.2 Habituation 

 After arrival, animals were allowed to acclimatize to their new environment for 

three to four days. Animals were then habituated to the behavioural testing apparatuses 

and to being picked up and manipulated.  
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2.3 Surgery to induce neuropathic injury 

On the day of surgery, animals were randomly assigned to one of two groups: 

sham or NP. All rats received 0.6ml of Children’s Tylenol® (32 mg acetaminophen/ml) 

orally prior to anaesthetic induction. Animals were anaesthetized in a Plexiglas® 

induction box with isoflurane and oxygen (5L/min induction, 2-3L/min maintenance). 

Rats received subcutaneous injections of 0.5ml of lactated Ringer’s solution for hydration 

and 0.1ml of Tribrissen antibiotic (1ml contains 40 mg trimethoprim and 200 mg 

sulfadiazine). 

 For NP animals, chronic constriction injury (CCI) was induced as described by 

Bennett and Xie (1988), whereby a small skin incision was made on the left hind leg and 

muscle layers were bluntly dissected with small scissors. The sciatic nerve was exposed 

and gently brought to the surface with curved forceps. Four loose ligatures were tied 

around the nerve with 4-0 chromic gut thread and the nerve was gently replaced. The 

muscle and skin layers were sutured using Monocryl suture thread. Sham control animals 

received a similar surgery, but without manipulation or ligation of the sciatic nerve. 

 All animals received Tylenol® in Jell-O® (50mg/cube, one cube each) 

immediately following surgery, as well as the day after, but no opioids were administered 

for pain relief. Rats were weighed daily following surgery as an indicator of general 

health. 

The CCI was chosen because it is a robust model that accurately mimics 

molecular and behavioural changes, including allodynia and hyperalgesia, seen in many 

clinical NP pain states. Our lab has found the CCI surgery to give consistent behavioural 

results. The procedure is simple to perform, recovery is relatively rapid and NP pain can 
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be induced, while still preserving sensory function. Loose ligation induces nerve injury 

through development of local inflammatory responses. 

 

2.4 Inthrathecal administration of glial modulators 

 Beginning just prior to surgery and continuing for eleven days post-surgery, rats 

received once daily 30µl intrathecal (i.t.) injections between the L4-L5 (lumbar) vertebrae 

of saline control or PF (10µg) or PJ34 (15µg), under isoflurane anaesthesia (the studies 

comparing PF vs saline were performed separately from the studies comparing PJ34 vs 

saline). Correct needle placement was confirmed by vigorous tail-flick upon injection. I.t. 

injections were performed instead of catheterization to avoid inflammation and activation 

of immune response, which our lab has observed to occur with catheters. 

 

2.5 Behavioural Testing 

2.5.1 Von Frey testing for mechanical allodynia 

 Prior to surgery (day 0, baseline) and 4, 7, and 10 days post-surgery, behavioural 

testing was performed to assess mechanical allodynia, as described by Chaplan et al. 

(1994). 

 Briefly, rats were placed on an elevated wire mesh grid (5mm x 5mm) and 

covered with an opaque, rectangular box to restrict movement. Von Frey filaments were 

applied to the plantar surface of the hind paws in an up-down fashion, ipsi- and 

contralateral to the site of injury. Filament tension was increased if there was no response 

or decreased if the paw was withdrawn. From the response pattern, 50% withdrawal 

thresholds were determined. The upper cut-off was 15g. 
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 Two-way analysis of variance (ANOVA) was performed to compare sham and NP 

animals across the time course, followed by Bonferroni post-hoc analysis and graphed 

using Prism 5.0 (Graphpad Software, San Diego, CA, USA). Behaviour was not 

performed blind to treatment group. 

 

2.5.2 Spontaneous pain testing 

 Prior to surgery (day 0, baseline) and 4, 7, and 10 days post-surgery, behavioural 

testing was performed to assess spontaneous pain, as previously described (Coderre et al., 

2004). 

 Rats were placed on an elevated wire mesh (5mm x 5mm), allowed to acclimatize 

to the apparatus for five minutes, then observed over the next five minutes to assess 

postural changes in the hind paw ipsilateral to nerve injury. A computerized testing 

program was used to quantify the number of seconds spent in each posture and a 

weighted pain score (WPS) was calculated based on the following formula: 

WPS = (R1 x 0) + (R2 x 1) + (R3 x 2) + (R4 x 3) 

    where:  R1= normal posture (sec) 

R2= favouring paw, but still having 

contact with the grid (sec) 

      R3= lifting paw off grid (sec) 

      R4= licking paw (sec) 

Two-way ANOVA was performed to compare sham and NP animals, followed by 

Bonferroni post-hoc analysis and graphed using Prism 5.0 (Graphpad Software, San 

Diego, CA, USA). Behaviour was not performed blind to treatment group. 
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2.5.3 Effects of DOR agonists 

On the tenth day post-surgery, sham and NP rats that had been treated chronically 

with saline, PF or PJ34 were administered a single, acute i.t. injection of either SNC80 

(30µg) or deltorphin II (30µg). Mechanical allodynia was assessed in all six groups 

before injection (NP sal., NP PF, NP PJ34, sham sal., sham PF, sham PJ34) and twenty 

and thirty minutes after drug administration. This experiment was performed to determine 

if chronic treatment with glial inhibitors could block the anti-allodynic effects of the 

DOR agonist. 

Two-way ANOVA was performed to compare sham and NP animals, followed by 

Bonferroni post-hoc analysis and graphed using Prism 5.0 (Graphpad Software, San 

Diego, CA, USA). Behaviour was not performed blind to treatment group. 

 

2.6 Sacrifice, perfusion and spinal cord isolation 

On the eleventh day post-CCI surgery, rats were anaesthetized with sodium 

pentobarbital (75mg/kg, intraperitoneally [i.p.]; MTC Pharmaceuticals, Cambridge, ON, 

Canada) and transaortically perfused with 500ml of cold 4% paraformaldehyde (PFA) in 

0.1M phosphate buffer (PB). Rats were decapitated, spinal cords were removed and post-

fixed in 4% PFA in 0.1M PB for 30 minutes on ice. Spinal cords were then transferred to 

30% sucrose in PB and placed in the fridge at 4ºC for 48 hours for cryoprotection. Spinal 

cords were snap-frozen in -70ºC isopentane over dry ice and stored at -80ºC in a freezer 

until used. These cords were later used for either fluorescent IHC to assess changes in 

glial activation, or DAB (3,3’-diaminobenzidine) IHC to assess changes in neuronal 

activation via c-Fos. 



 42 

2.7 Immunohistochemical analysis of changes in glial activation  

2.7.1 Fluorescent immunohistochemistry  

 The L4-L5 region of spinal cords was isolated. A small notch was placed in the 

contralateral ventral side for later identification. The cords were sliced transversely into 

40µm sections on a freezing sledge microtome and collected in 0.1M tris-buffered saline 

(TBS) in 24-well plates. Spinal cord sections were washed 1 x 5 minutes in 0.1M TBS, 

then 1 x 5 minutes in 0.1M TBS-triton (TBS-T). Sections were then incubated in 

blocking solution for two hours at room temperature with TBS-T containing 10% normal 

goat serum (NGS) to minimize non-specific labelling.  

 Sections were incubated overnight at 4ºC in primary antibody solution (1% NGS 

and 1% bovine serum albumin [BSA] in 0.1M TBS-T) using primary antibodies to label 

microglia (anti-CD11b, MLA257R, batch: 0407, AbD Serotec, Raliegh, NC, USA, 

1:1000 dilution) or astrocytes (anti-glial fibrillary acidic protein [GFAP], Z0334, lot: 

00045904, Dako, Glostrup, Denmark, 1:2500 dilution). 

 The following day, sections were washed 2 x 5 min in 0.1M TBS-T, then 2 x 10 

min in 0.1M TBS-T at room temperature to remove primary antibody. Sections were 

incubated in the dark for two hours at room temperature with appropriate secondary 

antibodies conjugated to Alexa fluorophores (488nm or 594nm, Molecular Probes, 

Invitrogen, ON, CA) at a 1:200 dilution in 5% NGS in 0.1M TBS-T. Finally, sections 

were washed 3 x 10 min in TBS-T, then 1 x 10 min in 0.1M TBS prior to mounting on 

glass slides, then cover-slipped with Aquamount (Polysciences). Sections were stored in 

the dark until imaging at 4ºC and imaged within seven days. 
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2.7.2  Confocal imaging 

Two-dimensional images of labelled astrocytes and microglia were captured on a 

Leica confocal microscope (TCS SP2 Multi Photon). Images were captured within the 

deep and superficial dorsal horn, both ipsi and contralateral to the site of injury. At least 

three slices, randomly selected, were imaged per animal and the average of the three 

sections was determined per animal. Imaging and quantification was performed blinded 

to treatment. 

 

2.7.3  Quantification of fluorescent intensity 

 Captured 2-d images were converted to greyscale and mean grey values were 

quantified using ImageJ software (NIH) for both GFAP and CD11b immuno-labelling. 

One-way ANOVA was performed, followed by Tukey-Kramer post-hoc testing to detect 

differences between treatment groups. 

  

2.8 Immunohistochemical analysis of changes in neuronal activation via c-Fos 

immunoreactive cell counts  

2.8.1 Light microscopy for c-Fos  

 The L4-L5 lumbar region of spinal cords obtained from various treatments was 

isolated. A small notch was placed in the contralateral ventral side for later identification.  

The cords were sliced transversely into 30µm sections on a freezing sledge microtome 

and collected in 0.1M phosphate-buffered saline (PBS) in 24-well plates. Endogenous 

peroxidise activity was quenched by incubating slices in dilute hydrogen peroxide (1:100 

dilution of 30% hydrogen peroxide in distilled water) for 10 minutes at room 
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temperature. Sections were washed 4 x 5 min with 0.1M PBS until no visible sign of 

peroxide (bubbles) remained, then they were incubated in blocking solution (3% NGS & 

3% BSA in 0.1M PBS) for two hours at room temperature. Sections were incubated in 

buffer (0.5% NGS & 0.5% BSA in 0.1M PBS) containing a primary antibody for c-Fos 

(rabbit polyclonal, 1:2000, ab7963-1, lot: 701686, Abcam, Cambridge, England) for 24 

hours. 

 The following day, sections were washed three times with 0.5% NGS & 0.5% 

BSA in 0.1M PBS, then incubated for one hour at 4ºC with a biotinylated secondary 

antibody diluted in the same washing solution (goat anti-rabbit IgG, 1:200, Vector Labs, 

Burlingame, CA). Sections were incubated with Vectastain ABC (avidin-binding 

complex) for one hour at room temperature (kit commercially available from Vector 

Labs, 50µl solution A & 50µl solution B in 5ml 0.1M PBS). Sections were then washed 2 

x 10 min with 0.1M TBS, then 1 x 10 min in 0.1M TB. Sections were incubated with 

500µl of 3,3’-diaminodenzidine (DAB) solution (1ml of 5mg/ml DAB, 9ml of 0.1M TB, 

and 100µl of 8% nickel chloride [increases resolution]) for five minutes in the fume hood. 

The reaction was initiated by the addition of 5µl hydrogen peroxide solution (500µl 30% 

peroxide in 15ml distilled water). The reaction was timed to ensure all wells were 

developed for the same amount of time across all treatment groups. The reaction was 

terminated by removal of DAB solution and washing with 0.1M TB once a light purple 

color was achieved (3 minutes). 

 Sections were washed 2 x 10 min in 0.1M TB, then mounted on gelatine-coated 

slides and allowed to dry. Sections were dehydrated using increasing concentrations of 

ethanol (5 min 70% EtOH, 5 min 80%, 5 min 90%, 5 min 95%, 2 x 10 min 100%), then 2 
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x 15 minutes in CitriSolv™ (a less toxic alternative to xylene, used as a clearing agent 

and solvent). After drying, slides were cover-slipped using Permount® prior to 

visualization on a Leica microscope (DM 4000B) and camera (DFC 350X). 

  

2.8.2 Light microscopy imaging and cell counting 

Using light microscopy, the number of immunoreactive cells labelled for c-Fos, a 

marker of neuronal activation, was counted at 63x magnification within the deep and 

superficial dorsal horn, both ipsi- and contralateral to the site of nerve injury. At least 

three sections, randomly selected, were imaged per animal. The average of the three 

sections was determined per animal. Open Lab 4.0.2 was used for image capture 

(Improvision / Quorum Technologies, Guelph, CA). 

 Imaging and counting were performed blind to treatment group. One-way 

ANOVA followed by Tukey-Kramer post-hoc testing was used in GraphPad Prism for 

statistical analysis. 

 

2.9 Immunogold electron microscopy to assess sub-cellular localization of DORs 

2.9.1 Immunogold Immunohistochemistry  

Immunogold electron microscopy was used to determine the subcellular 

distribution of DORs. Rats were anaesthetized through i.p. injection of sodium 

pentobarbital (75mg/kg body weight), then perfused transaortically with cold 100ml 

heparinized saline, 60ml of 3.75% acrolein in 2% paraformaldehyde, then 400 ml of 2% 

PFA. The spinal cords were ejected using an 18 gauge needle filled with saline, post-fixed 

in 2% PFA on ice for 30 minutes, then transferred to 0.1M phosphate buffer. 
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L4-L5 spinal cord was isolated and a notch was placed in the contralateral side for 

later identification. Forty micron slices were cut using a freezing sledge microtome. 

Sections were collected and placed into a 24-well plate containing 0.1M PB.  

Sections were incubated with 1% sodium borohydride for 30 minutes, then 

washed repeatedly with 0.1M PB until no more bubbles were seen. Slices were incubated 

in a cryoprotectant solution containing 30% sucrose and 3% EM grade glycerol in 0.05M 

PB. Using small nylon baskets and tongs, a freeze-thaw method was performed to 

cryoprotect the tissue: sections were collected in the basket, then rapidly immersed, 

sequentially, in -70°C isopentane on dry ice, liquid nitrogen, then room temperature 0.1M 

PB before being transferred back to the 24 well plate and washed with 0.1M PBS.   

Sections were incubated for 30 minutes at room temperature in a blocking buffer 

containing 3% normal goat serum (NGS) in 0.1M PBS. Following blocking, primary 

antibody solution was applied to sections (anti-DOR, N-terminus, Ab1560, lot: 

LV1480422, 1:2000 dilution in 3% NGS in 0.1M PBS, Chemicon/Millipore, Billerica, 

MA). Sections were incubated for 48 hours at 4°C. As a control to ensure no non-specific 

binding was occurring, some sections were not incubated with the primary antibody. 

 After washing off the primary antibody solution with 0.01M PBS, a gold-

conjugated goat-anti-rabbit secondary antibody (1:50 dilution, IgG, RPN470, lot: 358634, 

Auroprobe One GAR kit from GE Amersham) was applied to slices and allowed to 

incubate for two hours. Sections were then washed with 0.01M PBS, post-fixed in the 

dark with 2% EM-grade glutaraldehyde (in 0.01M PBS) for 10 minutes, washed with 

0.01M PBS, then 0.2M citrate buffer. Silver intensification was then performed using a 

commercial kit (IntenSE M, Silver Enhancement, RPN491, lot: 348890, GE Amersham). 
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Using non-metal objects (metal will precipitate silver particles), sections were transferred 

to a sterile plate, and reagents from the kit were added in a 1:1 ratio to the wells (3 drops 

each) and allowed to incubate for 8 minutes. Sections were then washed with 0.2M citrate 

buffer. 2% osmium tetroxide was added to sections under a fume hood, covered and 

incubated for 40 minutes. The OsO4 was removed and slices were washed with 0.1M PB. 

Sections were dehydrated using sequentially higher concentrations of ethanol (2 x 

5min. in 50%, 2 x 5 min. in 70%, 1 x 5 min. in 80%, 1 x 5 min. in 90%, 1 x 5 min. in 

95%, 2 x 15 min. in 100%). Epon polymer (made up beforehand, containing 20g Epon 

812, 11g DDSA [dodecenyl succinic anhydride ] and 10g NMA [methyl-5-norbornene-

2,3-dicarboxylic anhydride]) was mixed 1:1 with propylene oxide under the fume hood 

and applied to slices for 30 minutes. The 1:1 epon:propylene oxide was removed, then 

replaced with a 3:1 ratio for 30 minutes, removed and replaced with Epon polymer alone, 

overnight at 4°C. 

 

2.9.2 Pre-embedding and ultra-thin sectioning 

The following day, the sections were removed from the scintillation tubes and 

each slice was sandwiched between two acetate cover slips and baked at 60°C with 

weights on the slips. After 24 hours, the slips were gently peeled apart. Scissors were 

used to cut a small circle around the slice stuck to the cover slip, just the right size to fit 

in the cap of a small plastic Eppendorf centrifugation tube, with the plastic cover slip in 

contact with the tube cover and the slice facing away from the cover. The conical, bottom 

portion of the tube was cut off with a razor blade, leaving a cylinder with an open end. 

The tube was then inverted, placed in holders, and liquid Epon injected into the open end 
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using a 1ml syringe and ensuring no bubbles were present. The tubes were then placed 

back in the oven at 60°C for 72 hours to harden the Epon. 

After baking, a razor blade was used to cut the outer tube away from the Epon 

block and the coverslip was peeled away, leaving a tissue slice embedded in a polymer 

block. Each block was then trimmed using a razor blade and hacksaw to cut a trapezoidal 

shape at lamina 5 on the ipsilateral side of the slice. Trimmed blocks were then sent to 

Montreal for ultra-thin sectioning using a diamond knife (Diatome, Ultra 45°) to prepare 

the grids used for electron microscopy (prepared by Mariette Lavallée, Montreal 

Neurological Institute). Serial sections were obtained on individual grids. 

 

2.9.3 Transmission electron microscopy  

A Hitachi TEM H-7000 transmission electron microscope was used to analyze the 

tissue. Because the gold and silver used during the IHC processing is electron dense, 

DORs were located by a black dot on the electron micrograph. Only dendrites containing 

three or more DORs were photographed (to help minimize risk of counting non-specific 

labelled cells), and only those dendrites that were seen in transverse cross-sections of 

similar sizes were imaged to minimize error in receptor translocation analysis. Films were 

scanned and the proportion of DORs overlaying neuronal plasma membranes was 

determined for all groups. Imaging and counts were performed blind to treatment group. 

One-way ANOVA was used for statistical analysis, followed by Tukey-Kramer 

post-hoc testing if differences were seen (p=0.05 for significance).   
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Fig 2.2: Summary timeline 
Fig. 2.1: Preparation for immunogold electron microscopy. Images of Epon blocks containing 
spinal cord slices from L4/5 ready for trimming in preparation for electron microscopy (top). Grids 
obtained following ultra-thin sectioning with a diamond knife, ready to be imaged by EM (bottom). 
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RESULTS 

3.1 Effects of glial modulators on nerve-injury induced gliosis 

3.1.1 Effects of chronic PJ34 on microglial activation 

To confirm the PJ34 inhibits microglia but not astrocytes, fluorescent IHC was 

performed using antibodies for astrocytes (GFAP) and microglia (CD11b). CCI animals 

chronically treated with PJ34 showed a significant reduction in the neuropathy-induced 

increase in CD11b labeling within the dorsal horn of the spinal cord, compared to saline 

controls, both ipsi- and contralateral to the site of injury (p<0.01, fig.3.1). Although the 

fluorescent intensity was higher on the ipsilateral side compared to the contra side in both 

the PJ34 and the saline groups, the difference was not significant.  

 

3.1.2 Effects of chronic PJ34 on astrocyte activation 

In contrast, there was no significant difference in the intensity of GFAP labeling 

of astrocytes in NP animals treated with PJ34 or saline, confirming reports that PJ34 

inhibits microglia but not astrocytes (fig. 3.2).  
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Fig. 3.1: Chronic PJ34 decreased neuropathy-induced microglial activation. Fluorescent 
confocal micrographs of microglia labelled for CD11b within the ipsilateral superficial dorsal 
horn of L4/5, in neuropathic animals chronically treated with intrathecal saline (left) or PJ34 
(right). Mean grey values were significantly reduced in animals chronically treated with PJ34 
compared to saline, both ipsi and contralateral to the site of injury. Graph shows mean + 
S.E.M. with n=4 animals/group, with at least three slices imaged per animal. ** = p < 0.01. 
(F(3,90) = 9.569, p < 0.0001). 
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Fig. 3.2: Chronic PJ34 treatment did not attenuate neuropathy-induced astrocyte 
activation. Fluorescent confocal micrographs of astrocytes labelled for GFAP within the 
ipsilateral superficial dorsal horn of L4/5, in neuropathic animals chronically treated with 
intrathecal saline (left) or PJ34 (right). There was no change in mean grey values in animals 
chronically treated with PJ34 compared to saline, ipsi or contralateral to the site of injury. 
Graph shows mean + S.E.M. with n=4 animals/group, with at least three slices imaged per 
animal. (F(3,88) = 4.115, p = 0.0088). 
 

NP PJ34 
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3.2 Effects of glial modulators on nerve-injury-induced neuronal activation 
 

 To confirm reports that the glial inhibitors PF and PJ34 have neuroprotective 

effects, c-Fos was used as a marker of neuronal activation and DAB IHC and light 

microscopy were performed to count the number of immunoreactive cells. No significant 

differences were observed between the deep and superficial dorsal horn in individual 

animals, so the average of the two areas was taken for each section. 

 

3.2.1 Effects of CCI-surgery on neuronal activation 

Figures 3.3 and 3.4 show examples of c-Fos labeling in NP and sham animals 

treated with vehicle or glial modulators, respectively. CCI caused a bilateral increase in c-

Fos immunoreactive cell counts within the dorsal horn of the spinal cord compared to 

sham animals (p<0.001, see fig. 3.5). There was no difference between the ipsilateral and 

contralateral sides within the NP or shams groups.   

 

3.2.2 Effects of chronic PF on neuronal activation 

 This increase in neuronal activation in the NP animals was significantly attenuated 

by chronic treatment with PF compared to the saline controls, both ipsi and contralateral 

to the site of injury (p<0.001, see fig. 3.6, top). Though the number of c-Fos labeled cells 

was higher on the ipsilateral side compared to the contralateral side in NP animals in both 

the saline and PF groups, the result was not significant. The differences between the PF 

and saline groups in the NP animals were not seen in the sham animals (see fig. 3.6, 

bottom). Chronic treatment with PF in NP animals reduced the number of c-Fos positive 

cells to sham levels (see fig. 3.8, top), suggesting PF may be neuroprotective.  
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3.2.3 Effects of chronic PJ34 on neuronal activation 

 Similarly, the neuropathy-induced increase in neuronal activation was 

significantly attenuated in NP animals chronically treated with the microglial inhibitor 

PJ34 compared to shams, both ipsi and contralateral to the site of injury (p<0.001, fig.3.7, 

top). Again, though the number of c-Fos labeled cells was higher on the ipsilateral side 

compared to the contralateral side in NP animals in both the saline and PJ34 groups, the 

result was not significant. The differences between the PJ34 and saline groups in the NP 

animals were not seen in the sham animals (see fig. 3.7, bottom). Unlike PF, chronic 

treatment with the microglial inhibitor PJ34 was not able to restore the number of c-Fos 

positive cells to sham levels (see fig. 3.8, bottom), suggesting perhaps astrocytes are 

contributing more to the increased c-Fos expression than microglia.  
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Contra Ipsi 

NP Sal Deep NP Sal Superficial 

Sham Sal Deep Sham Sal Superficial 

Fig. 3.3: c-Fos labelling in NP and sham animals chronically treated with saline 
vehicle. All images taken within the ipsilateral lumbar dorsal horn.  
(Top left): NP saline in deep dorsal horn. (Top right): NP saline in superficial dorsal 
horn. (Bottom left): Sham saline in deep dorsal horn. (Bottom right): Sham saline in 
superficial dorsal horn. Red arrows indicate positive cells. 
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Fig. 3.4: c-Fos labelling in NP and sham animals chronically treated with glial 
modulators. All images taken within the ipsilateral lumbar dorsal horn. (Top left): NP PF 
in deep dorsal horn. (Top right): NP PF in superficial dorsal horn. (Mid-upper left): Sham 
PF in deep dorsal horn. (Mid-upper right): Sham PF in superficial dorsal horn. (Middle 
lower left): NP PJ34 deep dorsal horn. (Middle lower right): NP PJ34 superficial dorsal 
horn. (Bottom left): Sham PJ34 deep dorsal horn. (Bottom right): Sham PJ34 superficial 
dorsal horn. Red arrows indicate positive cells. 

NP PF Deep 

Sham PF Deep 

NP PJ34 Deep 

Sham PJ34 Deep 

Sham PF Superficial 

NP PJ34 superficial 

NP PF Superficial 

Sham PJ34 Superficial 
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Fig. 3.5: Chronic constriction injury caused a bilateral increase in c-Fos levels compared to 
shams. N=3/group with at least 3 slices imaged per animal. *** = p <0.001.  
(F(3,56) = 33.14, p < 0.0001). 
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Chronic Propentofylline Treatment Attenuates
Neuropathy-Induced Neuronal Activation
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Fig. 3.6: Immunoreactive cell counts for c-Fos eleven days post-surgery in NP animals, 
ipsi and contralateral to site of injury within dorsal horn of L4/5.  
(Top): Chronic intrathecal administration of propentofylline in neuropathic animals 
caused a bilateral decrease in neuronal activation compared to saline controls.  
(F(3,68) = 41.38, p < 0.0001). (Bottom): Chronic intrathecal administration of PF had 
no effect on neuronal activation in sham animals. (F(3,44) = 1.228, p = 0.3108). 
N=3/group, with at least 3 slices per animal. *** = p < 0.001 
Graphs display mean +/-S.E.M. with n=3/group, with at least 3 slices imaged per 
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Fig. 3.7: Chronic intrathecal administration of PJ34 caused a bilateral decrease in c-
Fos immunoreactive cell counts compared to saline controls in NP animals (top).  
(F(3,68) = 19.12, p <0.0001). (Bottom) Chronic intrathecal administration of PJ34 
had no effect on c-Fos immunoreactive cell counts in sham animals, ipsi or 
contralateral to site of surgery. (F(3,56) = 1.045, p = 0.3799). Graph displays mean 
+S.E.M. with n=3/group, with at least 3 slices imaged per animal. *** = p < 0.001. 
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Fig. 3.8: Chronic treatment with the glial inhibitor PF in NP animals reduced c-Fos 
cell counts, ipsilateral to the site of injury, to sham levels (top) (F(3,56) = 38.10, 
p<0.0001). Chronic treatment with the microglial inhibitor PJ34, however, could not 
(bottom). (F(3,62) = 54.76, p < 0.0001).*** = p < 0.001. 
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3.3 Weight tracking during chronic PJ34 trials 

Weight tracking data for NP and sham animals treated with either PJ34 or saline 

over the five days following surgery was recorded. Though it appears from the weight 

tracking data that the sham animals gained more weight post-surgery than their NP 

counterparts, calculating the percent weight increase from baseline five days post-surgery 

for all groups showed there was no significant difference between the NP or sham groups, 

regardless of treatment. The only weight difference seen was immediately following 

surgery. In the NP saline animals, a characteristic decrease in body weight was observed 

over the first three days post-surgery, which we have observed previously, and was not 

seen in the sham groups or in NP animals receiving PJ34 (fig. 3.9). This would suggest 

PJ34 may contribute to state of better overall health immediately following the CCI 

surgery, and along with the DAB IHC data suggests PJ34 may be neuroprotective. 

 Weight tracking data for PF studies was performed previously in our lab and was 

not repeated in this study (see fig. 1.7). 
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Neither Neuropathic Injury Nor Chronic Treatment
with Glial Modulator PJ34 Affect Weight
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Fig. 3.9: Weight tracking over six days post-surgery in animals treated with PJ34 or 
saline. A characteristic weight drop was observed in the NP saline animals, which 
was not seen in the NP PJ34 or sham groups, however there was no difference 
between groups five days post-surgery. N=6-17/group.  
(F(3,23) = 0.05244, p = 0.9838). 
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3.4 Effects of glial modulation on nociceptive behaviour 

To determine how changes in glial and neuronal activation correlated with 

changes in pain responses, mechanical withdrawal thresholds and spontaneous pain were 

assessed before surgery (baselines), and four, seven and ten days post-CCI surgery. 

  

 3.4.1 Effects of chronic constriction injury on pain behaviour 

As expected, rats that had undergone the CCI surgery to induce neuropathy 

demonstrated development of mechanical allodynia as evidenced by a decrease in hind 

paw withdrawal thresholds during von Frey testing, and this increased hypersensitivity 

was only seen in the ipsilateral paw, with the contralateral paw being no different than 

pre-surgery baselines (p<0.001, see fig. 3.10).  

 

3.4.2 Effects of chronic PF on mechanical allodynia 

 Surprisingly, despite the positive outcome with c-Fos data suggesting PF to be 

neuroprotective, no differences were observed between NP animals that received chronic 

intrathecal PF compared to saline controls in the von Frey testing for mechanical 

allodynia (fig. 3.11). 

 

3.4.3 Effects of chronic PJ34 on mechanical allodynia and spontaneous pain 

Similarly, chronic administration of PJ34 did not alter mechanical withdrawal 

thresholds or spontaneous pain in NP animals (fig. 3.12), suggesting that PJ34 did not 

alter pain hypersensitivity even though this dose treatment suppressed microglial 

activation as well as NP-pain induced c-fos activation.  
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3.4.4 Effects of acute PJ34 on  mechanical allodynia and spontaneous pain 

To determine if PJ34 might have any acute effects that were being overlooked in 

our chronic dosing studies, mechanical alloydnia and spontaneous pain were assessed 

before saline or PJ34 injection, seven and ten days post-CCI surgery. No differences in 

mechanical alloydnia were observed in NP animals treated with PJ34 compared to saline 

controls on day seven or ten post-surgery (fig. 3.13).  
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Fig. 3.10: Chronic constriction injury induced mechanical allodynia compared to 
shams (top). The mechanical allodynia in NP animals was seen only in the 
ipsilateral paw (bottom). N= 11-20/group. *** = p < 0.001. Two-way ANOVA 
revealed significant interaction (F(3,138) = 39.04, p < 0.001), effect of treatment 
(F(1,138) = 240.2, p < 0.001), and effect of time (F(3,139) = 31.38, p < 0.001). 
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Chronic Treatment with PF Does Not
Attenuate Mechanical Allodynia in Neuropathic Animal
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Fig. 3.11: Von Frey withdrawal thresholds in neuropathic animals, ipsilateral to the site of 
nerve injury, four, seven and ten days post-surgery. Chronic intrathecal administration of 
propentofylline did not attenuate mechanical allodynia compared to saline controls. Graph 
displays mean +S.E.M. with n=10-14/group. Two-way ANOVA revealed a significant effect of 
time (F(3,107) = 75.86, p < 0.0001), but no interaction (F(3,107) = 1.456, p =0.2306), and no 
treatment effect (F(1,107) = 0.04435, p =0.8336). 
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Chronic Treatment with PJ34 Does Not
Attenuate Mechanical Allodynia in Neuropathic Animal
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Chronic Treatment with PJ34 Does Not
Attenuate Spontaneous Pain in Neuropathic Animal
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Fig. 3.12: Von Frey withdrawal thresholds (top) and spontaneous pain scores (bottom) in NP animals, 
ipsilateral to site of nerve injury, four, seven and ten days post-surgery. Chronic  
intrathecal administration of PJ34 did not attenuate mechanical allodynia (top) or spontaneous pain 
compared to saline controls. N=13-16/group. 2-way ANOVA revealed no interaction (F(3,48) = 
0.5334, p = 0.6616), and no treatment effect (F(1,48) = 2.646, p = 0.1104) but there was a time effect 
(F(3,48) = 14.19, p <0.0001) for mechanical alloydnia. 2-way ANOVA revealed no interaction 
(F(2,30) = 0.1109, p = 0.8954), and no treatment effect (F(1,30) = 0.01001, p = 0.9210) but there was 
a time effect (F(2,30) = 6.714, p = 0.0039) for spontaneous pain. 
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Fig. 3.13: Von Frey withdrawal thresholds (top) and spontaneous pain scores (bottom) in NP 
animals, ipsilateral to site of nerve injury, seven and ten days post-surgery, before and after a 
single, acute injection of saline or PJ34. Acute injection of PJ34 did not attenuate mechanical 
allodynia (top, n=13-16/group) or spontaneous pain compared to saline controls (bottom, 
n=6/group). Two way ANOVA revealed no interaction (F(3,32) = 1.001, p 0.4052), time effect 
(F(1,32) = 1.905, p = 0.1771), or treatment effect (F(3,32) = 0.7005, p = 0.5587) for mechanical 
allodynia. Two way ANOVA revealed no interaction (F(3,32) = 0.07229, p = 0.9744) or treatment 
effect (F(3,32) = 0.02590, p = 0.9943), but there was a significant time effect (F(1,32) = 6.792, p = 
0.0138). 
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3.4.5 Effects of glial modulation on DOR function 

To assess the role of activated glia in DOR trafficking in NP pain states, 

mechanical withdrawal thresholds were assessed ten days post-surgery before and after 

i.t. administration of saline control, or one of two different DOR agonists: the peptide 

deltorphin II (30µg) or the small molecule SNC80 (30µg). These doses were used 

because previous studies in our lab have shown these drugs to have anti-allodynic and 

anti-hyperalgesic effects in NP pain.  

NP animals that had received chronic i.t. saline for ten days post-surgery 

experienced a significant decrease in von Frey withdrawal thresholds. I.t. administration 

of either DOR agonist significantly increased withdrawal thresholds compared to pre-

drug values, with many of the animals exhibiting withdrawal thresholds at or near their 

pre-surgery baselines (fig. 3.14 and fig. 3.15).  

NP animals that had been receiving chronic PF after surgery also exhibited 

decreases in mechanical withdrawal thresholds indicating that PF did not block the 

development of mechanical allodynia following nerve injury. In PF-treated animals, i.t. 

administration of DOR agonists did not increase mechanical withdrawal thresholds after 

injection of either of the DOR agonists, meaning the anti-allodynic effects of deltorphin 

II and SNC80 were abolished in those rats chronically treated with the glial inhibitor PF 

(p<0.01 twenty minutes post deltorphin II, p<0.001 thirty minutes post-deltorphin II, 

p<0.05 thirty minutes post-SNC80, compared to chronic saline, see fig. 3.14 and fig. 

3.15). 

 Since PF is a metabolic inhibitor of both microglia and astrocytes, it was of 

interest to determine which glia cell type was responsible for the increase in DOR 
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function.  To determine whether inhibiting microglia alone would also modulate DOR 

function and DOR subcellular localization, similar experiments were performed with NP 

and sham animals chronically treated with saline or PJ34 (15µg, i.t. once daily), a 

reported microglial inhibitor. NP animals chronically treated with saline controls showed 

an increase in withdrawal thresholds twenty and thirty minutes following injection of the 

DOR agonist, attributed to their anti-allodynic effects. Interestingly, NP animals 

chronically treated with PJ34 demonstrated blockade of the anti-allodynic effects of the 

peptide-based deltorphin II (p<0.05 twenty minutes post deltorphin injection, p<0.001 

thirty minutes post-injection), similar to what was seen with the non-selective inhibitor 

PF in the results described above, however the anti-allodynic effects of the small 

molecule DOR agonist SNC80 were not abolished in NP rats chronically treated with 

PJ34 (unlike what was seen in the PF study where chronic PF blocked the anti-allodynic 

effects of both agonists) (see fig. 3.14 and 3.15). 
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Fig. 3.14: Von Frey withdrawal thresholds in NP animals ipsilateral to site of nerve injury, ten days 
post-surgery, following chronic saline, PF or PJ34 administration. Graph shows withdrawal 
thresholds before, twenty minutes post and thirty minutes post a single injection of the DOR 
agonist Deltorphin II. 
Animals chronically treated with the glial inhibitors PF or PJ34 did not experience the anti-
allodynic effects of deltorphin II, unlike the saline controls, twenty and thirty minutes after 
injection. N=6/group. * = p < 0.05, ** = p < 0.01, ***= p < 0.001. Two way ANOVA revealed a 
significant interaction (F(4,30) = 5.190, p = 0.0027), time effect (F(2,30) = 7.453, p 0.0024) and 
treatment effect (F(2,30) = 23.35, p < 0.0001). 
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Fig. 3.15: Von Frey withdrawal thresholds in NP animals, ipsilateral to site of nerve injury, 
ten days post-surgery, in animals receiving chronic saline, PF or PJ34. Graph shows 
withdrawal thresholds before, twenty minutes post and thirty minutes post a single 
intrathecal injection of the small molecule DOR agonist SNC80.  
The anti-allodynic effects of SNC80 were blocked in animals chronically treated with PF 
but not PJ34, thirty minutes post-injection, compared to saline controls. N=6/group.  
* = p < 0.05. Two way ANOVA revealed no interaction (F(4,42) = 1.142, p = 0.3501), but 
there was a significant treatment effect (F(2,42) = 6.580, p = 0.0033) and time effect 
(F(2,42) = 7.177, p 0.0021). 
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3.5 Effects of glial modulation on sub-cellular DOR localization 

 

 3.5.1 Effects of CCI-surgery on DOR localization 

 Subcellular localization of DOR localized within the dorsal spinal cord of NP and 

sham animals chronically treated with or without PF was determined. In sham and NP 

animals, DOR was primarily localized to intracellular compartments within post-synaptic 

elements of the deep dorsal horn, ipsilateral to the injury. However, a significantly higher 

proportion of DOR was found in association with plasma membranes in NP animals 

compared to shams (p<0.05, see fig. 3.16).  

 

3.5.2 Effects of chronic PF on DOR localization following CCI 

In NP animals chronically treated with PF, the neuropathy-induced increase in 

DOR trafficking was attenuated, compared to saline (p<0.01, see fig. 3.17). Together, 

these neuroanatomical data support what was seen behaviorally with the DOR agonists. 

The increased localization of DOR at neuronal plasma membranes in NP compared to 

sham animals may account for the increase in DOR function that is seen in behavioural 

pain assays.  Likewise, PF treatment blocked DOR translocation to neuronal plasma 

membranes, thereby preventing the increase in functional DORs available for agonist-

induced effects. 

This study was repeated with the microglial inhibitor PJ34, but unfortunately 

methodological problems including poor fixation and questionable specificity of newer 

lots of antibody prevented completion of this study with PJ34. 
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Fig. 3.16: The proportion of DORs at the neuronal plasma membrane is higher in NP 
animals compared to shams. Images show immunogold electron micrographs displaying 
labelled DORs in dendrites within lamina 5, ipsilateral to site of surgery in sham (lower 
left) and NP (lower right) animals. The top left image shows absence of labelling in control 
sections not incubated with primary antibody. Arrows indicate labelled DORs. 
Graph shows mean + S.E.M. for n=3/group by student’s unpaired t-test. * = p < 0.05. 
(t= 5.00, df=2, p = 0.0377). 
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Fig. 3.17: The proportion of DORs at the neuronal plasma membrane in neuropathic 
animals is significantly reduced following chronic intrathecal treatment with the glial 
inhibitor, propentofylline (PF), compared to saline controls. Graph shows mean + S.E.M. 
for n=3/group by student’s unpaired t-test. ** = p < 0.01. (t=  6.050, df = 3, p = 0.0091). 
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DISCUSSION 

4.1 Summary of major findings 

4.1.1 Glial metabolic inhibitors were effective in suppressing neuropathy-induced 

astrogliosis and microglial activation 

 This is one of the few studies to date to determine the role of the PARP-1 

inhibitor, PJ34 in a model of NP pain. There have only been two previous reports using 

this compound in an established diabetic model of NP pain (the STZ-diabetes model), 

however neither assessed the effects of PJ34 on neuropathy-induced glial activation or 

neuronal activation. The study by Li et al. (2004) used the STZ model to assess changes 

in levels of high-energy blood metabolites and endoneurial blood flow in animals treated 

with chronic systemic PJ34 (30mg/kg/day) to assess neuronal health, while the study by 

Berti-Materra et al., (2008) assessed pain responses in the STZ model and found no 

change in mechanical allodynia or hyperalgesia, however they administered PJ34 orally 

in animal feed (30mg/kg/day) and did no immunohistochemical analysis. The majority of 

published data utilizing PJ34 has been in stroke models of ischemic injury. The stroke 

injury literature validated PJ34 as a microglial inhibitor, having no effect on astrocytes 

(Chiarugi and Moskowitz, 2003; Kauppinen and Swanson, 2005; Ullrich et al., 2001). 

 Many previous studies, including those from our own laboratory, have 

demonstrated the ability of PF to inhibit both astrocytes and microglia (Sweitzer 2001b; 

Sweitzer, 2006; Tawfik, 2007), therefore the present study only determined the effects of 

PJ34 on neuropathy-induced glial activation, as reports that PJ34 is a microglial inhibitor 

were much fewer in number and were not performed in NP pain models (Chiarugi and 

Moskowitz, 2003; Hamby et al, 2007; Kauppinen and Swanson, 2005; Ullrich et al., 
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2001). The present study confirmed PJ34 only affects microglia, demonstrating that it 

prevented microglial but not astrocyte activation in the CCI pain model.  

Though studies have already demonstrated that the microglial inhibitor 

minocycline suppresses NP pain hypersensitivity (Marchand et al., 2009), this drug was 

avoided in the current study because it causes liver toxicity, and preliminary experiments 

using this drug demonstrated that animals had significant weight loss and the experiments 

had to be terminated. Hence, it became important to find a new compound that could 

inhibit microglia without affecting astrocytes to address the research objectives. Because 

microglia are activated days earlier than astrocytes in the establishment of NP pain, and 

their activation leads to the release of factors that activate astrocytes (Inoue and Tsuda, 

2009; Watkins and Maier, 2004; Watkins et al., 2007), we wanted to determine the 

behavioral and molecular differences between inhibiting both microglia and astrocytes 

(with PF) or microglia alone (with PJ34) on NP pain hypersensitivity and DOR function 

and expression. 

 Confirming what previous studies have shown in stroke models, NP animals that 

had received once daily intrathecal injections of PJ34 (15µg) had significantly lower 

fluorescent intensity of CD11b (the label used for microglia), but not GFAP (the label for 

astrocytes) within the lumbar dorsal horn compared to saline-treated controls, suggesting 

PJ34 inhibits microglia without affecting astrocyte activation.  

It would be of interest to perform three-dimensional reconstructions of astrocyte 

cell size to confirm astrocyte activation is not affected, as the experiments performed in 

the present study only looked at 2-d intensities and are thus more representative of the 

density of cells within an area than cell size. Perhaps the slight decrease in GFAP 
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fluorescent intensity in the PJ34-treated animals could be explained by an indirect effect 

due to the suppression of microglial activation by the compound. 

 

4.1.2 The present study is the first to demonstrate the effectiveness of glial 

modulators in attenuating neuropathy-induced activation of c-Fos 

 Similar to previously published literature, light microscopy demonstrated a 

bilateral increase in neuronal activation within the lumbar dorsal horn eleven days post 

CCI-surgery, as evidenced by increased immunoreactive cell counts for c-Fos in animals 

receiving CCI compared to shams (Frieboes et al., 2010;Narita et al., 2003; Shimoyama 

et al., 2005). An increase in c-Fos cell counts in NP animals is indicative of increased 

neuronal activity as a result of central sensitization (Harris, 1998; Reichling, 2009). This 

increase in c-Fos levels was significantly attenuated in NP animals chronically treated 

with either glial inhibitor, confirming reports that PF and PJ34 had neuroprotective 

effects (Crawford et al., 2010; Kaupinnen et al., 2009; Ringheim, 2000; Stone et al., 

2009).  Glia contribute to the development of NP pain through the release of 

inflammatory cytokines and other mediators that increase neuronal sensitization (Gao et 

al., 2009). Perhaps by inhibiting the activation of glia with PF and PJ34, the increase in 

neuronal activity was prevented. It is of interest that chronic treatment with PF in NP 

animals reduced the number of immunoreactive cells labeled for c-Fos to sham levels, 

while chronic PJ34 treatment could not, suggesting astrocytes may play a more important 

role in prolonged maintenance of neuronal activation in NP pain states than do microglia. 

 One other possible mechanism that may be responsible for the positive effects 

PJ34 has on reduction of c-Fos expression could be due to direct effects in neurons. 
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PARP-1 is an enzyme that can regulate gene expression of c-Fos via NF-κB. Since PJ34 

inhibits PARP-1, the effects on c-Fos in NP animals may be a result of direct inhibition of 

c-Fos translation in neurons.  However, because there was no effect of PJ34 on c-Fos 

expression in sham animals, it is unlikely that the direct neuronal effects account for the 

suppression of neuropathy-induced up-regulation of c-Fos.  This suggests inhibition of 

neuronal activation by PJ34 is likely due to a reduction in release of the inflammatory 

mediators from glia that contribute to neuronal sensitization. Similarly, the changes in 

neuropathy-induced c-Fos expression in NP animals might be explained by neuronal 

mechanisms through phosphodiestersase inhibition in neurons and increased adenosine 

levels within the synaptic cleft.  

 Criticisms have been raised regarding the use of c-Fos as a marker for neuronal 

activation in a model of chronic pain, since c-Fos is rapidly inducible and an up-

regulation of levels can be observed within minutes to hours (Harris, 1998), and can be 

induced simply by handling of the animals. However, since a significant difference in the 

c-Fos cell counts between the NP and the sham animals was evident, this result argues 

that the upregulation in c-Fos was not attributed to handling alone. Also of importance is 

the fact that neither of the glial inhibitors, PF or PJ34, had any effect on the c-Fos cell 

counts in sham animals. It would have been both interesting and worthwhile, in 

retrospect, to have included a naïve group that did not receive any surgery to see how 

their c-Fos levels compared to the sham surgery group, but having seen the difference 

between the sham and NP animals eleven days after surgery, and the lack of effect of the 

glial inhibitors in the sham group, a fifty percent increase in the number of animals 

needing to be sacrificed to include a naïve group seemed unnecessary. 
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 Validating the use of c-Fos cell counts as a marker of neuronal activity in NP pain 

models, a study published by Narita et al. (2003) has also shown an up-regulation in c-

Fos activity in a sciatic nerve ligation model in rats, using immunoblotting. They 

observed an increase in c-Fos levels within supraspinal sites within the brain associated 

with pain processing, namely the frontal cortex, thalamus and periaqueductal grey. 

Similarly, Frieboes et al. (2010) have demonstrated increased c-Fos expression following 

chronic nerve compression injury even after two weeks post-surgery, and Shimoyama et 

al. (2005) have also shown an increase in c-Fos positive cells within both the deep and 

superficial dorsal horn up to twenty-five days after injury in a NP cancer model, lending 

support that c-Fos upregulation can be prolonged following nerve injury in a number of 

different NP pain models. 

 

4.1.3 Neither glial inhibitor attenuated neuropathy-induced pain hypersensitivity.  

Surprisingly, and contrary to the literature, (though consistent with what previous 

studies within our lab and personal communications with the lab of Dr. Frank Porreca), 

chronic i.t. PF administration was not able to attenuate mechanical allodynia in NP 

animals. Previous experiments from our lab have, however, shown chronic intrathecal PF 

at the same dose to be efficacious in attenuating spontaneous pain and inhibiting glial 

activation following CCI (see fig. 1.7b).  

Chronic i.t. administration of the microglial inhibitor PJ34 (15µg) was neither able 

to attenuate mechanical allodynia nor spontaneous pain. The known microglial inhibitor 

minocycline, however, has been shown to attenuate the development of mechanical 

hypersensitivity by chronic dosing, only if administration is begun prior to surgery (Padi 
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and Kulkarni, 2008; Raghavendra et al., 2003b), while Ledeboer et al. (2005) reported 

that mechanical allodynia was attenuated only immediately after the nerve injury, with 

the effects of minocyline no longer present after one week. These discrepancies may be 

explained by the different mode of action of the drugs, as PJ34 is a PARP-1 enzyme 

inhibitor, preventing NF-κB activation and the subsequent increase in transcription of 

inflammatory cytokines and mediators, while minocycline inhibits p38 MAPK activation, 

inducible nitric oxide synthase, and caspase-1 and caspase-3 activation, though indirectly 

(Zhu et al., 2002). Additionally, to our knowledge, no other study has administered PJ34 

by intrathecal injection and the dose used for these experiments was adapted from the 

dose used in studies administering PJ34 systemically at a dose of 15mg/kg i.p. in 

inflammatory and ischemic models of stroke (Hamby et al., 2007, Kauppinen et al., 

2009). Systemic administration was avoided in this study because of the enormous cost of 

the compound. Perhaps a higher dose or more frequent dosing may attenuate pain 

hypersensitivity, however the positive data with neuronal activation and glial modulation 

suggested that an effective dose was used. The only study that tested pain behavior in a 

NP model following chronic PJ34 did not see any change in mechanical sensitivity either 

(Berti-Matterra, 2008). 

Without discounting the possibility that activated microglia and astrocytes 

contribute to the development of pain hypersensitivity in NP pain states, these data 

provide little evidence for glia as a driving force behind the development of mechanical 

allodynia and spontaneous pain. 
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4.1.4 Glial inhibitors prevent neuropathy-induced changes in DOR function and 

sub-cellular localization 

Ten days post-surgery NP and sham animals that had been receiving either chronic 

PF, PJ34 or saline were administered a single i.t. injection of either the peptide-based 

DOR agonist deltorphin II or the small molecule DOR agonist, SNC80. Because DOR 

agonists have anti-allodynic and anti-hyperalgesic effects, it would be expected that if 

they are able to bind DOR at the membrane, pain hypersensitivity should decrease. As 

previously reported, the NP animals treated chronically with saline vehicle showed an 

attenuation of allodynia following injection of both of the DOR agonists, and their 

withdrawal thresholds returned to nearly pre-surgery baselines (Holdridge and Cahill, 

2007). The anti-allodynic effects of both deltorphin II and SNC80 were blocked in the NP 

animals chronically treated with PF, suggesting that perhaps there were no DORs at the 

membrane for the agonists to activate. Interestingly, the anti-allodynic effects of 

deltorphin II were absent in the NP animals chronically treated with the microglia 

inhibitor PJ34, but this treatment did not prevent SNC80-induced anti-allodynia. This 

result is unexpected, as both drugs are selective DOR agonists. This suggests something 

special is occurring when microglia are inhibited alone or there are differences in agonist-

directed signaling between the two DOR agonists. One possible explanation might be that 

SNC80 is targeting a particular DOR subtype or opioid receptor dimer that is not affected 

by factors released from microglia alone. Indeed, DORs can form heterodimers with a 

number of G-protein-coupled receptors and such dimers have very different 

pharmacology, signaling properties and binding affinities for respective ligands (van Rijn 

et al., 2009). A study by Fan et al. (2005) showed that the affinity of deltorphin II for the 
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mu-delta heterodimer is much higher than the affinity of another DOR agonist, DPDPE, 

for the same dimer. They also showed that in cells co-expressing both MOR and DOR, 

pretreatment with deltorphin II reduced the affinity of 3H-naloxone for MOR, likely 

indicative of MOR desensitization, which was not seen with pretreatment with DPDPE. 

Other studies have demonstrated differences in DOR agonist-mediated signaling as well. 

For example, Gomes et al. (2000) showed that treatment with deltorphin II increased 

binding of 3H-DAMGO (a MOR agonist) to MOR, while treatment with other DOR 

agonists including DPDPE and SNC80 did not, even at up to a million times the 

concentration of deltorphin II used. Older studies have shown that knockdown with 

antisense oligonucleotides or genetic deletion of DOR blocks the analgesic effects of 

deltorphin II (which has a higher affinity for the δ2 receptor subtype), but not DPDPE 

(which has a higher affinity for the δ1 receptor subtype) (Bilsky et al., 1996; Zhu et al., 

1999).  These studies may explain the discrepancies between our deltorphin II and 

SNC80 data in the present study. 

NP injury has been shown to induce DOR trafficking from intracellular sites to the 

plasma membrane within the lumbar ipsilateral dorsal horn of the spinal cord, specifically 

within lamina 5 (Cahill et al., 2003; Morinville et al, 2004b), with functional studies 

showing chronic morphine contributes to increased DOR-mediated anti-nociception 

(Holdridge et al., 2007). NP injury has also been shown to activate glial cells, as can 

chronic morphine (Hutchinson et al., 2008), leading to the release of pro-inflammatory 

cytokines TNF-α, IL-1β and IL-6, and other mediators like ROS and ATP, which have 

been shown to contribute to central sensitization (Marchand et al., 2005, Watkins et al., 

2001). It is our hypothesis that these inflammatory mediators are contributing to the 
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change in DOR function by initiating DOR trafficking from intracellular compartments to 

neuronal plasma membranes, making them accessible for ligand-directed signaling.  

To determine if there was a positive correlation between the ability for glial 

inhibitors to prevent the anti-allodynic effects of the DOR agonists and prevention of 

changes in NP pain-induced DOR trafficking, immunogold electron microscopy was used 

to label DORs in NP and sham rats treated with either PF or saline vehicle. Similar to 

previous research in our laboratory, NP animals had a significantly higher proportion of 

DORs at the plasma membrane within lamina five of the ipsilateral dorsal horn, 

compared to shams (Holdridge et al., 2008). This neuropathy-induced increase in DOR 

plasma membrane localization was attenuated in the animals receiving chronic PF 

compared to saline. Further studies are necessary to determine if similar results are 

obtained following chronic treatment with PJ34 in NP animals to determine the 

microglia-specific role in DOR trafficking. Such studies were attempted, but 

methodological problems arose including issues with fixation and newer lots of antibody 

having questionable specificity preventing this objective from being addressed. At this 

stage, it is impossible to predict which of the many factors released from activated glia 

are contributing to DOR trafficking and whether they arise from microglia, astrocytes, or 

both. 

Combined, the present study provides both behavioral and molecular evidence for 

the involvement of activated glia in changes in DOR trafficking and function.  

Additionally, our studies suggest a dissociation between activated microglia and 

astrocytes and the manifestation of pain hypersensitivity.   
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4.2 Future Directions 

Electron microscopy remains to be performed on NP and sham animals treated 

with the microglia inhibitor PJ34. It is hoped that once these analyses are completed, a 

better understanding of the mechanism of glial-induced DOR trafficking will develop. 

This study determined the role of activated glia in DOR trafficking in NP pain, but 

the EM imaging studies assessed changes in post-synaptic receptor localization only. The 

possibility exists, however, that the function of DOR agonists is being blocked by chronic 

glial inhibitors in NP pain due to changes in trafficking and surface expression of DOR, 

presynaptically. Gendron et al. (2006) have shown that chronic morphine and chronic 

pain are able to induce DOR trafficking in DRGs as well in vivo, so it would also be of 

interest to assess whether the glial inhibition-induced changes in DOR trafficking in NP 

pain are similar within DRG neurons, as this project has only looked at spinal cord 

neurons. To do so, however, a fluorescent deltorphin (fluo-DLT) internalization assay or 

alternative technique would need to be used instead of EM, due to the difficulty in 

performing the EM protocol on tissue as small as DRGs. The fluo-DLT internalization 

assay uses fluorescently-tagged deltorphin molecules that are able to bind receptors if 

they are available at the membrane. Upon binding, the receptor and fluorescent agonist 

are internalized and the fluorescent intensity can be quantified on a confocal microscope, 

with higher intensity being indicative of increased trafficking of DOR to the membrane. 

This technique has been developed and used previously by our lab (Cahill et al., 2001; 

Morinville et al., 2004). 

It would also be of interest to perform RT-PCR to quantify DOR mRNA levels or 

Western Blotting to quantify DOR protein levels to confirm that the increased number of 
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DORs at the membrane is in fact a result of GPCR trafficking and not simply due to 

increased upregulation of receptor expression. Previous studies in our lab have shown 

that CCI does not increase DOR mRNA expression compared to shams, but the same 

studies have not been done to compare NP animals receiving either saline control or glial 

inhibitors. 

 

4.3 Conclusion 

This study determined the effects of the microglia and astrocyte inhibitor PF and 

the microglial inhibitor PJ34 in a rodent model of NP pain. We demonstrated the 

neuroprotective effects of both inhibitors on c-Fos activation, but unfortunately these 

effects did not translate to a reduction in pain hypersensitivity. We have provided 

functional and structural evidence that suggests a role for glia in DOR trafficking in NP 

pain states. Further experimentation is necessary to determine if this is a direct effect of 

glial factors on DOR expressing neurons or secondary to suppression of glia-mediated 

hypersensitivity of nociceptive pathways.Though the data suggests PF and PJ34 might 

exhibit their effects through glia-mediated mechanisms, the fact that both drugs can have 

direct effects on neurons should not rule out the possibility that neural mechanisms are 

responsible for some of these observations. 

Understanding the role of glia in the development of chronic pain and how they 

contribute to DOR trafficking may allow for the development of novel treatments to 

combat NP pain with fewer side effects, lower risk of tolerance and dependence, and 

more consistent management of pain symptoms, at the same time lowering the immense 

burden currently placed on the health care system and the families of those suffering. 
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