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ABSTRACT 
 

It is well recognized that there is a lack of effective therapies for treating chronic 

pain.  Therefore, development of novel analgesics with minimal side effects and the 

absence of addiction potential are essential. The present study assessed the effectiveness 

of a novel class of selective heme oxygenase (HO) inhibitors in models of inflammatory 

and neuropathic pain in rats. 

A research collaboration of Dr. Kanji Nakatsu (Pharmacology and Toxicology) 

and Dr. Walter Szarek (Chemistry) has designed and synthesized a series of azole-based 

compounds with a range of activity as HO inhibitors. This series has been dubbed as QC-

xx. QC-15 selectively inhibits the HO-1 isoform, while QC-10 inhibits both HO-1 and 

HO-2.  

Intraplantar injection of 1% formalin produces a biphasic nociceptive response 

characterized by licking and flinching of the affected hind paw. Intraperitoneal (IP) 

administration of QC-15 (100µmol/kg) attenuated nociceptive behaviors to formalin, 

which were not blocked by the opioid receptor antagonist, naloxone (1 mg/kg, IP). 

Similarly, IP delivery of QC-10 (100µmol/kg) decreased formalin-induced nociceptive 

behavior. To determine whether the effects of the drug were peripheral or spinally 

mediated, compounds were delivered either locally or spinally. Intrathecal (IT) 

administration of QC-15 (0.3 µmol) attenuated pain behavior, whereas local injection into 

the paw had no effect.  

 The effects of QC-15 were also assessed in a model of neuropathic pain, induced 

by constriction of the common sciatic nerve using 4 chromic sutures. Mechanical 

withdrawal thresholds (von Frey filaments) were used to assess mechanical allodynia 
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before and after IP administration of QC-15. Animals treated with the HO-1 inhibitor had 

significantly higher thresholds (indicating decreased mechanical allodynia) on both day 7 

and 14 compared to pre-drug baselines. These observations suggest that HO-1 may also 

play a role in neuropathic pain. 

 Finally we were able to demonstrate that QC-15 had no effect on motor 

coordination that would interfere with behavioral testing. Animals treated with the 

100µmol/kg dose of QC-15 were able to maintain equal performance as controls treated 

with saline. In conclusion, behavioral results indicate that the inducible form of HO (HO-

1) may play an important role in persistent and chronic pain states.  

 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 



  iv 

CO-AUTHORSHIP 
 
 
This thesis is based on research conducted by Michael J.P. Philbrook under the 
supervision of Dr. Catherine Marie Cahill and Dr. Kanji Nakatsu. Technical assistance 
was provided by Ms. Samantha Lecour and Ms. Lihua Xue. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 



  v 

ACKNOWLEDGEMENTS 
 

 
 I would like to thank everyone who has contributed to my amazing experience the 

last six years as an undergraduate and masters student at Queen’s University.  

 

 I need to give an enormous amount of thanks to my parents: Brian and Marilyn 

Philbrook. From a young age they enriched my life with uncountable experiences, many 

of which have fueled my curiosity in science. I owe a huge portion of this to my aunt: 

Katherine Winters, who first told me what evolution was at the age of 3 or 4. My 

grandparents have been some of the most influential people in my life and have helped 

guide me through many hurdles along the way.  

 

 My experience during my masters would not be of value without the incredible 

knowledge and perspective from my professors and peers. I would like to thank my 

supervisors and committee members: Dr. Cahill and Dr. Nakatsu for their incredible 

insight, support, mentorship, and personal investment into my training. They have given 

me the opportunity to develop numerous academic, presentation and laboratory skills. 

They have also given me the amazing opportunity to present and share my research 

findings at 2 international conferences in Athens, Greece and Miami, Florida. I would 

also like to thank my other committee member: Dr. James Brien, who has offered 

valuable insight into questions among this project. 

 

 I thank all of the members of the Department of Pharmacology and Toxicology 

for all of their experience and knowledge they have so enthusiastically shared with their 



  vi 

students. Every member of this group loves what they do, generating a wonderful 

experience for their students to learn and develop as basic science researchers. 

 

 This university would not be what it is without its students. I have met many 

people here who have influenced my perspective of this world and that of the world of 

science. Many of these I have had the privilege of working beside day in and day out. 

When I arrived here with very little research experience I could always count on the 

assistance and guidance of these peers: Ryan Dercho, Patrick Grenier, Maaike Hum, Alex 

Mattioli, Edmund Ong and Anne Sutherland, as well as the labs two technicians: 

Samantha Lecour and Lihua Xue. I also have had the privilege of traveling and sharing 

many fun times with these people.  

 

 Finally I would like to thank those members of the Kingston Community and 

Queen’s University who have made these years so memorable. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



  vii 

 TABLE OF CONTENTS 
 

ABSTRACT.......................................................................................................................ii 
CO-AUTHORSHIP..........................................................................................................iv 
ACKNOWLEDGEMENTS..............................................................................................v 
TABLE OF CONTENTS................................................................................................vii 
LIST OF FIGURES..........................................................................................................ix 
LIST OF TABLES.............................................................................................................x 
LIST OF ABBREVITIONS.............................................................................................xi 
 
 
CHAPTER 1: INTRODUCTION.....................................................................................1 
1.1 Overview.................................................................................................................1 

1.1.2 Pain and nociception.......................................................................................2 
1.1.3 Nociceptive signaling: The nociceptor and spinal projections.......................2 
1.1.4 Synaptic neurotransmission............................................................................5 
1.1.5 Ascending pathways and supraspinal projections..........................................7 

1.2 Mechanisms of persistent and inflammatory pain...................................................8 
1.3 Neuropathic pain....................................................................................................10 
 1.3.1 Mechanisms of neuropathic pain..................................................................11 
1.4 Heme oxygenase (HO) enzymes...........................................................................14 
1.5 Studies of the role of HO in nociception...............................................................16 
 1.5.1 Evidence that HO is pro-nociceptive in models of inflammatory pain........16 
 1.5.2 Evidence that HO is analgesic in models of inflammatory pain..................19 
 1.5.3 HOs role in neuropathic pain........................................................................21 
 1.5.4 Evidence that HO is pro-nociceptive in various other models of pain.........22 
1.6 Tools to study HO.................................................................................................23 
 1.6.1 Conventional HO inhibitors in pain research: The metalloporphyrins.........23 
 1.6.2 HO knockout animals in pain research.........................................................24 
 1.6.3 Novel HO inhibitors: Azole based compounds......................................25 
1.7 Statement of purpose.............................................................................................27 
 
 
CHAPTER 2: METHODS..............................................................................................28 
2.1 Animals..................................................................................................................28 
2.2 Formalin model of inflammatory pain...................................................................28 
2.3 Neuropathic pain model.........................................................................................29 

2.3.1 The chronic constriction injury.....................................................................29 
2.3.2 Induction of neuropathy:The surgery............................................................29 
2.3.3 Assessment of mechanical allodynia: von Frey 
filaments.............................30 

2.4 Drug administration...............................................................................................32 
 2.4.1 Formalin........................................................................................................32 
 2.4.2 Intraperitoneal administration.......................................................................32 
 2.4.3 Intrathecal administration.............................................................................33 
 2.4.4 Intraplantar administration............................................................................33 



  viii 

2.5 Rotarod performance.............................................................................................34 
2.6 Immunohistochemistry..........................................................................................35 
2.7 Western blotting....................................................................................................36 
2.8 Statistical analysis.................................................................................................38  
 
 
CHAPTER 3: RESULTS................................................................................................39 
3.0 Behavioural studies...............................................................................................39 
3.1 Formalin nociceptive behaviour............................................................................39 
3.2 Systemic drug administration and behaviour........................................................39 

3.2.1 Systemic administration of QC-15 attenuates formalin-induced pain 
behaviour...............................................................................................................39 
3.2.2 QC-15 (100µmol/kg) does not impair motor coordination or balance.........42 
3.2.3 QC-15 mechanism of action is independent of endogenous opioid release.42 
3.2.4 Systemic administration of QC-10 attenuates formalin-induced pain 
behaviour...............................................................................................................45 

3.3       Spinal drug administration and behaviour.............................................................45 
            3.3.1 Spinal administration of QC-15 attenuates formalin-induced pain behaviour. 
            ...............................................................................................................................45 
            3.3.2 Spinal QC-10 or QC-86 injection does not attenuate formalin-induced pain    
            behaviour...............................................................................................................48 
3.4 Intraplantar administration of QC-15 did not modulate formalin-induced pain 

behavior.................................................................................................................48 
3.5 Chronic constriction injury (CCI) induced mechanical allodynia.........................52 
 3.5.1 Systemic administration of QC-15 attenuated neuropathic pain behaviour.52 
3.6 Western blotting.....................................................................................................55 
3.7 c-Fos Immunohistochemistry.................................................................................55 
 
 
CHAPTER 4: DISCUSSION..........................................................................................57 
4.1 Summary of major findings...................................................................................57 
4.2 Behavioural studies................................................................................................59 

4.2.1 Relevance of selected models.......................................................................59 
4.3 Formalin model of inflammatory pain ..................................................................60 

4.3.1 Systemic administration of QC-15 and QC-10 attenuates formalin-induced 
nociception.............................................................................................................60 

 4.3.2 Spinal administration of QC-15 attenuates formalin-induced nociception...66 
4.3.3 Peripheral administration of QC-15 does not modulate inflammatory pain 
behavior..................................................................................................................67 

4.4  Systemic administration of QC-15 attenuates neuropathic mechanical allodynia.67 
4.5 Western blot analysis of HO-1 protein levels in the dorsal spinal cord.................69 
4.6 Concluding remarks...............................................................................................69 
4.7 Future directions.....................................................................................................70 
 
 
REFERENCES.................................................................................................................72 



  ix 

LIST OF FIGURES 
 

Figure 1.1 Nociception.......................................................................................................4 
 
Figure 1.2 Synaptic neurotransmission..............................................................................6 
 
Figure 1.3 Pathological synaptic neurotransmission........................................................12 
 
Figure 2.1 Illustration of the chronic constriction injury: model of mono-neuropathy....31 
 
Figure 3.1 Formalin nociceptive behavior: Photograph and graphical representation of     
                   licking and flinching behavior to 1% formalin...............................................40 
 
Figure 3.2 Systemic inhibition of HO-1 attenuates inflammatory pain behaviour...........41 
 
Figure 3.3 QC-15 (100µmol/kg) does not impair motor coordination or balance............43 
 
Figure 3.4 QC-15 mechanism of action is independent of endogenous opioid release....44 
 
Figure 3.5 Systemic inhibition of HO-1 and HO-2 attenuates inflammatory pain   
                  behaviour.........................................................................................................46 
Figure 3.6 Spinal inhibition of HO-1 attenuates inflammatory pain behavior.................47 
 
Figure 3.7 Spinal QC-10 injection does not attenuate inflammatory pain behaviour.......49 
 
Figure 3.8 Spinal QC-86 injection does not attenuate inflammatory pain behaviour.......50 
 
Figure 3.9 Intraplanar QC-15 does not attenuate inflammatory pain behaviour..............51 
 
Figure 3.10 Chronic constriction injury (CCI) induces mechanical allodynia.................53 
 
Figure 3.11 Systemic inhibition of HO-1 attenuates neuropathic pain behaviour............54  
 
Figure 3.12 Quantification of HO-1 protein expression in  the dorsal lumbar L4-L6 spinal     
                    cord from animals injected with intra-plantar formalin and saline................56 
 
Figure 4.1 The potential roles of HO-1 and HO-2 in persistent pain................................63 
 
 
 
 
 
 
 
 
 



  x 

LIST OF TABLES 
 

Table 1.1 Structure and selectivity of Azole-based heme oxygenase inhibitors........26 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 



  xi 

LIST OF ABBREVIATIONS 
 
-/-  homozygous gene knock out 
5-HT  serotonin 
AC  adenylyl cyclase 
AMPA α-amino-3-hydroxyl-5-methyl-4-isoxazole-proprionic acid 
ANOVA analysis of variance 
BK  bradykinin 
cAMP  adenosine 3’,5’-cyclic monophosphate 
CCI  chronic constriction injury 
CFA  complete Freund’s adjuvant 
cGMP  guanosine 3’,5’-cyclic monophosphate 
CNS  central nervous system 
CO  carbon monoxide 
CoPP  cobalt protoporphyrin 
CrMP  chromium mesoporphyrin 
CSF  cerebrospinal fluid 
EAA’s  excitatory amino acids 
HIV  human immunodeficiency virus 
HO  heme oxygenase 
HO-1  heme oxygenase-1 
HO-2   heme oxygenase-2 
HRP  horseradish peroxidase 
IL-1  interleukin-1 
IP  intraperitoneal 
IT  intrathecal 
KA  kainate 
NMDA N-methyl-D-aspartate 
NMDAR NMDA receptor 
NLX  naloxone 
NO  nitric oxide 
NOS  nitric oxide synthase 
PB  phosphate buffer 
PBS  phosphate buffered saline 
PFA  paraformaldehyde 
QC-10  4-(4-chlorophenyl)-1-(1H-imidazole-1-Y-butan-Z-OL hydrochloride) 
QC-15 2-[2-(4-chlorophenyl) ethyl]-2-[(1H-imidazole methyl)]-1,3-dioxolane 

hydrochloride 
ROS  reactive oxygen species  
rpm  revolutions per minute 
RT  room temperature 
SC  subcutaneous 
SD  Sprague Dawley (rats) 
SDS  sodium dodecyl sulfate 
SEM  standard error of the mean   
sGC       soluble guanylyl cyclase 



 

  xii 

SnPP       tin protoporphyrin 
TB        tris buffer 
TBS       tris buffered saline 
TNF-α             tumour necrosis factor-α 
ZnDPBG        zinc deuteroporphyrin-2,4-bis-glycol 
ZnPP              zinc protoporphyrin-IX 



 

  1 

 
CHAPTER 1: 

 
INTRODUCTION 

1.1 Overview 
 

Ineffective pain management is a major problem in our society. Those seeking 

treatment often experience limited relief and frequently encounter severe side effects, 

tolerance and/or addiction to pain medication. With an estimated one-sixth of the general 

population, and perhaps 50% of those over 65 years of age suffering from chronic pain 

(Campbell and Meyer, 2006, Elliot et al., 2000, Anderson et al., 1993), the development 

of novel therapeutics and new treatment strategies is essential to improving the quality of 

life of these people. These pain conditions negatively impact mood and limit daily 

activity and workplace performance. Chronic pain conditions often co-exist with anxiety 

or depression, which compounds the impairment of quality of life (McCarberg and 

Billington, 2006). Between costs for medical treatment, losses to the workforce due to 

debilitation, compensation for those on disability, and covering patient home-care, the 

economic costs associated with chronic pain in the US have been estimated at over $150 

billion dollars annually (Gilron and Coderre, 2007). Such costs to patient wellbeing and 

the healthcare system underscore the need for improved pharmacological therapies and 

treatment strategies.  

Initially, pain research was based around the comprehensive understanding of 

classical pain transmission and trying to tailor new pharmacological agents to target these 

mechanisms. More recently, there has been a growing appreciation for the variety of pain 

symptoms and underlying pathology or mechanisms specific to them. In this light, 

research attempts to identify targets for subtypes or symptoms of the specific pain state. 
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In either scenario, the discovery of novel physiological targets is essential, allowing the 

development of new pharmacological interventions. Recent research suggests a role for 

heme oxygenase (HO) enzymes in the modulation of pain signaling and warrants their 

investigation as new targets for pharmacological investigation of pain. In order to study 

the role of HO in pain one must first understand the basic principles and mechanisms of 

pain signaling. 

 

1.1.2 Pain and nociception 
 
 It is essential for an organism to detect adverse surroundings in order to survive. 

Acute pain is a necessary evil, allowing organisms to detect and prevent repeated injury, 

as well as to facilitate the healing process (Milligan and Watkins, 2009). Pain is defined 

as an unpleasant sensory and/or emotional experience that is associated with actual or 

potential tissue damage (International Association for the Study of Pain: IASP), whereas 

nociception is defined as the neuronal communication of thermal, mechanical or noxious 

stimuli by nerves known as nociceptors.  

 

1.1.3 Nociceptive signaling: The nociceptor and spinal projections 

Noxious stimuli are detected in a broad range of tissues, organs, muscles, bones, 

joints, and most evidently the skin. This information is detected by the primary sensory 

neuron, or nociceptor. The distal end of nociceptors contains a broad range of specialized 

sensory receptors that detect and transmit information about an array of noxious stimuli 

of mechanical, thermal, or chemical origins. Once a detection threshold is surpassed, an 

action potential occurs transmitting raw sensory information away from the site of 



 

  3 

detection, via the nociceptor, on to the spinal cord and brain, where this information is 

further refined to generate the perception of pain (Figure 1.1). There are three major 

classes of sensory neuron fibers, defined by three appreciable differences in their 

anatomy: axon diameter, cell body size and the presence or absence of a myelin sheath. 

The first two described are nociceptive. Small to medium diameter lightly myelinated Aδ 

fibers rapidly conduct information from the periphery about well localized, sharp pain. 

The second class: small, unmyelinated C-fibers, slowly conduct poorly localized pain 

from the periphery. The third class, Aβ fibers are not nociceptive in normal pain states. 

They are large diameter and heavily myelinated, and rapidly conduct information about 

light touch, vibration, and proprioception. The primary afferent neurons convey their 

information to the grey matter of the spinal dorsal horn where different fiber class types 

distribute to different anatomical regions within the spine, known as Rexed Lamina 

(Figure 1.1). The Aβ fibers project primarily to the medulla but also project into the 

spinal lamina III,IV,V; Aδ fibers project to lamina I/V and C fibers remain superficial at 

lamina I/II . From these locations the primary afferent communicates with the secondary 

projection neurons via synaptic neurotransmission. 
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1.1.4 Synaptic neurotransmission   

 Following depolarization, the primary afferent neuron terminates to synapse with 

second order projection neurons, which relay sensory information to various parts of the 

brain. In order to communicate with each other the primary afferent must convert its 

electrical signal into a chemical signal that can be detected by the second order neurons. 

This process is known as synaptic neurotransmission (Figure 1.2). Upon reaching the 

synaptic bouton of the primary afferent, the action potential stimulates the opening of 

voltage gated calcium channels (VGCCs). Opening of VGCC’s permits calcium (Ca2+) 

influx, causing the fusion of synaptic vesicles with the cell membrane of synaptic bouton, 

releasing neurotransmitters into the synaptic cleft via exocytosis. From the synaptic cleft, 

neurotransmitters are available to bind their respective receptor(s). For example, the 

excitatory neurotransmitter L-glutamate is released into the synaptic cleft and binds to the 

three subtypes of post-synaptic ionotropic glutamate receptors: N-methyl-D-aspartate 

(NMDA), kainate (KA), and α-amino-3-hydroxyl-5-methyl-4-isooxazole-proprionic acid 

(AMPA). Binding of glutamate to its respective receptor marks the end of chemical 

neurotransmission. From this point, the receptor binding initiates sodium (Na+) influx by 

opening channels in the NMDA, KA, and AMPA receptors. During normal pain 

transmission, Ca2+ influx through the NMDA receptor (NMDAR) is not permitted due to 

channel blockade with magnesium (Mg2+). However, during pathological pain states this 

blockade can be removed from the NMDAR channel, permitting the influx of Ca2+ into 

the postsynaptic neuron. The influx of such cations initiates depolarization of the post-

synaptic neuron, propagating the nociceptive signal rostrally, via second-order projection 

neurons (Figure 1.2).  
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Figure 1.2 Synaptic neurotransmission. The primary afferent terminates in the dorsal spinal 
cord to synapse with second order neurons, relaying sensory information to the brain. Simulation 
of the primary afferent leads to an action potential traveling to the axon terminal and synaptic 
bouton (1). The action potential stimulates voltage-gated calcium channels (VGCC’s) to open, 
allowing an influx of calcium (Ca2+) into the pre-synaptic terminal (2). Increased intracellular 
calcium causes the fusion of presynaptic vesicles to the cell membrane of the synaptic bouton, 
releasing the neurotransmitters into the synaptic cleft via exocytosis (3). Within the cleft, 
neurotransmitters are available to diffuse and bind to their respective receptor(s) (4). L-glutamate 
binds to the ionotropic receptors: AMPA and NMDA, permitting the release entry of sodium 
(Na+) into the post-synaptic terminal (5), leading to depolarization and transmission of the 
nociceptive signal (6). During acute nociception, Ca2+ influx via the NMDA receptor is not 
permitted due to channel blockade with magnesium ion (Mg2+). CGRP and SP bind to 
metabotrophic CGRP and NK-1 receptors, activating adenylyl cyclase (AC), leading to increased 
intracellular Ca2+ and second messenger nociceptive signaling (7). Local glial cells, like 
astrocytes, modulate synaptic neurotransmission by L-glutamate re-uptake from the synapse via 
glutamate receptors: GLAST and GLT-1 (8). Inhibitory interneurons can also limit excitation 
within the excitatory synapse through the release of the inhibitory neurotransmitter: GABA (9). 
 

(1) 
(2) 

(3) 

(4) 

(6) 

(5) 

(7) 

(8) 

(9) 
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  Synaptic neurotransmission is not limited to L-glutamate release, but a variety of 

neurotransmitters. Peptidergic nociceptors contain neuropeptides such as substance P 

(SP) and calcitonin gene related peptide (CGRP). Following release from the pre-synaptic 

terminal, SP and CGRP bind to their respective metabotropic receptors: neurokinin-1 

(NK-1) and the CGRP receptor, activating post-synaptic calcium dependant and second 

messenger cascades, via increased adenylyl cyclase (AC) activity (Figure 1.2). 

 Neuronal transmission within the synapse is not limited to “nerve to nerve” signal 

propagation, but is also modulated by glial cells. Once believed to be “house keeper” or 

the structural scaffolds of the nervous system, glial cells play a dynamic role in 

nociception. Astrocytes maintain ion homeostasis and modulate nociceptive signaling by 

removing and recycling the excitatory neurotransmitter glutamate using the reuptake 

transporters: glutamate-aspartate transporter (GLAST) and glutamate transporter (GLT-1), 

terminating excessive neuronal excitation (Figure 1.2). More will be discussed about glia 

in sections addressing the mechanisms of inflammatory and neuropathic pain. 

 

1.1.5 Ascending pathways and supraspinal projections 

 Projection neurons from lamina I/V make up the majority of neurons projecting 

from the dorsal horn to the brain (Basbaum et al. 2009). From the dorsal spinal cord 

nociceptive signaling is conveyed to the thalamus via the spinothalamic tract (and then to 

the somatosensory cortex), carrying sensory-discriminative aspects of pain. Other 

projections from the spinal cord ascend to structures like the parabrachial nucleus within 

the brainstem, then to the amygdala, which relays this information to the cingulate and 

insular cortices, carrying the affective or emotional components of the pain experience 
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(Basbaum et al., 2009). Additionally, some ascending pathways connect and signal with 

the rostral ventral medulla (RVM) or periaqueductal gray (PAG), responsible for the 

descending modification of nociceptive signaling within the spinal cord. Therefore, by 

projecting information to anatomically separate locations within the brain, different 

qualities of nociception can be processed simultaneously to generate the perception of 

pain.  

 
 
 
1.2. Mechanisms of persistent and inflammatory pain 
 
 Inflammatory pain is caused by peripheral tissue injury, irritation or inflammation 

and is characterized by hypersensitivity to mechanical or thermal stimuli at and 

surrounding the site of injury (Cao and Zhang, 2008). An inflammatory cascade follows 

initial tissue injury. Initially generated by local macrophages, inflammation is perpetuated 

by the rapid migration of blood and immune cells, releasing a broad spectrum of 

inflammatory and pro-nociceptive factors (Sommer and Kress, 2004). Unlike chronic 

pain, acute inflammatory pain usually subsides after tissue injury or disease diminishes 

(Cao and Zhang 2008). Two mechanisms are responsible for the development of 

allodynia and hyperalgesia within inflammatory pain states: peripheral and central 

sensitization. 

Peripheral sensitization occurs as a result of tissue injury, irritation, or disease 

causing the release of inflammatory mediators such as: protons, histamine, serotonin (5-

HT), ATP, NO, excitatory amino acids (EAA’s), pro-inflammatory cytokines (IL-1β, 

TNF-α, IL-6), chemokines, SP, CGRP, neurotrophins, bradykinin (BK), eicosinoids, 

prostagladins (PGs), thromboxanes, and leukotrienes into the immediate 
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microenvironment surrounding the nociceptor (McMahon et al., 2008 Basbaum et al., 

2009). These mediators generate nociception by binding to specific receptors on the 

nociceptor, directly increasing neuronal excitability, or act to recruit additional 

inflammatory mediators, accelerating the process (Basbaum et al., 2009). They originate 

from the activated nociceptor or infiltrating immune or non-neuronal cells such as: 

neutrophils, basophils, eosinophils, macrophages, mast cells, and fibroblasts. The result 

of peripheral sensitization is increased neuronal activity and transmission within the 

primary afferent.  

Central sensitization occurs when specific CNS neurons develop a hyper-

excitable state leading to excessive nociceptive signaling. This is usually a result of 

sustained activation of the primary afferent neuron occurring from peripheral 

sensitization or repetitive injury. Excessive stimulation of the primary afferent floods the 

dorsal horn with EAAs like L-glutamate, purines like ATP, or neuropeptides like SP and 

CGRP (Kidd and Urban, 2001, Basbaum et al., 2009). This prolonged stimulation leads 

to the activation of the NMDAR, removing the Mg2+ channel blockade, and allowing the 

influx of Ca2+ through the NMDAR into the post-synaptic neuron (Figure 1.3). The rapid 

increase in intra-cellular Ca2+ increases the excitability of second order neurons by 

activating a broad range of calcium-dependent signaling pathways and second messenger 

pathways such as: mitogen-activated protein kinase (MAPK), protein kinase A (PKA), 

protein kinase B (PKB), and phosphotidylinositol 3-kinase (PI3K) (Basbaum et al., 

2009).  Increased intra-cellular Ca2+ also leads to increased expression and activity of 

NOS, promoting NO release and exciting both the pre and post-synaptic neurons (Figure 
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1.3). The end result of these processes is increased responses to normal or non-noxious 

stimuli, and reduced thresholds for neuronal activation (Kidd and Urban, 2001). 

Many studies indicate that glial-neuronal interactions also play a role in 

developing hypersensitivity in models of inflammatory pain, including the complete 

Freunds adjuvant (CFA) and formalin model (Cao and Zhang, 2008). In summary, these 

studies found astrocyte and microglia activation to be key contributors to inflammatory 

pain, as metabolic inhibition of their activity with fluorocitrate or propentofylline 

attenuated neuronal hypersensitivity. These cells release pro-inflammatory cytokines like: 

IL-1β, IL-6, and TNF-α, which directly perpetuate peripheral sensitization, as well as 

exciting excessive neurotransmitter release from the primary afferent terminals of the 

dorsal horn (Cao and Zhang 2008). Glial cells can also up-regulate NOS, generating NO, 

to perpetuate the development of neuronal hyper-excitability (Figure 1.3). 

 
1.3 Neuropathic pain 
 
 Neuropathic pain is a chronic pain condition due to dysfunction of the peripheral 

or central nervous system caused by a lesion, trauma, infection (HIV or herpes zoster) or 

disease (diabetes or autoimmune). It affects 3-8% of the population (Gilron and Coderre, 

2007), with perhaps only osteoarthritis being the more prevalent form of chronic pain 

(Campbell and Meyer, 2007). It has been estimated that it accounts for $40 billion dollars 

to the US healthcare system (Gilron and Coderre, 2007). Unlike, acute nociceptive pain, 

neuropathic pain serves no adaptive or medicating role to an organism because it does not 

help it to prevent injury. Neuropathic pain endures even after an injury heals, or even in 

the absence of identifiable pathology (Campbell and Meyer, 2006). It is an unremitting 
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and debilitating condition, often unresponsive to the best of conventional therapy, 

negatively impacting patient quality of life (Finnerup and Jensen, 2007).  

Inflammation or injury to peripheral nerves causes damaged or adjacent uninjured 

neurons to become sensitized, often leading to ectopic nociceptive signaling in the CNS 

(Sommer and Kress, 2004). These changes lead to the development of spontaneous pain, 

as well as various types of evoked pain like: allodynia and hyperalgesia. There is 

tremendous variability in the pain experience and therapeutic response among patients 

suffering from neuropathic pain. Spontaneous pain may be experienced as burning, 

aching, prickling or cold sensations (Finnerup and Jensen, 2007). Additionally, these 

sensations can be experienced in brief shooting or electric pains, known as paroxysmal 

pain, with quiescent non-painful or less intense periods between episodes of pain 

(Finnerup and Jensen, 2007). Most frequently, patients will present with mechanical 

allodynia, pain due to a non-noxious stimulus. For example, patients experiencing 

mechanical allodynia will report excruciating pain from the light touch resulting from 

pulling a bed-sheet or t-shirt over themselves (Finnerup and Jensen, 2007). Hyperalgesia, 

is also commonly reported. Differences and presentation of these symptoms are all 

variable may be due to differences in mechanisms of pathological pain processing. 

 

1.3.1 Mechanisms of neuropathic pain 

Neuropathic pain leads to a state of neuronal hyper-excitability caused by several 

broad mechanisms including those of peripheral and central sensitization, also described 

in inflammatory pain. Peripherally, the primary afferent neuron becomes sensitized 
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Figure 1.3 Pathological synaptic neurotransmission. Pathological pain states such as 
inflammatory or neuropathic pain are characterized by many distinct yet synergistic mechanisms 
leading to increased nociceptive signaling. Peripheral sensitization leads to increased primary 
afferent activity, increasing the release of L-glutamate, CGRP and SP, increasing nociceptive 
neurotransmission (1). Excessive nociceptive discharge removes the Mg2+ ion blockade of the 
NMDA channel, allowing the influx of Ca2+ into the postsynaptic terminal (2). The influx of Ca2+ 
increases the excitability of the post-synaptic neuron by activating a broad range of calcium-
dependent and second messenger pathways (3). Excess Ca2+also leads to increased expression and 
activity of NOS, promoting NO release, exciting both the pre and post-synaptic neurons (4). Glial 
cells, such as astrocytes or microglia, perpetuate nociception by releasing additional pro-
nociceptive factors such as: IL-1β, IL-6, TNF-α, glutamate, ATP, ROS, PG, and NO (5). 
Additional glial dysfunction may lead to inactivated GLT-1 and GLAST, responsible for the 
reuptake of excessive pro-nociceptive glutamate (6). Additionally, loss of inhibitory interneuron 
activity, known as dysinhibition (7), can lead to excessive nociceptive transmission. 
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leading to spontaneous nociceptive neurotransmission and a lowered threshold to noxious 

stimuli by the process of peripheral sensitization, involving the release of inflammatory 

mediators (refer to section 1.2.1). Additionally, changes in: gene expression within 

injured and adjacent uninjured nerves, sprouting of sympathetic nerve fibers around the 

dorsal root ganglia (DRG), and up-regulation of sodium channels (NaV) in neuromas of 

the primary afferent may contribute to enhanced peripheral nociceptive signaling 

(Finnerup and Jensen, 2007). These changes are not limited to the periphery, but also 

include remodeling of the central nervous system. 

Many processes involved in central sensitization occur in the spinal cord. 

Sprouting of Aβ fibers into lamina II of the spinal dorsal horn may explain the 

development of mechanical allodynia. Normally carrying, non-noxious information such 

as light touch or proprioception, when Aβ fibers gain access to lamina II they can contact 

and synaptically communicate with 2nd order nociceptive projection neurons. Similar 

processes like sprouting of peptidergic primary afferents, containing SP or CGRP, may 

account for neuronal hypersensitivity in the spinal cord (Finnerup and Jensen, 2007).  

Another mechanism contributing to central sensitization is disinhibition (Figure 

1.3). This process involves the loss of inhibitory GABAergic and glycinergic interneuron 

activity within the dorsal horn of the spinal cord. During normal function these 

interneurons limit excessive nociceptor activity, but during central sensitization in 

neuropathic pain states their decreased activity is thought to promote hyperalgesia 

(Basbaum et al., 2009). Enhanced pain sensitivity may also develop from loss of 

descending inhibition. Normally, neurotransmitters like: norepinephrine (NE), dopamine 

(DA), serotonin (5-HT), and endogenous opioids are transmitted supra-spinally from 
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structures in the brainstem, and released spinally to block or blunt nociceptive 

transmission. 

Central sensitization and glial-neuronal interactions, as described in 1.2.1 for 

inflammatory pain, also play critical roles in the induction and maintenance of 

neuropathic pain states. In states of chronic neuropathic pain, these processes expand to 

include more mechanistic changes. Glia, carry the glutamate re-uptake transporters: GLT-

1 and GLAST, which clear excessive synaptic collection of glutamate. Dysfunction of 

these transporters in glial cells during chronic neuropathic pain states, leads to excessive 

glutamate accumulation, profoundly increasing neuronal excitation. Chronic 

inflammation or nerve damage can cause astrocytes to release glutamate, ATP, pro-

inflammatory cytokines, and prostaglandins, further contributing to the positive 

excitatory loop (Figure 1.3). This on-going stimulation can induce ERK, p38 MAPK and 

JNK, which up-regulate the pro-inflammatory transcription factor nuclear factor-κβ  (NF-

κβ), inducing the release of more inflammatory mediators (Milligan and Watkins, 2009).  

Additionally, glial activation can promote rapid and dramatic glial heme-

oxygenase-1 (HO-1) induction, which is of extreme interest to this project. Not only does 

HO induced release of CO stimulate cGMP production to modulate neurotransmission, it 

also activates p38 MAPK mediated neurotransmission (Kinobe et al., 2006). 

 
1.4 Heme oxygenase (HO) enzymes 
 

Heme oxygenase (HO) degrades heme into ferrous iron, biliverdin, and carbon 

monoxide (CO) (Tenhunen et al.,1969). Two active isoforms of HO exist in mammals, 

including the inducible HO-1 and constitutive HO-2. Although detectable in all organs 

and cells types, HO-1 is expressed abundantly in reticuloendothelial cells, like those in 
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the spleen or liver (Braggins et al.,1986; Maines, 1988). HO-1 protein is rapidly induced 

at the site of trauma or stress from a diverse range of stimuli, many of which accompany 

the central sensitization occurring in chronic pain syndromes such as: reactive oxygen 

species (ROS), NO, EAAs, and pro-inflammatory cytokines (Watkins et al., 2005). 

Unlike HO-1, HO-2 is constitutively and abundantly expressed in glial and neuronal cells 

of the CNS, accounting for much of the HO activity in the CNS (Dwyer et al., Takahashi 

et al., 1996, Snyder et al., 1998, Scapagnini et al., 2002, Li and Clark 2001). In general, 

HO is involved in a broad range of physiological and pathological processes.  HO 

enzymes are thought to play a cytoprotective role in cells, decreasing intracellular heme, 

and the free radicals it generates (Ryter and Tyrell 2000, Akaike et al.,1992). With 

respect to neuronal signaling, CO modulates several intracellular signaling pathways by 

increasing cyclic guanosine monophosphate (cGMP) by directly increasing the activity of 

soluble guanylyl cyclase (sGC) (Stone and Marletta 1994, Furchgott and Jothianandan 

1991), and the modulation of calcium-dependent potassium channels or Mitogen-

activated protein kinases (MAPKs) (Wang et al., 1997, Otterbein et al. 2000, Ryter and 

Choi, 2005, Wu and Wang, 2005). CO may also modulate the activity of NOS, thus 

influencing NO release (Wu and Wang 2005). Furthermore, CO and NO seem to 

modulate each other by binding to the same target, sGC (Kinobe et al.,2006).These 

signaling cascades are thought to play a role in neuronal signaling. Aside from neural 

signaling, HO has received considerable attention for its role as a modulator of 

neuroinflammation and neurodegenerative processes (Syapin, 2008; Schipper, 2004). 

Induction of HO-1 in glial cells has even been implicated as a “final common pathway” 

in Alzheimer Disease, Parkinson Disease and Multiple Sclerosis via pathological iron 
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deposition and production of ROS (Schipper, 2004). The ability of HO to modulate 

neuronal signaling through second messenger systems and cGMP, as well as its rapid 

induction in glia make it a likely candidate for the modulation of nociception. 

 

1.5 Studies of the role of HO in nociception 
 

Recent work has illustrated HOs participation in nociceptive signaling in several 

animal models of pain.  A small number of studies have demonstrated increased HO 

activity to be pro-nociceptive, while others demonstrate increased HO activity to be anti-

nociceptive.  In either case CO, a neuromodulator or neurotransmitter, is thought to 

mediate changes in nociceptive signaling (Mancuso 2004). The endogenous release of 

CO is thought to stimulate sGC, which in turn increases intracellular synthesis of cyclic 

GMP  (Stone and Marletta, 1994; Furchgott and Jothianandan, 1991). The intracellular 

increase in cGMP is believed to modulate primary afferent and second order projection 

neurons, thus affecting neuronal transmission and nociception. There is debate in the 

literature regarding how such changes mechanistically influence nociception. Given this 

debate the role of HO in animal models of pain is in need of clarification. Furthermore, it 

is unknown which isoform: HO-1 or HO-2, is contributing to changes in nociception. 

 

1.5.1 Evidence that HO is pro-nociceptive in models of inflammatory pain 

 Several studies indicate that HO activity may be pro-nociceptive. Results from 

these studies demonstrate that pharmacological inhibition or genetic deletion of HO 

attenuates inflammatory pain behavior in the formalin model of inflammatory pain in rats 

and mice.  
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The HO inhibitor zinc protoporphyrin-IX (ZnPP) administered intrathecally 5 

minutes prior to, or 10 minutes after, formalin injection attenuated formalin-induced 

flinching behavior in male Sprague Dawley (SD) rats. Interestingly, the same dose of 

ZnPP had no effect on thermal nociception, as measured by paw withdrawal latency 

using the method of Hargreaves (Yamamoto et al., 1995). Although these data suggest 

central HO inhibition to be analgesic, it must be noted that the non-selective nature of the 

inhibitor used may have led to confounding error. ZnPP (300 µg) could have led to sGC 

and NOS inhibition (Luo and Vincent,1994; Meffert et al ., 1994, Grundemar and Ny, 

1997), yielding confounding results because both these enzymes contribute to neuronal 

transmission. Additionally ZnPP inhibits both HO-1 and HO-2 activity. Therefore using 

ZnPP does not allow an investigator to study isoform specific roles of HO-1 and HO-2.  

Similar studies in mice showed dose-dependent reversal of formalin-induced 

licking behavior in both phases of the formalin assay using systemic administration of the 

non-selective HO inhibitor tin protoporphyrin (SnPP) (50µmol/kg). Interestingly, SnPP 

did not provide analgesia in models of thermal nociception (Li and Clark, 2000), a trend 

that was also observed in studies by Yamamoto (et al.,1995). Li and Clark also observed 

a significant reduction in formalin-induced licking times in HO-2-/- animals when 

compared to wild type. Most importantly, HO-2-/- animals treated with the same dose of 

SnPP did not demonstrate further reductions in licking time. These results were 

interpreted to illustrate that inhibition of the HO-2 isoform was analgesic, and that SnPP 

was not providing analgesia through an unknown mechanism, or the inhibition of HO-1. 

However, these HO-2 knockout mice experiencing analgesia had near zero licking times, 

meaning it would be impossible to note any further reduction in licking time due to SnPP 
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treatment. Additionally, SnPP is capable of HO-1 protein induction, which could lead to 

more confounding error (Sardana and Kappas, 1987; Morioka, et al. 2006; Abate et al. 

2007). Confounding error, up-regulation of HO-1 in HO-2-/- mice or lack of a selective 

inhibitor has compromised behavioral studies attempting to define the role of HO-2 in 

pain behavior. As a result, such studies have been unable to discount the potential role of 

HO-1 in nociception. Similar limits to studies have been reached while examining HO’s 

contribution to nociception at the molecular level. 

Immunohistochemical studies demonstrated that SnPP-treated or HO-2 -/- mice 

displayed significantly decreased expression of the neuronal activity marker c-Fos within 

the dorsal horn of the spinal cord after formalin injection (Li and Clark, 2001). This 

indicated that decreased expression or activity of HO led to suppressed nociceptive 

neuron activity, contributing to analgesia. These results were replicated in a model of 

chronic inflammatory pain using CFA. In this study HO-2 -/- animals displayed increased 

mechanical and thermal withdrawal latencies (indicating analgesia) 4 days following 

CFA injection, as well as decreased expression of c-Fos (Li and Clark, 2003). These 

results support the notion that HO-2 plays an important role in nociception and that its 

inhibition or genetic knockout provide analgesia. Once more these results do not take 

HO-1 into account. HO-1 could play the same role as HO-2 in transmission of 

nociception, although basal HO-1 expression and activity is low in the CNS in an 

unperturbed state. On the other hand, HO-2 -/- animals have a compensatory up-regulation 

of HO-1 and SnPP is capable of inducing HO-1 (Sardana and Kappas, 1987; Morioka, et 

al. 2006; Abate et al. 2007). Thus, it is possible that in these studies induction of HO-1 

activity rather than loss of HO-2 activity was responsible for the analgesia observed. The 
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availability of a selective HO-1 inhibitor may have made possible the answer to these 

questions. 

Further work is needed to clarify the role of HO-1 and HO-2 in inflammatory 

pain. The lack of selective inhibitors of HO has been a major barrier to identifying 

significant and possibly independent roles of HO-1 and HO-2 in inflammatory pain. 

 

1.5.2 Evidence that HO is analgesic in models of inflammatory pain 

In contrast to the section above, there are sets of data supporting the analgesic role 

of the HO/CO pathway in animal models of inflammatory pain. It was found that the 

induction of HO expression or activity by intrathecal or peripheral injection of heme-

lysinate 20-30 minutes prior to 1% formalin injection attenuated inflammatory pain 

behavior in adult male Wistar rats (Nascimento and Branco, 2007, 2008).  

Unlike the work of Li and Clark, this study hypothesized that increased CO 

release resulting from increased HO expression or activity was responsible for the 

observed analgesia. The role of CO (out of HOs 3 products) was confirmed by peripheral 

injection with either biliverdin, deferoxamine (an iron chelator), or CO 20 minutes prior 

to formalin injection. Only CO attenuated flinching behavior, whereas biliverdin or 

deferoxamine treatment had no effect (Nascimento and Branco, 2007). Additional 

observations suggested CO acts through cGMP, as peripheral or Spinal administration of 

methlyene blue (a sGC inhibitor) prevented the analgesic effect of peripheral or Spinal 

heme administration. Furthermore, the analgesic effect was found to be synergistic. If 

injected both intrathecally and peripherally at sub-active doses 20-30 minutes prior to 

formalin injection, heme-lysinate attenuated inflammatory nociception (Nascimento and 
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Branco 2009). The observed analgesia was believed to result from increased CO 

production by increasing the bioavailability of HOs substrate heme.  It was however 

unclear if HO-1 or HO-2 was responsible for the effect. The study indicated HO-2 was 

most likely involved since heme would increase HO-2 activity through Michaelis-Menton 

kinetics, yet HO-1 could not be dismissed because it can be rapidly induced following 

acute overload with heme and stressful stimuli like formalin injection (Nascimento and 

Branco, 2007, 2008).  

Conversely, the same study observed the opposite results using the non-selective 

HO inhibitor zinc deuteroporphryin 2,4 bis glycol (ZnDPBG). Intrathecal or peripheral 

administration of ZnDPBG 20-30 minutes prior to formalin injection caused increased 

nociception (Nascimento and Branco, 2007, 2008). This response was also synergistic 

when both intrathecal and peripheral HO inhibitor was administered at sub-active doses 

(Nascimento and Branco, 2009). Although these studies demonstrated that HO inhibition 

was pro-nociceptive, it was undetermined which isoform of HO was responsible due to 

the inhibitor’s non-selective nature. Only one group to date has specifically examined the 

role of HO-1 in nociception. 

In this study, mice pretreated with the HO-1 inducer cobalt protoporphyrin 

(CoPP) 24 hours prior to formalin experienced reduced nociception in phase II, but not in 

phase I of formalin-induced inflammatory pain behavior (Rosa et al., 2008). The 

analgesic effect of CoPP was reversed by administering SnPP 5 minutes prior to formalin 

injection. Another study by this group found that HO-1 induction, caused by 24 hour 

pretreatment with epibatidine, alleviated both phase I and phase II inflammatory pain 

behavior in the formalin model. Once more the analgesic effect of HO-1 induction was 
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reversible in animals treated with SnPP. These studies lend support to the hypothesis that 

HO-1 may independently contribute to nociceptive transmission, in this case, aiding 

analgesia. It is one of few that attempt to examine HO-1 specific roles in nociception.  

 

1.5.3 Role of HO in neuropathic pain 

A substantial body of evidence also demonstrates the role of HO in animal models 

of neuropathic pain. Neuropathic male SD rats, with unilateral L5 and L6 nerve root 

ligation, demonstrated dose-dependent reversal of mechanical allodynia and thermal 

hyperalgesia when systemically administered SnPP (Li and Clark, 2000). Additionally, 

this study was unable to repeat similar results with systemic administration of ZnPP. The 

results of the study indicated that spinal HO inhibition must occur to decrease nociceptive 

signaling because ZnPP does not permeate the blood brain barrier and therefore could not 

inhibit HO function to provide analgesia (Li and Clark, 2000). Finally, a bilirubin 

formation assay indicated that basal HO activity was tripled in the spinal cord ipsilateral 

to the site of nerve ligation. Thus, increased expression or activity of HO was observed 

spinally and inhibition of HO activity attenuated nociception. Once again, isoform 

specific contribution could not be determined because the inhibitors were non-selective 

and the activity assay measured total HO activity. Such problems motivated the same 

research group to investigate the role of HO in a genetic knockout model. 

This study demonstrated that HO-2 -/- mice developed significantly less thermal 

hyperalgesia and mechanical allodynia as compared to wild type animals, following 

partial sciatic nerve ligation as a model of neuropathic pain (Li and Clark, 2003). Once 

more this study only focused on results based on the HO-2 knockout, and did not expand 
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on the possible role of HO-1 in nociception. The contribution of HO-1 has yet to be 

directly illustrated in models of neuropathic pain. The application of an isoform selective 

inhibitor would help to clarify the roles of HO-1 or HO-2 in neuropathic pain signaling.  

 

1.5.4 Evidence that HO is pro-nociceptive in various other models of pain 

 Additional models have been used to assess the role of HO in nociception; these 

include: intrathecal injection of excitatory amino acids and models of limited morphine 

analgesia or tolerance. The following studies have demonstrated a pro-nociceptive role 

for HO and that its pharmacological inhibition or genetic deletion is analgesic. However, 

they examine the effect of non-selective HO inhibition or HO-2 gene knockout, and 

exclude the specific examination of HO-1 in nociception. 

 The intrathecal injection of excitatory amino acids produces spontaneous pain 

behavior such as licking, biting, scratching or the manifestation of hyperalgesia (Li and 

Clark, 2002). It was found that the HO inhibitors, SnPP and chromium mesoporphyrin 

(CrMP) were able to attenuate caudally directed pain behavior caused by the intrathecal 

injection of glutamate, NMDA, and AMPA (Li and Clark, 2002). These inhibitors were 

also able to block spinal cGMP accumulation resulting from glutamate, NMDA, and 

AMPA injection. The sGC inhibitor LY-83,583 was also able to attenuate glutamate 

mediated nociception. Additionally, the cGMP analog 8Br-cGMP was able to restore 

nociceptive behavior in SnPP treated animals, emphasizing that HO mediated generation 

of cGMP contributes to nociception. Analogous results were obtained in HO-2 -/- mice, 

where they demonstrated reduced pain behavior and reduced cGMP production as 

compared to wild type mice (Li and Clark, 2002). 
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 HO-mediated generation of cGMP also seems to modulate morphine-mediated 

analgesia. The HO inhibitor SnPP was shown to potentate morphine analgesia in the hot 

plate model of pain, an effect that was lost in HO-2 -/- animals (Li and Clark, 2001). 

Interestingly, morphine-induced accumulation of spinal cGMP was also blunted by SnPP 

or did not occur in HO-2 -/- mice (Li and Clark, 2001). These results indicate that HO may 

modulate the acute analgesic effects of morphine through cGMP signalling.  

 The same group illustrated a role for HO-2 in morphine tolerance. Animals were 

allowed to develop tolerance to morphine via 5-day exposure to morphine bolus or 

subcutaneous implantation with a morphine pellet.  HO-2 -/- mice did not develop 

morphine tolerance and also displayed less mechanical allodynia following morphine 

cessation (Li and Clark, 2003). Studies complimenting this work, indicate that morphine 

tolerance leads to increased HO-2 mRNA, protein, and enzyme activity within the spinal 

cord (Li and Clark, 2000). 

  

1.6 Tools to study HO:  

1.6.1 Conventional HO inhibitors in pain research: The metalloporphyrins 
 
 HOs role in nociception has been studied using pharmacological inhibitors, 

inducers, and genetic knockouts. The use of metalloporphyrin based inhibitors and 

inducers has been useful in outlining physiological functions of HO. However, the use of 

such compounds in the study of pain generates several problems. Metalloporphyrins are 

capable of inhibiting and/or inducing nitric oxide synthase (NOS) and sGC (Luo and 

Vincent,1994; Meffert et al ., 1994; Grundemar and Ny, 1997; Ignarro et al. 1994, Ny et 

al., 1995; Chakder et al. 1996), which can contribute to confounding effects when 
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studying nociceptive behavior, as these enzymes are known to play a significant role in 

nociception (Kinobe et al., 2006). Additionally, ZnPP has been demonstrated to inhibit 

voltage dependent Ca2+ channels (VDCC), which are critical to nociceptive signaling, by 

initiating fusion of synaptic vesicles to the pre-synaptic membraine (Linden et al., 1993; 

Grundemar and Ny, 1997). Some metalloporphyrins can also stimulate the production 

and release of TNF-α, a key pro-inflammatory cytokine released in chronic pain, or can 

even inhibit IL-1, another pro-inflammatory cytokine (Grundemar and Lars Ny, 1997). 

The use of metalloporphyrin inhibitors can also induce the expression and activity of HO-

1 (Sardana and Kappas, 1987; Morioka, et al. 2006; Abate et al. 2007), presenting an 

obstacle to elucidating HO-1’s role in nociception, when analyzing results based on the 

assumption that this enzyme has been inhibited. 

 
1.6.2 HO knockout animals in pain research 
 
 Studying HO-1’s contribution to nociception has been limited by the lack of a 

selective inhibitor and have only included HO-1 inducers such as CoPP. The problem in 

targeting the HO-1 gene for deletion is the poor survival rate associated with it, and the 

animal’s inability to handle stress thereafter (Poss and Tonegawa, 1997). Thus, it is 

impractical to use such sensitive animals in noxious pain models.  

 Additionally, the genetic knockout of HO-2 poses some problems when studying 

HO in pain. HO-2 knockout animals retain HO-1 function, which compensates for the 

lack of HO-2 activity. This presents challenges to studying HO-2 deletion and its effect in 

nociception, as HO-1 could be over-expressed in HO-2-/- animals, a confounding source 

of error when trying to examine HO-2’s contribution to nociception.  
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1.6.3 Novel HO inhibitors: Azole based compounds 
 

The recent availability of selective imidazole-based HO inhibitors from the 

Nakatsu-Szarek collaboration at Queen’s University, should help to solve problems in 

targeting HO for investigation in nociception (Table 1). Previous studies have 

demonstrated that these new compounds do not alter sGC or NOS expression or activity, 

non-specific effects of previous metalloporphyrin inhibitors (Kinobe et al., 2006; 

Appleton et al. 1996; Vlahakis et al. 2006). Unlike SnPP or ZnPP, these new inhibitors 

do not induce HO-1 protein expression (Dercho et al., 2006; Kinobe et al., 2006a). 

Additionally, these inhibitors are capable of isoform selectivity. The HO-1 selective 

inhibitor, QC-15, has 25 times the affinity for HO-1 than HO-2 (Kinobe et al., 2006; 

Vlahakis et al., 2006).  
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Selectivity Code 
Name Heme oxygenase inhibitor 

HO-1 
IC50 

(µM) 

HO-2 
IC50 

(µM)  

Selectivity 
Index 

 
Selective 

 
QC-15 

 

N

N

Cl

OO
HCl

 

4 100 25 

Non-
selective 

QC-10 

 

0.5 4 8 

 
Non-
Selective 
 

 
 

QC-86 

 
 

N

N

N

HCl

O

 

2.5 18 7.2 

Table 1. Structure and selectivity of some azole-based heme oxygenase inhibitors 
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1.7 Statement of purpose 

Behavioral, molecular and immunohistochemical evidence suggests a role for HO 

in nociception. Yet there is not a consensus whether HO is pro- or anti-nociceptive or 

which isoform, HO-1 and/ or HO-2 is more important in the modulation of pain. 

Noting the rapid glial and neuronal induction of HO-1, high levels of HO-2 in the 

CNS and evidence of HO’s ability to modulate neurotransmission, we found it likely that 

HO plays a role in nociceptive signaling. Although in disagreement if HO activity was 

increasing or decreasing pain, few studies described or attempted to isolate roles for HO-

1 and HO-2 isoforms. Therefore, we questioned the existence of isoform-specific roles of 

HO-1 and HO-2 in pain signaling.  

The application of azole-based inhibitors, in models of nociception would not 

only re-enforce the role of HO in pain, excluding the confounding issues of previous 

pharmacological tools, but also be of critical importance to discovering or refuting a 

specific role for HO-1 in nociception.  

It was our intention in this study to use these inhibitors to elucidate HO-1 and 

HO-2 specific roles in nociception. By using the selective HO-1 inhibitor, QC-15, we 

tested the hypothesis that the HO-1 isoform can independently contribute to nociception 

by executing the following objectives: 

i) To determine a dose of QC-15 that modulates nociception in a model of 
inflammatory pain. 

 
ii) To determine if this active dose of QC-15 modulates nociception in a model 

of neuropathic pain. 
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CHAPTER 2: 
 

METHODS 
 
 
2.1 Animals 
 
 

Adult male Sprague-Dawley (SD) rats (200-350g; Charles River, Quebec, 

Canada) were housed and paired in cages on a 12h/12h reverse light/dark cycle with free 

access to food and water. All testing was conducted during the dark cycle. Animals were 

allowed to habituate for 2-5 days to the housing environment prior to experimentation. 

All experiments were conducted in accordance with the policies and guidelines of the 

Canadian Council on Animal Care and adhered to guidelines for the study of pain in 

awake animals according to the International Association for the Study of Pain. 

 

2.2 Formalin model of inflammatory pain 

 The formalin model of inflammatory pain was utilized where an intraplantar 

injection of formalin produces a biphasic nociceptive response characterized by licking 

and flinching of the affected hind paw (Dubuisson and Dennis 1977). All experiments 

were performed blind to drug treatment. Subcutaneous injection of formalin (50 µL of a 

1% solution) in the plantar surface of the left hind-paw produced the biphasic nociceptive 

response measured as time spent licking and flinching recorded for 5 minute intervals for 

a total of 50 minutes. Flinching was clearly identified by rapid withdrawal of the injected 

paw from the surface of the floor or repeated flinching motions in an elevated position. 

Licking was only counted when the paw was directly licked or held in the mouth, 

grooming of the fur around the upper limb or tail was not counted. 
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2.3 Neuropathic pain model 

2.3.1 The chronic constriction injury 

Chronic constriction injury (CCI) of the common sciatic nerve was used to model 

neuropathic pain as previously described (Bennett and Xie, 1988). Prior to surgery, 

animals were habituated to the testing apparatus, handling techniques, and methods used 

to measure changes in nociception. Mechanical allodynia, nociception from a non-

noxious stimulus, was assessed using von Frey filaments (Chaplain et al., 1994). Baseline 

behavior demonstrated pre-operative thresholds to light touch using von Frey filaments. 

Changes in mechanical allodynia on the plantar surface of the left hind paw were 

measured on day 7 and 14 after surgery after animals were treated with our set of HO 

inhibitors.  

 

2.3.2 Induction of neuropathy: The surgery 

 Briefly, animals were pretreated per os with 0.6 ml of acetaminophen suspension 

(Children’s Tylenol ) to reduce post-operative pain. Inhalational anesthesia was 

induced and maintained using 2.5% isoflurane. Animals then received lubricating eye 

ointment (Hypotears ), a subcutaneous 5 ml injection of lactated Ringer’s solution to 

maintain hydration during the surgery, and 1 ml subcutaneous injection of trimethoprim 

and sulfadiazine (Tribissen) antibiotic (0.013ml/100g) to circumvent any potential post-

operative infection. The incision site was shaved, and swabbed with 70% alcohol and 

tincture of iodine. A 1 cm incision exposed the lateral muscle compartment, which was 

displaced using blunt muscle dissection, using a small pair of scissors, exposing the 
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common sciatic nerve. Any surrounding connective tissue was removed, and the nerve 

was loosely constricted with 4 water-soaked chromic gut sutures (Figure 2.1). Care was 

taken not to tighten the suture to the point where perineural blood flow was disrupted. 

The nerve was then returned to its original position, and the wound was sutured. Animals 

were then given fruit to aid re-hydration and 24mg of acetaminophen suspended in 

Jello® post-surgery and were allowed 4 days to recover prior to any behavioral testing. 

 

2.3.3 Assessment of mechanical allodynia: von Frey filaments 

 To test the hypothesis that HO-1 inhibition modulates neuropathic mechanical 

allodynia, von Frey filaments were used to assess response patterns to non-noxious tactile 

stimulation. These filaments are calibrated to apply a differential force (measured in 

grams) to the plantar surface of the hindpaw. The response pattern that was followed was 

the up-down method as previously described (Chaplan et al., 1994). Animals were placed 

in separate compartments on a suspended metal grid and allowed to habituate for 10 

minutes before assessing mechanical allodynia. von Frey filaments of differential force 

were applied in an ascending nature, from low force (minimum 0.25 grams) to high force 

(maximum 15 grams) until a response (a lick or flinch) from the animal was observed. If 

a response was observed, a lower force of filament was used. This pattern of “up-down” 

responses was recorded, allowing the calculation of a 50% response threshold in grams.  
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Figure 2.1 Illustration of the chronic constriction injury: model of mono-neuropathy. 
The common sciatic nerve was exposed following blunt muscle dissection and loosely 
constricted with 4 chromic sutures. Care was taken not to disrupt perineural blood flow. 

M.Philbrook 
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Animals that did not demonstrate mechanical allodynia the day of testing were excluded 

from the experiment. 

 These measurements were performed before and after drug administration to test 

the hypothesis that HO-1 inhibition acutely modulates neuropathic mechanical allodynia. 

Animals were assessed for mechanical allodynia the morning of testing. In the early 

afternoon they received an IP injection of drug or vehicle 20 minutes prior to the 

assessment of post-treatment allodynia. 

 

2.4 Drug administration 

2.4.1 Formalin 

Formalin was diluted to 1% and 2.5% in sterile saline (0.9%  NaCl) and injected 

subcutaneously into the plantar surface of the left hind paw at a volume of 50 µl using a 

271/2 gauge needle. 

 

2.4.2 Intraperitoneal administration 

The selective HO-1 inhibitor, QC-15, and the non-selective HO inhibitor, QC-10, 

were dissolved in sterile saline (0.9%  NaCl) and pH was titrated to 5.0 using 100mM 

NaOH. (It was not possible to bring the pH to 7.0 as the drug would precipitate.) To 

control for the possibility of visceral pain from administering a solution of pH 5 to the 

abdomen, we administered a vehicle saline control also titrated to pH 5.0 using 1 M HCl 

diluted in saline. Both QC-15 and QC-10 were administered at doses of 100 µmol/kg. 

The initial dose of 10µmol/kg was chosen after personal communication with Ryan 

Dercho from the Nakatsu laboratory and later increased for this experiment. Drug or 
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control vehicle was injected IP (1µL/g) using a 261/2 gauge needle 20 minutes prior to the 

administration of formalin to allow the distribution of drug and inhibition of available 

HO-1 activity, or any resulting increase in HO-1 activity after formalin administration. 

In some experiments 1mg/kg of naloxone (Yamamoto et al., 2006) was injected 5 

minutes prior to the administration of QC-15 to block opioid receptors and demonstrate 

QC-15’s mechanism of analgesic action was not mediated though activation of opioid 

receptors. 

2.4.3 Intrathecal administration 

 The selective HO-1 inhibitor QC-15 and the non-selective HO inhibitors QC-10 

and QC-86 were dissolved in 0.1 M phosphate buffered saline (PBS). PBS was also used 

as the control vehicle. Both QC-15 and QC-10 were dosed at 0.3 and 0.03 µmol and QC-

86 was dosed at 0.3 µmol.  

 

 Animals were first anesthetized via isoflurane inhalation. Drug or control vehicle 

was injected intrathecally between the L5-L6 lumbar vertebrae at a volume of 30ul using 

a 27 gauge needle mounted on a 45 ul Hamilton syringe 30 minutes prior to the 

administration of formalin. Correct needle position was often confirmed by tail flick 

reflex. 

 

2.4.4 Intraplantar administration 

 The selective HO-1 inhibitor QC-15 (1µmol/kg) was dissolved in sterile saline 

and the pH was corrected to 5.0 using 100 mM NaOH Saline vehicle controls were 

prepared similarly. The drug or vehicle was injected subcutaneously with a 271/2 gauge 
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needle to the dorsal hind-paw 20 minutes prior to the administration of 1% formalin to 

the same site. The dose of drug or vehicle used was 0.1µl/g dose/weight, resulting in 

approximately 25-30 µL per rat. Higher doses of QC-15 (10µmol/kg) were attempted, but 

discontinued due to excessive bleeding observed in some injection sites after formalin 

administration. 

 

2.5 Rotarod performance 
 

 The rotarod treadmill (IITC Inc. Life Science, Model 755, 23924 Victory Blvd, 

Woodland Hills, CA, USA, 91367)  was used to assess motor coordination and balance 

for animals treated with the inhibitors. Sprague-Dawley rats were trained twice a day for 

7 days on the rotarod with an initial speed of 9 r.p.m, which was briefly accelerated in 10 

seconds to 13 rpm.The entire task was 90 seconds and the period of time it took the 

animals to fall was measured in saline control animals and QC-15 (100µmol/kg) treated 

animals and their respective baseline. All animals included in baseline were capable of 

remaining on the treadmill for 90 seconds. After measuring baseline, animals received a 1 

hour break to recover from any possible fatigue. IP injection of QC-15 or saline control 

was  then performed 50 minutes prior to rotarod testing in order to mimic the same drug 

absorption timeline in formalin testing (the most significant effect in treated animals was 

observed about 50 minutes post treatment). Morphine (1 mg/kg) was administered IP in 

these settings to demonstrate that this task was sufficient to make an animal with 

impaired motor coordination fall from the apparatus.  
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2.6 Immunohistochemistry 

 For light microscopic analysis of immunoreactive c-Fos labeled neurons, rats 

were treated with QC-15 (100µmol/kg) (n=9) or saline (n=9) 20 minutes prior to 1 % 

formalin injection. An hour and 30 minutes were permitted to pass to enable c-Fos 

expression. Rats were then anesthetized with sodium pentobarbital (70mg/kg, IP) 

followed by cardiac perfusion with 500 ml of cold 4% paraformaldehyde (PFA) in 0.1M 

phosphate buffer (PB), pH =7.4 at 4 °C. Lumbar spinal cords (L4-L5) were removed and 

post-fixed in 4% PFA for 30 minutes at 4ºC. Cords were then stored in 30% sucrose for 

48-72 hours for cryoprotection. Transverse spinal cord sections (30um) were cut using a 

microtome and collected and washed in 0.1M PB. Sections were subsequently blocked 

using 3% normal goat serum (NGS) and 3% bovine serum albumin (BSA) in 0.1M PB 

for 2 hours at room temperature to reduce non-specific binding. A c-Fos primary (1:2000, 

polyclonal, Abcam) was incubated overnight at 4ºC in 0.5% NGS and 0.5% BSA in 0.1M 

phosphate buffered saline (PBS). The next day sections were washed and incubated with 

biotinylated goat anti-rabbit secondary antibody (1:200, Vector) for 1 hour at 4ºC. 

Sections were then incubated with an avidin-biotinylate-horseradish-peroxidase complex 

using the ABC EliteTM kit (Vector Laboratories, Burlingame, California) (1 drop A and 1 

drop B in 5 ml PB) for 1 hour at room temperature (RT). Following washes with 0.1M 

tris buffered saline (TBS) and 0.1M tris buffer (TB), sections were incubated with 1,3-

Diaminobenzidine (DAB) solution (500 ug/ml) and 0.04% nickel chloride in 0.1M TB for 

5 minutes at room temperature. 5 uL of 30% H2O2 in H2O was added to each well and 

allowed to develop for 5 minutes or until dark. Sections were then washed with 0.1 M 

TB, mounted onto gelatin coated slides, and dehydrated in increasing concentrations of 



 

  36 

EtOH from 70-100% and Citrosol ®. Coverslips were secured with Permount (Fisher 

Scientific, Houston, Texas). 

 

 A total of 3 spinal cord sections were counted per animal used. The number of 

immunoreactive c-Fos positive nuclei was counted in the ipsilateral and contralateral 

superficial dorsal horn.  

 

2.7 Western blot analysis 

 To test if HO-1 expression within the spinal cord was modulated during formalin-

induced nociception we collected fresh spinal cords from animals 50 minutes after the 

injection of 1% formalin to the left dorsal hind-paw. Animals were briefly anesthetized 

with halothane and decapitated immediately after 50 minutes. Spinal cords were removed 

by spinal ejection and flash frozen in -80 °C methyl butane for later use.  

 Tissue was thawed on ice, sectioned horizonally to only include the dorsal 

portions of the lumbar enlargement, then split sagitally into ipsilateral and contralateral 

sections. These sectioned pieces were weighed in order to add a similar amount of 

protein. Tissue was added to 15% w/v RIPA buffer (0.15M NaCl, 1% Triton X-100, 

0.5% sodium deoxycholate, 0.1% SDS, 0.05M Tris base, final pH= 8.0). Protease 

inhibitor complex (PIC) was added at a ratio of 1µl for every 1ml of RIPA buffer. This 

tissue was then manually homogenized with small scissors and homogenized on ice using 

a sonicator at medium power for 10 second bursts. The resulting homogenate was 

centrifuged for 20 minutes at 12,000 rpm at 4°C. The supernatant was collected and 

aliquoted for future use in protein determination or membrane preparation. Protein 
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determination was performed as described by the methods of Bradford (1976). Samples 

were denatured using a 6x Laemmli sample buffer (0.375mM Tris, 0.2% w/v 

bromophenol blue, 12% v/v 2-β-mercaptoethanol, 12% w/v SDS, pH 6.8, 30% v/v 

glycerol, pH 6.8 using HCl) and and incubated, while being vortexed for 30 minutes at 

room temperature. The denatured samples were then stored at -20°C for use at a later 

date. Samples that were not denatured were stored at -80°C. 

 The day of migration, denatured samples, kaleidoscope, and protein ladder were 

removed from -20°C and thawed on ice. 20 µl of sample and 5µl of a biotinylated protein 

ladder (Cell Signalling Technology) were loaded and resolved using 10% Tris-Glycine 

pre-cast gels (Novex®, San Diego, CA, USA) and electroblotted onto a nitrocellulose 

membrane (BioRad® Laboratories, Richmond, CA, USA).  

 Membranes were incubated in 5% milk blocking solution in TBS-T (0.026 M 

Tris, 150 mM NaCl, and 0.075% Tween-20, pH 8.0 with HCl) for 1 hour at room 

temperature and then overnight with HO-1 primary antibody (Assay Designs, Ann Arbor, 

MI, USA, SPA-895 lot # 08010917) at a 1:5000 dilution in 1% milk in TBS-T at 4°C.  

 Visualization of the bound HO-1 protein was achieved by further incubation in an 

HRP-conjugated goat-anti-rabbit secondary antibody (Amersham Bioscience, 

Piscataway, NJ, USA) at a 1:4000 dilution in 1% milk in TBS-T. The biotinylated protein 

ladder was visualized with an HRP-conjugated biotin antibody (Cell Signaling 

Technology, Beverly, MA, USA; lot #7727) at a 1:10,000 dilution in the same 1% milk 

solution as the secondary for HO-1 for 1 hour at room temperature. Blots were then 

exposed to chemiluminescent reagents (Amersham Biosciences, Piscataway, NJ, USA) 

for 1 minute, sealed in saran wrap and exposed to film for 1-5 minutes. 
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 All of the membranes were then stripped (200 nM glycine stripping buffer, pH 2.6 

using HCl) and re-probed with β-actin primary antibody (Sigma, Saint Louis, MO, USA) 

diluted to 1:5000 in 5% milk in TBS-T overnight at 4°C to confirm equal protein loading. 

The membranes were then incubated in HRP-conjugated goat-anti-mouse secondary 

antibody (Amersham Biosciences, Piscataway, NJ, USA) at a 1:4000 dilution and HRP-

conjugated biotin antibody at a 1:10,000 dilution in 5% milk in TBS-T.  

 Blots were scanned using an Epson scanner. The mean density of immunoreactive 

bands was quantified using ImageJ©(NIH) software. Variations in protein loading were 

normalized by dividing the HO-1 band density by the respective β-actin band density.  

 

2.8 Statistical analysis 

 GraphPad Prizm® software 4.0c (San Diego, CA, USA) was used for statistical 

analysis and graph presentation. Time spent licking and flinching in the formalin model 

was collected for 5 minute intervals and expressed as ±SEM. Time spent in phase I and 

phase II was analyzed using a two-way ANOVA, followed by Bonferroni post-hoc 

analysis. Mechanical withdrawal thresholds and time spent on the rotarod were collected 

and expressed as ±SEM. These data were analyzed using a two-way ANOVA, followed 

by Bonferroni post-hoc analysis. P < 0.05 was interpretted as significant.  
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CHAPTER 3: 

RESULTS 

3.0 Behavioural studies 

3.1 Formalin nociceptive behaviour 

 Formalin injection produced a biphasic pain response characterized by licking and 

flinching of the injected hind-paw (Figure 3.1A). Using 1% formalin the 1st phase in 

untreated animals lasted for approximately 5 minutes (Figure 3.2B) and was 

characterized by an intense period of licking and flinching, representative of direct 

activation of primary afferent sensory neurons (Dubuisson and Dennis, 1977; Heapy et 

al. 1987; Hunskaar et al. 1985b). This was followed by a brief quiescent period lasting 5-

10 minutes, where little if any licking or flinching behaviour could be observed. Finally, 

the second phase lasted 20-25 minutes (Figure 3.1B), representative of both direct 

primary afferent activity and central sensitization within the spinal dorsal horn (Coderre 

et al., 1990; Dickenson and Sullivan, 1987a,b; Dubuisson and Dennis, 1977; Haley et al., 

1989; Shibata et al., 1989b; Tjolsen et al., 1992). 

3.2 Systemic drug administration and behaviour 

3.2.1 Systemic administration of QC-15 attenuates formalin-induced pain behaviour 

 The selective HO-1 inhibitor QC-15 was delivered 20 minutes prior to a formalin 

injection via intraperitoneal injection in a saline vehicle solution. The initial dose of 10 

µmol/kg of QC-15 did not modulate formalin-induced nociceptive behavior (Figure 

3.2A). However, a dose of 100 µmol/kg dramatically attenuated licking and flinching 

behavior in phase I as well as four time points within phase II as compared to saline 

vehicles treated animals (Figure 3.2B). 
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Figure 3.1 Formalin nociceptive behavior: Photograph and graphical representation 
of licking and flinching behavior to 1% formalin. Formalin (1%) injection elicited 
nociceptive responses indicated by time spent licking or flinching of the injected hind-
paw. Photograph of a formalin injected rat, licking the injected hind-paw (A). The 1st 
phase lasted 5 minutes and the 2nd phase lasted approximately 25-30 minutes (B). Data 
are presented as the mean ± S.E.M. for n=12 saline control treated animals. 

A 

B Phase I Phase II 
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Figure 3.2 Systemic QC-15 administration attenuates formalin-induced pain 
behaviour. Intraperitoneal administration of QC-15 at 10 µmol/kg IP did not 
modulate formalin-induced nociception (A), whereas QC-15 at 100 µmol/kg 
significantly reduced licking and flinching behaviour during phase I and II (B). The 
number of rats in each group is given within the parentheses. Data are presented as 
means ± S.E.M and analyzed using a 2-way ANOVA; A: time (F(10,200)= 20.55, 
***p<0.001) and treatment (F(1,200)=1.928, p = 0.180) B: time (F(10,190)= 17.52, 
***p<0.001) and treatment (F(10,190)=16.12, ***p<0.001) followed by Bonferonni 
post hoc test. * P < 0.05 and *** P < 0.001 note statistically significant differences. 
.compared to the saline vehicle control. 
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3.2.2. QC-15 (100µmol/kg) does not impair motor coordination or balance 

 Given the dramatic decrease in nociceptive behavior we found it necessary to 

determine if QC-15 (100 µmol/kg) was impairing the motor function necessary for the 

rat to display nociceptive behavior such as licking and flinching during the formalin test. 

To accomplish this we used the rotarod treadmill by IITC to test general motor function, 

coordination and balance. All animals included in the study were capable of remaining 

on the treadmill for 90 seconds (their baseline) at a speed initiated at 9 r.p.m and ramped 

up to 13 r.p.m in 10 seconds. QC-15 at 100µmol/kg did not affect motor performance, 

as animals treated at this dose could perform this task 50 minutes post treatment as well 

as their baseline performance or the performance of saline control animals (Figure 3.3).  

 

3.2.3 QC-15 mechanism of action is independent of opioid receptor function 

 It was possible that QC-15 could attenuate pain behavior by releasing 

endogenous opioids instead of inhibiting HO to produce analgesia. To address this 

question we used naloxone to non-selectively block endogenous opioid receptors. Using 

the formalin model described above, naloxone was delivered IP (1mg/kg) (Yamamoto et 

al., 2006) 5 minutes prior to the injection of QC-15. After blocking opioid receptors 

with naloxone and injecting the rat with QC-15, we observed the same attenuation of 

licking and flinching behavior as previously reported with only QC-15 administration 

(Figure 3.4). These results suggest that QC-15 was not producing this effect via opioid 

receptor activation. 

 

  



 

  43 

 

 

 

 
 
 

Rotarod  Performance

Baseline 50 min
0

10
20
30
40
50
60
70
80
90

Saline (n=7) QC-15 (100umol/kg) (n=9)

Time  (post drug)

 

Figure 3.3 QC-15 (100µmol/kg) did not impair motor coordination or balance. 
The HO-1 inhibitor QC-15 (100umol/kg IP) did not impair rotarod performance. 
Once trained, animals ran a baseline to ensure they could run the task the day of 
treatment. Animals were then treated with QC-15 (100µmol/kg IP) or saline. After 
50 minutes, they were placed on the rotarod, which started at 9 rpm and increased to 
13 rpm The number of animals used is indicated in the parentheses. Data are 
presented as mean ± S.E.M and analyzed using  2-way ANOVA; time (F(1,14) = 3.63, 
p = 0.0774) and treatment (F(1,14)=1.05, p = 0.3212). 
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Figure 3.4 QC-15 mechanism of action is independent of opioid receptor 
activation. Animals pre-treated with naloxone (1mg/kg, IP) and QC-15 
(100µmol/kg, IP) experienced the same degree of analgesia as animals treated 
with only QC-15 (100µmol/kg, IP). The number of animals used is indicated in 
the parentheses.  
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3.2.4 Systemic administration of QC-10 attenuates formalin-induced pain behaviour 

The non-selective inhibitor QC-10 (100 µmol/kg) or saline vehicle control were 

delivered via intraperitoneal injection 20 minutes prior to a injection of 1% formalin to the 

left dorsal hind-paw. We observed a significant decrease in the amount of time QC-10 

(100 µmol/kg) treated animals spent licking and flinching the injected hind-paw within 

phase II as compared to saline treated controls (Figure 3.5). In comparison to the 

observations made with the administration of QC-15 above, there was no significant 

decrease in licking or flinching during phase I. 

 

3.3 Spinal drug administration and behaviour  

Next we sought to determine whether the effects of the HO inhibitors were spinally 

mediated. We started by delivering the drugs to the lumbar cistern. After brief anesthesia with 

isoflurane, the drug or vehicle was injected intrathecally between the L5-L6 lumbar vertebrae at a 

volume of 30 µl using a 27 ½ gauge needle mounted on a 45 µl Hamilton syringe.   

 

3.3.1 Spinal administration of QC-15 attenuates formalin-induced pain behaviour  

QC-15 suspended in phosphate buffered saline (PBS) vehicle was injected intrathecally 30 

minutes prior to the administration of 1% formalin to the left dorsal hind-paw. The initial dose of 

QC-15 (0.03 µmol) did not modulate formalin-induced nociceptive behavior (Figure 3.6A). 

However, we observed a significant decrease in time spent during phase II flinching and licking of 

the injected hind-paw as compared to PBS treated controls (Figure 3.6B). 
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3.5 Systemic administration of QC-10 attenuates formalin-induced pain behaviour. 
QC-10 attenuates inflammatory pain behavior when injected IP 20 minutes prior to the 
administration of formalin (1%). The non-selective HO inhibitor QC-10 (100umol/kg) 
significantly decreases phase II inflammatory nociception. The number of rats in each 
group is given within the parentheses. Data are presented as mean ± S.E.M. and 
presented as a 2-way ANOVA; time (F(10,190) = 18.12, ***p < 0.001) and treatment 
(F(1,190) = 10.19, **p < 0.0048) followed by Bonferonni post hoc test. * P < 0.05 and ** P 
< 0.01 note statistically significant differences compared to the saline vehicle control. 
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3.6 Spinal administration of QC-15 attenuates formalin-induced pain behavior.  The 
selective HO-1 inhibitor QC-15 (0.03umol/30uL) did not modulate formalin-induced 
nociception (A), whereas the higher dose of QC-15 (0.3umol/30uL) significantly reduced 
licking and flinching behavior during phase II as compared to PBS treated controls (B). 
The number of rats in each group is given within the parentheses. Data are presented as 
mean ± S.E.M. and analyzed using a 2-way ANOVA; A: time (F(10,170) = 14.13, ***p < 
0.001) and treatment (F(1,170) = 0.587, p = 0.454) B: time (F(10,187) = 9.544, p = 0.0167) 
and treatment (F(1,187) = 5.833, ***p < 0.001)  followed by a Bonferonni post hoc test. * P 
< 0.05 notes statistically significant differences compared to the saline vehicle control. 

A 
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3.3.2 Spinal QC-10 or QC-86 injection does not attenuate formalin-induced pain 
behaviour 

 
QC-10 was suspended in phosphate buffered saline (PBS) vehicle and injected 

intrathecally 30 minutes prior to the administration of 1% formalin to the left dorsal hind-paw. 

The initial dose of QC-10 (0.035 µmol) and interestingly the higher dose of QC-10 (0.35 µmol) 

did not modulate formalin-induced nociceptive behavior (Figure 3.7A/B). This was interesting 

because IP QC-10 (100µmol/kg) was as effective as reducing phase II nociception as IP QC-15 

(100µmol/kg), and IT QC-15 (0.3 µmol) significantly decreased phase II, yet QC-10 at a similar 

dose (0.35 µmol) could not reduce phase II nociception. 

Concerned with a possible absorption and distribution issue with QC-10 we decided to 

repeat the same experiment with another non-selective analogue of QC-10 known as QC-86. QC-

86 was prepared using the same methods used for QC-15 and QC-10. Once again the use of this 

non-selective inhibitor did not attenuate formalin-induced nociception (Figure 3.8). 

 

3.4 Intraplantar administration of QC-15 did not modulate formalin-induced pain behavior 

QC-15 was injected locally to the dorsal hind-paw 20 minutes prior to the administration 

of 1% formalin to the same site. The initial dose of QC-15 (1 µmol/kg) at a volume of (0.1 µl/g 

dose / weight) did not modulate formalin-induced nociceptive behavior (Figure 3.9A). A higher 

dose (10 µmol/kg) at the same volume also had no effect in a small sample size of rats (Figure 

3.9B). Further studies at this dose were not continued as the higher dose appeared to cause 

excessive bleeding following formalin injection 20 minutes after initial QC-15 injection. 
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Figure 3.7 Spinal QC-10 injection does not attenuate inflammatory pain behaviour. 
The non-selective HO inhibitor QC-10 (0.03µmol/30µL) did not modulate formalin-
induced nociception (A), nor did the higher dose of QC-10 (0.35µmol/30µL) (B). The 
number of rats in each group is given within the parentheses. Data are presented as mean 
± S.E.M. and analyzed using 2-way ANOVA; A: time (F(10,187) = 12.72, ***p < 0.001) 
and treatment (F(1,187) = 0.013, p = 0.910), B: time (F(10,180) = 14.79, ***p < 0.001) and 
treatment (F(1,180) = 0.398, p = 0.536). 
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Figure 3.8 Spinal QC-86 injection does not attenuate inflammatory pain behaviour. 
The non-selective HO inhibitor QC-86 (0.3umol/30uL) did not modulate formalin-
induced nociception. The number of rats in each group is given within the parentheses. 
Data are presented as mean ± S.E.M. and analyzed using 2-way ANOVA; time (F(10,154)= 
9.559, ***p<0.001) and treatment (F(1,154)=0.693, p = 0.406). 
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Figure 3.9 Intraplantar QC-15 administration does not attenuate formalin-induced 
pain behaviour. The selective HO-1 inhibitor QC-15 (1µmol/kg) did not attenuate 
formalin-induced nociception (A), nor did the higher dose of QC-15 (10 µmol/kg) (B). 
The number of rats in each group is given within the parentheses. Data are presented as 
mean ± S.E.M. and analyzed using 2-way ANOVA; A: time (F(10,90)= 12.29, ***p<0.001) 
and treatment (F(1,40)= 0.39, p = 0.566)); B: time (F(1,40)= 6.93, ***p<0.001) and 
treatment (F(10,190)=16.12, p = 0.566). 
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3.5 Chronic constriction injury (CCI) induced mechanical allodynia  

 Loose ligation of the common sciatic nerve with 4 chromic sutures (CCI) resulted in a 

significant decrease in mechanical withdrawal threshold on days 7 and 14 compared to pre-

surgical baseline thresholds (Figure  3.10). This reduction in withdrawal thresholds represents the 

development of hypersensitivity to light touch, or mechanical allodynia. Qualitatively, these 

animals displayed classical neuropathic positioning of the limb, ipsilateral to the site of surgery 

such as: spontaneous elevation and flinching, and guarding of the injured limb. 

 

A few animals that displayed  neuropathic posture did not display mechanical allodynia as 

assessed by von Frey filaments. These animals were excluded from the study because there would 

be no increase to withdrawal thresholds to observe following treatment as they were already non-

responsive to the maximum force of von Frey filament. 

 

3.5.1. Systemic administration of QC-15 attenuated neuropathic pain behaviour 

 Mechanical allodynia was assessed prior to treatment in the mornings of days 7 and 

14. The selective HO-1 inhibitor, QC-15 (100µmol/kg), was administered IP 20 minutes 

prior to the assessment of post-treatment mechanical allodynia. This dose was used as it was 

found to be efficacious in the short-term formalin studies ; it similarly increased mechanical 

withdrawal threshold, significantly attenuating mechanical allodynia (Figure 3.11). Control 

animals treated with saline vehicle did not reveal any change in post-treatment mechanical 

withdrawal threshold. This demonstrated that excess handling or similar stressors between 

pre and post treatment assessments of allodynia did not alter any animal’s threshold to pain, 

in this case to allodynia. 
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Figure 3.10 Chronic constriction injury (CCI) induces mechanical allodynia. Loose 
ligation of the common sciatic nerve (CCI) decreased mechanical withdrawal threshold 
as measured by von Frey filament stimulation, representative of the development of 
mechanical allodynia. Data are presented as mean ± S.E.M.*** P < 0.001 indicates 
statistically significant differences compared to the baseline. Data were analyzed using 
one-way ANOVA. 
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Figure 3.11 Systemic administration of QC-15 attenuated neuropathic pain behaviour. 
Intraperitoneal administration of QC-15 at 100 µmol/kg 20 minutes prior to behavioural 
testing significantly attenuated mechanical allodynia on days 7 and 14 post-surgery. The 
number of rats in each group is given within the parentheses. Data are presented as mean 
± S.E.M. and analyzed using a 2-way ANOVA; Row(F(2,92)= 212.9, ***p<0.001) and 
Column (F(3,92)= 42.22, ***p<0.001))  followed by a  Bonferonni post-hoc test *** P < 
0.001 note statistically significant difference compared to the saline vehicle control.. 
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3.6 Western blot analysis 
 
 HO-1 protein was extracted from the dorsal spinal cord of animals injected with 

formalin and saline into the left dorsal hind-paw. Although slight non-specific binding 

was observed on the blot, prominent banding at 32 kDa was observed in both formalin 

and saline injected animals. This banding corresponds to the published 32 kDa molecular 

weight of HO-1. Quantification of HO-1 band density demonstrated no change in HO-1 

expression in animals exposed to 1% formalin to the left dorsal hind-paw for 50 minutes. 

This was observed as no change in expression when comparing ipsilateral HO-1 to 

contralateral HO-1 in formalin treated animals, as well as no change comparing these 

data to the results of the corresponding saline treated animals. 

 

3.7 c-Fos Immunohistochemistry 

 Initial studies indicated decreased c-Fos expression following systemic 

administration of the HO-1 selective inhibitor, QC-15. These results were not 

reproducible and therefore not validated. Issues with extensive background labelling 

made cell counts unreliable and inconsistent. Such problems were not resolved through 

repetition and therefore due to methodological errors, the effects of QC-15 on c-Fos 

expression could not be investigated further. 
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Figure 3.12 Quantification of HO-1 protein expression in  
the dorsal lumbar L4-L6 spinal cord of animals injected 
with intra-plantar formalin and saline. HO-1 protein was 
identified at the 32 kDa molecular weight range, that of 
published HO-1 (A). Membranes were re-probed for β-actin 
allowing HO-1 protein content to be normalized. Blots were 
quantified measuring immunoreactive band densities using 
ImageJ software (NIH). Ratio comparisons were made 
between formalin and saline injected animals for both the 
ipsilateral and contralateral lumbar spinal cord. Data are 
presented as the mean ± S.E.M. Fi: formalin injected 
ipsilateral; Fc: formalin injected contralateral; Si: sham 
ipsilateral; Sc: sham contralateral. 
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CHAPTER 4: 

DISCUSSION 

4.1 Summary of major findings 

 This study re-enforces evidence that HO enzymes play a pro-nociceptive role in 

models of inflammatory and neuropathic pain. Many previous studies provided information 

supporting the pro-nociceptive role of HO-2 in models of inflammatory and neuropathic 

pain (Li and Clark 2000, 2001,2002, 2003, 2004; Yamamoto et al. 1995) but left little 

inquiry about the role of HO-1 in nociception.  

 This project is the first to use a selective HO-1 inhibitor to test the hypothesis that 

HO-1 modulates nociception. The HO-1 selective inhibitor, QC-15, was found to attenuate 

formalin-induced licking and flinching behaviour, when administered systemically or at the 

spinal level, but not locally at the site of tissue injury. These results are consistent with the 

work of Li and Clark, indicating HO enzymes are pro-nociceptive, but are not consistent 

with results of Nascimento and Branco, and Rosa et al. indicating that HO is analgesic when 

up-regulated. Additionally, only the work by Rosa et al. directly illustrated an analgesic role 

of HO-1, whereas our results indicated the opposite, that HO-1 activity was pro-nociceptive 

and that its inhibition was analgesic. 

  Systemic administration of the HO-1 inhibitor, QC-15, significantly attenuated 

formalin-induced inflammatory pain behaviour. This effect was dose-dependent as a 10- 

fold lower dose was sub-active showing a reduced nociceptive trend that was not 

statistically significant from control. Additionally, this effect was not blocked by pre-

treatment with the opioid receptor antagonist naloxone, indicating that QC-15 was not 

producing its effects via the opioid receptor system. Observing reduced licking and 
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flinching relies on the assumption that the drug treatment is not impairing the motor-output 

or co-ordination required to elicit such behaviour. The analgesic active dose of QC-15 did 

not present any motor co-ordination deficits, as determined by the rotarod assay. Indeed, all 

treated animals were able to perform the rotarod treadmill task as well as saline treated 

animals or their own pre-treatment baseline. Thus, one can be confident that the effects of 

the HO-1 inhibitor were due to actions on nociceptive circuits rather than motor pathways.  

  Spinal administration of QC-15 also attenuated formalin-induced pain behaviour. 

Again, this effect was dose-dependent as a 10-fold lower dose was found to be ineffective. 

Interestingly, equi-molar doses of QC-10 or QC-86 did not produce analgesia following 

spinal administration. The mechanism for the lack of effect by the non-selective HO 

inhibitors is unknown; however, differences in drug potency, absorption and distribution 

may account for the lack of effect as these compounds do have appreciable structural 

differences.  We suspected that these differences in effectiveness may be due to differences 

in drug potency, absorption, and distribution, as these compounds do have appreciable 

structural differences.  

  Local administration of HO-1 inhibitors did not produce analgesia at any dose tested 

(up to 10µmol). A few animals were treated at the higher dose but these experiments were 

terminated as they caused excessive bleeding following formalin injection.  

  The antinociceptive effects of QC compounds were also examined in a model of 

neuropathic pain. Systemic administration of QC-15 reversed established mechanical 

allodynia in this model at both one and two weeks after nerve injury. 

 The findings outlined above are consistent with the idea that HO-1 can function in a pro-

nociceptive role, and that its inhibition can lead to relief of pain. 



 

  59 

4.2 Behavioural studies 

4.2.1 Relevance of selected models 

  The two experimental pain models were selected primarily because of their clinical 

relevance. It was also necessary to utilize a relevant model that was short-term and highly 

re-producible, allowing us to find the appropriate dose of HO inhibitor for assessment in 

chronic pain models. Previous studies in our laboratory utilized HO inhibitors in vitro 

however, it was unknown which doses or routes of administration might modulate 

nociception. The formalin test provided the best model to assess analgesia in a clinically 

relevant model of acute inflammation, while elucidating a practical dose of inhibitor for 

more chronic studies. 

   The formalin model of inflammatory pain was used because unlike other short-term 

models of pain it produces continuous pain from injured tissue, instead of brief threshold 

intensity stimulation (Tjolsen et al., 1992). The tissue injury aspect to this model as opposed 

to acutely breaching pain thresholds in other models, is what makes the formalin model a 

more clinically relevant model of pain (Abbott et al., 1981, 1982b; Alreja et al.,1984 

Dubuisson and Dennis, 1977; Tjolsen et al.,1992). Additionally, variable concentrations of 

formalin can be used to assess variable potency of analgesics in the same model (Tjolsen et 

al., 1992). For example, one can use low concentrations of formalin to detect weak 

analgesic effects, undetectable in more severe models of pain.  

  The formalin-induced behaviour is characterized by two phases. 

Electrophysiological recordings in situ of the sural nerve following formalin injection into 

their receptor fields demonstrated that the first phase was prominently Aβ, Aδ and high 

threshold C nociceptor fibres (Puig and Sorkin, 1996). The second phase was found to 
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activate A delta and mechanically sensitive C fibres but also activated afferents outside the 

receptive field and generated on-going afferent input. The second phase is thought to be due 

to a combination of peripheral tissue inflammation, increasing primary afferent 

transmission, and functional changes such as central sensitization in the spinal dorsal horn 

(Coderre et al., 1990; Dickenson and Sullivan, 1987a,b; Dubuisson and Dennis, 1977; 

Haley et al., 1989; Shibata et al., 1989b; Tjolsen et al., 1992). Therefore, multilevel pain 

processing in the formalin model allowed us observe site specific changes in nociception 

while administering the inhibitors to target these different locations: systemically, spinally, 

or peripherally at different doses.   

 The CCI model of neuropathic pain was used due to its advantages over other 

neuropathic models such as: nerve transection, partial sciatic nerve ligation or spinal nerve 

root ligation (Seltzer et al., 1990; Kim and Chung, 1992). The CCI is a more reproducible 

and practical surgery to perform over the former models. Additionally, this model 

circumvents the loss of sensory function common nerve transection (Bennett and Xie; 

Mosconi and Kruger, 1996). The onset of mechanical allodynia in the CCI model of 

neuropathic pain develops by day 3-4. We chose to administer our inhibitors acutely on day 

7 and day 14 to examine the effects at various time points after the development of the 

neuropathy. 

 

4.3 Formalin model of inflammatory pain 

4.3.1 Systemic administration of QC-15 and QC-10 attenuates formalin-induced 
nociception 
 
 The availability of the QC-xx compounds as more selective HO inhibitors allowed 

the present study to address the role of HO-1 in pain with less concern for ambiguity 
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compared with first generation HO inhibitors (metalloporphyrins). Accordingly the 

observation of QC-15-induced attenuation of the pain response in the formalin model may 

be interpreted to mean that HO activity is pro-nociceptive. This interpretation is consistent 

with that of Li and Clark (2000, 2001,2002, 2003, 2004) and Yamamoto et al. (1995) who 

observed that systemic and intrathecal administration of metalloporphyrin-based HO 

inhibitors was analgesic. On the basis of such observation, these investigators suggested that 

HO is pro-nociceptive and that its inhibition is analgesic. If one assumes that QC-15 

retained its in vitro selectivity for HO-1 in this in vivo experiment, this interpretation could 

be extended to mean that the HO-1 isozyme participates in pain perception. The present 

study if inconsistent with other publication demonstrating that HO is antinociceptive and 

that its inhibition produces hyperalgesia (Nascimento and Branco 2007,2008, 2009; Rosa et 

al. 2008), yet our results are the first to isolate the HO-1 isoform as pro-nociceptive and that 

its inhibition is analgesic. 

 We interpreted the reduction of nociceptive behavior in phase I and phase II to 

indicate that HO-1 may be modulating nociception both peripherally and centrally. Since 

phase I is characterized by activation of nociceptors (Dubuisson and Dennis, 1977; Heapy et 

al. 1987; Hunskaar et al. 1985b). reducing phase I behavior with an HO-1 inhibitor, 

suggests that HO-1 may play a role in nociceptive signaling within the primary afferent C-

fibers, or the release of pro-nociceptive factors from the primary afferent pre-synaptic nerve 

terminals.  

 Phase II behavior is characterized by increased primary afferent activity due to 

peripheral tissue injury, as well as functional changes in the spinal cord, such as central 

sensitization (Coderre et al., 1990; Dickenson and Sullivan, 1987a,b; Dubuisson and 
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Dennis, 1977; Haley et al., 1989; Shibata et al., 1989b; Tjolsen et al., 1992). The 

pronounced attenuation of phase II behavior caused by QC-15 may indicate that HO-1 

contributes not only to peripheral nociceptive transmission within the primary afferent, and 

blocking on-going afferent activity as well as mediating spinal changes in nociceptive 

transmission, possibly including central sensitization.  

 These observations mirror studies using NOS inhibitors to reduce NO production 

and produce analgesia (Li and Clark 2001; Meller et al., 1992; Roche et al. 1996; Wong et 

al., 1998; Yamamoto et al. 1993). NO is thought to stimulate sGC activity by increasing the 

production of cGMP, stimulating neuronal transmission (Li and Clark 2001Meller et al., 

1992; Roche et al. 1996; Wong et al., 1998; Yamamoto et al. 1993). In inflammatory and 

neuropathic pain states, NOS is thought to be up-regulated in the primary afferent and post-

synaptic neuron (Schmidtko et al. 2009) and leads to synaptic hyper-excitability by 

stimulating the pre and post-synaptic neurons, as well as increasing glial release of pro-

nociceptive factors within the dorsal spinal cord, leading to enhanced nociception. Neuronal 

HO, and specifically HO-1, may function in a similar fashion. HO-1 can be induced rapidly 

in neurons and glial to release CO. CO like NO, is thought to stimulate neurotransmission 

through the same sGC mediated production of cGMP. Therefore, the reduction of cGMP is 

thought to mediate decreases in formalin-induced nociception. In summary, we believed the 

observed analgesia from HO-1 inhibition to be caused by reduced CO/cGMP signaling 

within the primary afferent and within neurons or glia responsible for central spinal 

processing (Figure 4.1). 

 The observed decline in formalin-induced licking and flinching behavior depends on 

the basic assumption that the motor co-ordination required to execute this behavior was not 
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Figure 4.1 The potential roles of HO-1 and HO-2 in persistent pain. HO enzymes are 
thought to modulate neurotransmission by releasing CO which stimulates sGC to produce 
cGMP. The increased intracellular cGMP is thought to stimulate neuronal signaling. The 
potential sites of this action may vary. Postsynaptic CO release via HO enzymes would 
directly modulate the second order projection neuron, while CO released here could also 
modulate glia and the pre-synaptic primary afferent through retrograde signaling (1). 
Additionally, upon activation glial cells are thought to rapidly up-regulate HO-1 expression 
and HO activity. CO release from glia could contribute to excess cGMP accumulation and 
retrograde signaling (2). CO released from HO in the primary afferent is also thought to 
modulate the release of excitatory neurotransmitters and neuronal excitability (3).  

(1) 

(3) 

(2) 
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impaired by QC-15. There was a possibility that QC-15-induced reduction of the formalin 

response was not a result of analgesia but rather a disruption of the motor coordination 

observed in the pain response. We addressed this by testing the effect of QC-15 on motor 

co-ordination on the rat through the rotarod treadmill experiment. The observation that QC-

15 had no effect in this test allows us to consider that it did not impair the rat’s ability to 

display pain behavior and strengthens our interpretation that HO-1 modulates nociception 

and its inhibition causes analgesia. 

 

 To re-enforce the validity of this idea we decided to investigate other potential 

mechanisms that QC-15 could influence to produce analgesia that were not limited to HO-1 

inhibition. We hypothesized that perhaps QC-15 was causing the release of endogenous 

opioids, blocking projecting nociceptive signals from reaching the brain. This was tested by 

repeating the same experiment with QC-15 except by pre-treating the animal with the opioid 

receptor antagonist naloxone (NLX). If QC-15 was causing the release of endogenous 

opioids we would not observe the same degree or any analgesia in animals pre-treated with 

NLX. However, no change was observed, indicating that QC-15 was not producing its 

effects via opioid receptors. These results add merit to the concept that HO-1 modulates 

nociceptive signaling, and that its inhibition produces analgesia. 

 To compare the extent of analgesia produced with HO-1 inhibition to that suspected 

to result from inhibition of both HO-1 and HO-2, we treated animals with the HO-1 and 

HO-2 inhibitor QC-10. QC-10 was administered IP at the same dose as QC-15 in the 

formalin model. Once more, we observed a dramatic decrease in phase II licking and 
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flinching behavior. Unlike the QC-15 treated animals, no decrease in phase I licking or 

flinching was observed. These results raise two questions and deserve discussion.  

 On obvious question that arises from these results is that if QC-10 targets both 

isoforms of HO, why was there no additional decline in nociceptive behavior? The formalin 

model of inflammatory pain is a sensitive model for testing moderate analgesics. Perhaps 

we have “bottomed out” our detection range for changes in nociception caused by QC-10 by 

using 1% formalin. In this light, it would be advised to re-attempt this experiment with a 

higher concentration of formalin. However, this was attempted with QC-15 using 2.5% 

formalin, producing little change in analgesia, except for one significant time point within 

phase II. Second, why did QC-15 reduce phase I behavior, whereas QC-10 did not? There 

are two possible answers to this. One can be explained by experimental variability. The 

larger error bars in phase I of this experiment could shroud any significant changes and 

explain why this observation was not significant. A more likely explanation if that QC-10 is 

not as potent as QC-15 or perhaps it did not adsorb or distribute as rapidly as QC-15. QC-10 

is a more polar compound than QC-15, which slows its transport across biological 

membranes. Therefore, the lack of phase I analgesia in QC-10 may be explained by 

experimental error or pharmacological properties between compounds.  

 After observing dramatic analgesia in formalin phase II for both QC-15 and QC-10 

systemically treated animals, we aimed to establish whether the drugs were producing the 

anti-nociceptive effect via either central or peripheral sites of action. Specifically, if phase II 

reduction in nociception was due to decreased central processing or sensitization, then 

perhaps spinal administration of HO inhibitors would also produce analgesia. 
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4.3.2 Spinal administration of QC-15 attenuates formalin-induced nociception 

The initial dose of QC-15 (0.03 µmol) had no significant analgesic effect in the 

formalin test following spinal administration, but the higher dose of QC-15 (0.3 µmol) 

produced reductions in formalin-induced phase II licking and flinching behavior. These 

results suggest that the antinociceptive effects of systemically administered HO-1 inhibitors 

at least partially mediate their effects via spinal sites. They also mirror the work of Li and 

Clark by illustrating a pro-nociceptive role for spinal HO enzymes, yet our observations 

illustrate an individual role for HO-1 in addition to HO-2. 

In contrast to the anti-nociceptive effects produced by QC15, spinal administration of 

QC-10 (0.035 and 0.35 µmol) did not modulate formalin-induced nociceptive behavior. This 

was surprising because IP QC-10 (100µmol/kg) was as effective as reducing phase II 

nociception as IP QC-15 (100µmol/kg), and IT QC-15 (0.3 µmol) significantly decreased 

phase II, yet QC-10 at a similar dose (0.35 µmol) could not reduce phase II nociception when 

delivered spinally. We questioned if QC-10 delivered IT at this dose was either too low, or had 

difficulty being absorbed or distributing to its site of action in the spinal cord. An argument 

against this explanation is that IP QC-10 still produced dramatic analgesia, despite having to 

overcome arguably more absorption and distribution barriers, if the spinal cord was the true 

site of action. Under this rational it is possible that perhaps IP QC-10 was modulating HO 

within supraspinal pathways (brain). If this were true it is probable that QC-15 modulates HO-

1 at similar sites in the brain. 

 Concerned with a possible absorption and distribution issue with QC-10 we decided 

to repeat the same experiment with another non-selective analogue of QC-10 known as QC-

86. Once again the use of this HO-1 and HO-2 inhibitor did not attenuate formalin-induced 
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nociception. These results may be explained by differences in drug potency, but also raise 

the possibility that QC15 has an additional novel mechanism of action not shared by the 

other QC compounds. 

 

4.3.3 Peripheral administration of QC-15 does not modulate inflammatory pain 

behavior 

QC-15 was injected locally to the dorsal hind-paw 20 minutes prior to the 

administration of 1% formalin to the same site. The initial dose of QC-15 (1 µmol/kg) did 

not modulate formalin-induced nociceptive behavior, nor did a higher dose (10 µmol/kg) in 

a small sample size of rats. Since the adverse effects prevented examination of higher doses 

the results are somewhat inconclusive, however, it may be concluded that there is little role 

for HO-1 at the site of tissue injury. One potential explanation for the lack of peripheral 

effects of QC-15 may be due to the chemistry of the drug. Due to poor aqueous solubility, 

QC-15 was prepared in solution at a pH 5. By injecting this acidic solution a substantial 

volume of pH 5 fluid into the paw before injection of formalin, the primary afferent could 

have become sensitized prior to formalin injection. It is well established that acid activates 

cation channels and transient receptor potential cation channels leading to sensitization of 

the primary afferent. The consequence of such sensitization is a lowering of the threshold of 

nociceptors activation and thereby enhancing the pain response to formalin.  

 

4.4 Systemic administration of QC-15 attenuates neuropathic mechanical allodynia 

 In the CCI model of neuropathic pain, all animals developed mechanical allodynia 3-

4 days after surgery and were treated with QC-15 on days 7 and 14 post-surgery to establish 
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whether HO plays a role in the maintenance of neuropathic pain states. QC-15 (100µmol/kg 

IP) dramatically increased mechanical withdrawal thresholds at time points where allodynia 

was established. Animals treated with saline vehicle did not have any change in post-

treatment mechanical withdrawal thresholds compared to pre-drug values. This result 

demonstrated that excess handling or similar stressors between pre and post treatment 

assessments of allodynia did not alter any animal behavioural nociceptive response. 

Therefore, HO-1 seems to contribute to neuropathic pain, and its inhibition produces 

dramatic attenuation of mechanical allodynia, the most common pain reported from 

neuropathic patients. Such results mirror the work of Li and Clark, where they found 

pharmacological inhibition of HO-1 and HO-2 enzymes to be analgesic. This group also 

found that HO-2-/ mice also experienced reduced neuropathic pain behaviour. However, our 

results are the first to illustrate a pro-nociceptive role for the HO-1 isoform and that its 

systemic inhibition produces analgesia in a model of neuropathic pain. Although we only 

administered the drug systemically in this model, its likely HO-1 inhibition produces its 

analgesic effects in the neuropathic model by modulating mechanisms in peripheral 

sensitization and central sensitization as described in the formalin model’s discussion. 

Perhaps future experiments could test the peripheral role of HO-1 by acutely injecting QC-15 

into the dorsal hind-paw and observing any change in mechanical withdrawal thresholds in 

neuropathic models, as this was not practical in the formalin model of pain due to excessive 

bleeding.  
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4.5 Western blot analysis of HO-1 protein levels in the dorsal spinal cord. 

Spinal cord tissue was taken from the dorsal spinal cord ipsilateral and contralateral 

to the site of formalin or saline injection into the left dorsal hind-paw. We hypothesized that 

an ipsilateral increase in dorsal horn HO-1 protein would occur in the 50 minutes following 

formalin injection. Previous studies have illustrated rapid HO-1 induction following 

formalin injection within 4-8  hours (Li and Clark, 2005), but no information was available 

for HO-1 expression within 50 minutes. No increase in HO-1 protein expression was 

observed within the dorsal horn ipsilateral to the site of formalin injection. The levels of 

HO-1 in formalin-injected animals were equivalent to basal HO-1 in saline injected animals. 

These observations disprove our hypothesis, however it does not rule out an increase in HO-

1 activity within the same time frame. Indeed, it may be unlikely that HO-1 protein would 

be induced so rapidly. Therefore, basal HO-1 expression must be sufficient to modulate 

nociception if pharmacological treatment with an HO-1 inhibitor produces analgesia, 

however this does not rule out an increase in functional activity. It is also possible that the 

primary site of action of QC-15 is not the spinal cord but at supraspinal brain sites. 

Otherwise, these results could suggest that QC-15 is operating through a mechanism 

external to HO-1, inhibiting an unknown target involved in nociceptive signalling. 

 

4.6 Concluding remarks 

 This study reinforces previous work by Li and Clark indicating that HO enzymes are 

pro-nociceptive and that HO inhibition provides analgesia in models of inflammatory and 

neuropathic pain. More importantly, it is the first study to utilize an HO-1 selective inhibitor 

to demonstrate a pro-nociceptive role for HO-1 apart from HO-2. We observed an 
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impressive degree of analgesia in the formalin model without modulating the endogenous 

opioid system. Additionally, QC-15 did not impair motor function or co-ordination, a 

problem plaguing conventional therapeutics like morphine. QC-15 was also very effective 

in attenuating mechanical allodynia, one of the most common and difficult modalities of 

chronic pain to treat. These results warrant further investigation to translate derivatives or 

analogues of these compounds into the clinic. More proof of concept in animal models will 

be required, including confirmation of the QC series mechanism of action while examining 

any possible toxicity. Development of similar compounds with ideal pharmacokinetic and 

pharmacodynamic profiles would be critical to optimize these compounds for safe and 

effective use in humans. 

4.7 Future directions 

 Further proof of QC-15 mechanism of action would be necessary to confirm that 

HO-1 was the only target modulated to produce the analgesic effect. This would include 

testing inactivate QC analogues with similar structure but including a steric functional 

group preventing these compounds from binding to HO-1. The same experiments could be 

implemented with compounds of similar structure, but inactive at HO enzymes. Binding 

studies could be implemented to examine any potential non-specific targets for which these 

inhibitors may have some affinity. If HO-1 continues to be a validated target, it would be 

important to elucidate which of its products of heme metabolism is modulating nociception: 

biliverdin, carbon monoxide or iron. For example, this could be performed by attempting to 

reverse QC-15 induced analgesia by supplementing exogenous carbon monoxide. Although 

QC-15 did not affect motor coordination as determined by the rotarod assay, it would be 

prudent to ensure it was not causing sedation using the appropriate behavioural assays. As 
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well as confirming the compounds mechanisms of action, their efficacy should be tested in 

other models of nociception. Additionally, studying the effect of peripherally administered 

QC-15 to the dorsal hindpaw in neuropathic animals would provide information about the 

effect of peripheral inhibition of HO-1, since this was not practical in our formalin model.  
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