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Abstract  

 

Sex traditionally has been an understudied variable in the chronic pain literature. However, more 

recent research has begun to explore the role of sex in the etiology of chronic pain. The present 

thesis adds to the current literature by expanding on research demonstrating the significant effect 

of sex in two models of chronic pain. Furthermore, the results of this thesis outline how potential 

treatment for chronic pain may have different effects in males and females.  

 In Chapter 1 the role of sex in the formalin model of chronic inflammatory pain was 

explored. In this chapter, I demonstrate that while both male and female mice exhibit similar 

nociceptive behaviour in the formalin model, they respond differently to treatment with the 

monoamine oxidase inhibitor phenelzine and its metabolite PEH. Both drugs reduced 

nociception, but only in male mice. I found that pharmacological manipulation of the levels of 

serotonin, noradrenaline, and gamma-aminobutyric acid (GABA) revealed a serotonergic 

dependent nociceptive pathway in male mice and a more GABAergic dependent pathway in 

female mice.  

 In Chapters 2-4 I began to explore the benefits of a nonpharmacological intervention in 

Multiple Sclerosis (MS). Here again significant sex differences were found. Daily voluntary 

wheel running in the experimental autoimmune encephalomyelitis (EAE) model significantly 

improved disease scores in male but not female mice (Chapter 2). Improved disease scores in 

males with EAE who ran were associated with less axonal damage and oxidative stress at the 

chronic stage. Furthermore, voluntary wheel running also had effects in the brain in chronic 

EAE. I found that voluntary wheel running could modulate levels of neuroactive steroids 

associated with the EAE (Chapter 3). Female mice with EAE who ran had significantly increased 

levels of brain pregnenolone compared to male EAE mice who ran. In contrast, male mice with 
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EAE had significantly higher levels of brain allopregnanolone compared to female mice with 

EAE regardless of exercise. Allopregnanolone can be neuroprotective and therefore may account 

for the beneficial effects of running in male mice.   

 Finally, I explored the effect of voluntary wheel running and sex on nociceptive behavior 

in male and female mice with EAE. While chronic pain is a well-established secondary symptom 

of MS, few treatments or interventions exist to manage pain in the disease. I therefore wanted to 

explore whether voluntary wheel running could affect nociceptive behavior in male and female 

mice with EAE at the onset of disease. Interestingly, I found that daily voluntary wheel running 

reduced nociceptive behavior only in female mice with EAE (Chapter 4). I went on to show that 

this sex difference is due to different levels of pain-related circulating cytokines in the periphery 

and differences in dorsal root ganglia excitability between the sexes. Overall, my experiments 

demonstrate that male mice have a more pro-inflammatory profile when given access to a 

running wheel that ultimately contributes to their nociceptive behavior in the disease.  

 In summary, my work demonstrates the value of including sex as a variable in chronic 

pain research. In addition, it highlights how sex is an extremely important variable to consider 

when exploring both pharmacological and non-pharmacological interventions for chronic pain. 

Inclusion of variables such as sex in pre-clinical studies will ultimately lead to better translation 

of research and treatment for patients.  



iv 

 

Preface 
 

This thesis is an original work by Katherine A. Mifflin. The research project, of which this thesis 

is a part, received research ethics approval from the University of Alberta Research Ethics 

Board, Project Name “Assessing sensory function in EAE”, AUP00000274, Approved Fall 

2007-November 2018. 

Parts of the introduction chapter have been published as K.A. Mifflin and B.J. Kerr. “Pain in 

autoimmune disorders.” Journal of Neuroscience Research, vol. 95 issue 6,1282-1294. K.A. 

Mifflin, and B.J. Kerr. “The transition from acute to chronic pain: understanding how different 

biological systems interact.” Canadian Journal of Anesthesia, vol. 62 issue 2, 112-122 and K.A. 

Mifflin and B.J. Kerr. “Sex- Related Differences in Acute and Chronic Pain: A Bench to Bedside 

Perspective.” Canadian Journal of Anesthesia, vol. 60 issue 3, 221-226. For each of these 

reviews, I was responsible for concept formation, analysis, and manuscript composition. B.J. 

Kerr was the supervisory author and was involved with concept formation and manuscript and 

edits for all the listed reviews. 

 

Chapter 1 of this thesis has been published as K.A. Mifflin, C. Benson, K. Thorburn, G.B. Baker, 

and B.J. Kerr. “Manipulation of neurotransmitter levels has differential effects on formalin 

evoked nociceptive behaviour in male and female mice.” Journal of Pain, vol. 17 issue 4, 483-

498. I was responsible for the concept formation, data collection and analysis, as well as the 

manuscript composition. C. Benson and K. Thorburn assisted with the data collection. G.B. 

Baker was involved with concept formation, and aided with data analysis and manuscript edits. 

B.J. Kerr was the supervisory author and was involved with concept formation and manuscript 

composition. 

Chapter 2 of this thesis has been published as K.A. Mifflin, E. Frieser, C. Benson, G.B. Baker, 

and B.J. Kerr. “Voluntary wheel running differentially affects disease outcomes in male and 

female mice with experimental autoimmune encephalomyelitis.” Journal of Neuroimmunology, 

vol. 305, 135-144. I was responsible for the concept formation, data collection and analysis as 

well as the manuscript composition. E. Frieser assisted with the data collection. C Benson aided 

with data collection and concept formation. G.B. Baker was involved with concept formation, 

and manuscript edits. B.J. Kerr was the supervisory author and was involved with concept 

formation and manuscript composition. 

Chapter 3 of this thesis has been submitted to Neuroscience Letters as as K.A. Mifflin, E. G.B. 

Baker, and B.J. Kerr. “Effect of Voluntary Wheel Running on Neuroactive Steroid Levels in 

Murine Experimental Autoimmune Encephalomyelitis.” I was responsible for the concept 

formation, running the animal experiments and tissue collection, data analysis as well as the 

manuscript composition. G Baker was involved with concept formation, data collection, and 

manuscript edits. B.J. Kerr was the supervisory author and was involved with concept formation 

and manuscript composition. 



v 

 

Chapter 4 of this thesis is in preparation for and will be submitted to Journal of Neuroscience as 

K.A. Mifflin, M.S. Yousuf, K.C. Thorburn, J. Huang, M.E. Peréz-Muñoz, G. Tenorio, S. Dunn, 

J. Walter, K. Ballanyi, and B.J. Kerr. “Voluntary Wheel Running Reveals Sex Specific 

Nociceptive Factors in Murine Experimental Autoimmune Encephalomyelitis.” I was responsible 

for the concept formation, running the animal experiments and tissue collection and data analysis 

for figures 1-4. I was also responsible for manuscript composition.  The DRG cultures, calcium 

imaging and data analysis in figures 5 and 6 were performed by M.S. Yousuf and K.C. Thorburn. 

M.S. Yousuf also aided in concept formation and editing of the final manuscript. J. Huang and 

G. Tenorio helped complete the western blots in figure 4. M.E. Peréz-Muñoz, S. Dunn, J. Walter, 

and K. Ballayni provided space and materials to complete the project as well as help with 

developing culture protocols. Finally, B.J. Kerr was the supervisory authors and involved in 

concept formation and manuscript composition.  

  



vi 

 

 

 

Dedication 

When nothing in the lab seems to work, just remember 

 

“Science my lads, is made up of mistakes, but they are mistakes which it is useful to make 

because they lead little by little to the truth” 

 

-Jules Verne, A Journey to the Centre of the Earth 
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Introduction 

Pain is a universal sensation necessary for survival. From a purely sensory perspective, 

‘nociception’, the neural process of encoding and processing noxious stimuli, has been observed 

from the simplest to the most complex organisms (Loeser and Treede, 2008; Moriarty et al., 

2011). Although acute pain is an important warning signal for bodily harm, pain persisting long 

after tissue damage may become a clinical problem. Chronic pain can be defined as any pain 

lasting more than 3- 6 months (Moriarty et al., 2011). The World Health Organization has 

declared chronic pain to be one of the most common world health problems, with more than a 

quarter of the population suffering from chronic pain (Institute of Medicine (US) Committee on 

Advancing Pain Research, Care, 2011) . In Canada, estimates indicate that approximately 29% of 

the population suffers from chronic pain, with 80% of those individuals suffering from moderate 

to severe pain (Moulin et al., 2002). Despite the large prevalence of this condition, chronic pain 

is still poorly understood and notoriously difficult to treat. While acute pain is easily modeled in 

experimental settings as physiological or behavioural responses to noxious stimuli or tissue 

damage, chronic pain can arise from different types of tissue damage, may spontaneously arise 

without tissue damage, or can paradoxically exist in areas where damaged tissue is no longer 

present (i.e. phantom limb pain; Dworkin et al., 2007; Institute of Medicine (US) Committee on 

Advancing Pain Research, Care, 2011; Sherman, Sherman, & Parker, 1984). Chronic pain also 

violates the boundaries of the thresholds for what normally causes pain resulting in “allodynia” 

(pain to a stimuli that does not normally provoke pain), “hyperalgesia” (increased sensitivity to 

noxious stimulation), and “sensitization” (an increased responsiveness of nociceptive neurons to 

their normal input and/or recruitment of a response to normally subthreshold inputs; Loeser & 

Treede, 2008). Overall chronic pain is a paradoxical phenomenon with no adaptive purpose 

when compared to acute pain. 

 

Models of Chronic Pain 

While the mechanisms of chronic pain remain elusive, several animal models exist and have 

provided valuable insights into potential mechanisms. The models of chronic pain can be broken 

down roughly into three categories: inflammatory pain, neuropathic pain, and disease related 

pain. The section below will outline the major animal models in each of these categories.  
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Inflammatory Pain Models 

Common models of inflammatory pain typically involve the injection of allogenic irritants that 

activate nociceptive fibers. These irritants can be injected into the skin, a joint, or visceral 

organs. The two most common irritants are capsaicin and carrageenan. Capsaicin is known to 

sensitize c-fibers through the activation of TRVP-1 channels and produces a reliable local 

inflammatory pain as measured by both thermal and mechanical hyperalgesia (see O’Neil et al., 

2012 for a complete review of capsaicin). Importantly, capsaicin administration can also be used 

clinically, allowing for studies in clinical populations, as well as animal models (Simone et al., 

1989). Additionally, this model led to the discovery of the TRPV-1 receptor, a receptor 

commonly involved in pain processing (O’Neill et al., 2012).  

 Carrageenan injection is similar to capsaicin as it also induces reliable inflammatory 

pain. However, carrageenan may be a better model of chronic inflammatory pain as enhanced 

nociceptive behaviours can been seen for up to 2 weeks after injection whereas capsaicin pain is 

more transient (Hargreaves et al., 1988; Radhakrishnan et al., 2003). Carrageenan inflammatory 

pain is thought to best model sprains and strains (Gregory et al., 2013) .  

 Formalin (a mixture of formaldehyde and water) is used to model tonic inflammatory 

pain. Formalin is injected into the hindpaw of a rodent and elicits a bi-phasic response seen by 

increases in nociceptive behaviour such as licking, lifting, and shaking (Dubuisson and Dennis, 

1977). The first stage of the response is thought to be reflective of the initial injection, while the 

second phase is the response to central hyperexcitability of dorsal horn neurons (Martindale et 

al., 2001). While the formalin model is not reflective of any specific clinical condition, it is 

useful for modeling conditions in which there is moderately intense and long-lasting noxious 

stimulation.  

 Finally, Complete Freud’s adjuvant (CFA) can also be injected into the tail, paw, 

muscle or joint to cause inflammation (Gregory et al., 2013). Injection of CFA produces a 

chronic inflammation associated with increased thermal and mechanical hyperalgesia at and 

outside of the injury site that persists for at least 7 days (Iadarola et al., 1988; Gregory et al., 

2013). As a model of chronic inflammatory pain, CFA injections are thought to best model 

arthritis or tendonitis (Gregory et al., 2013).  

Neuropathic Pain Models 

Neuropathic pain is defined by the International Association for the Study of Pain as pain caused 

by a lesion or disease of the somatosensory nervous system.  Damage can either be central or 
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peripheral. Neuropathic pain is often modeled in peripheral nerve injury modes, which have been 

essential in progressing our understanding of the mechanisms of chronic pain. These models are 

often done by inflicting damage to a peripheral nerve (Kumar et al., 2018). This can be done by 

direct injury to spinal nerves through ligation, transection, or strong chronic constriction of the 

nerve (Kumar et al., 2018). In the chronic constriction injury mode, the sciatic nerve is loosely 

ligated to disrupt but not completely obstruct blood flow, resulting in damage and inflammation. 

A partial nerve transection can also be used, where the sciatic nerve is lesioned to cause damage 

to a portion of the nerve. A spared nerve injury model is another model and is performed by 

tightly ligating either the peroneal or the tibial branch of the sciatic nerve (Bourquin et al., 2006). 

Though slightly different, all of these peripheral nerve injuries display reliable and sustained 

nociceptive behaviour as measured by decreased withdrawal thresholds to mechanical stimuli, 

increased thermal sensitivity, and guarding of the affected limbs (Gregory et al., 2013; Challa, 

2015; Kumar et al., 2018). Furthermore, as the injury is often only performed on one side, the 

contralateral side can be used as a control or to examine the development of referred pain.  

 Overall, models of neuropathic pain have helped reveal several key mechanisms of 

chronic pain. These include the discoveries of wind-up and central sensitization, two processes 

essential in the development of chronic pain, the role of microglia in the development of chronic 

pain, and the role of purinergic receptors in these processes (Woolf, 1996; Li et al., 1999; Sorge 

et al., 2011, 2012; Tsuda, 2017). While neuropathic pain models have helped discover common 

mechanisms of chronic pain, the chronic pain associated with specific disease states may have 

unique or distinct mechanisms. Thus, the section below outlines chronic pain in different disease 

models.  

 

Disease Related Models 

Chronic pain is often a symptom of many diseases and contributes to a reduced quality of life for 

patients. There are several animal models of diseases that may be used to study chronic pain 

associated with the condition. Chronic pain often develops in autoimmune disease such as 

multiple sclerosis (MS) and rheumatoid arthritis, however as the development of chronic pain in 

autoimmune disease is discussed extensively below, these will not be discussed here.  

 There is a large body of research that has focused on pain in cancer. This is an 

especially active area of research as cancer pain can arise from certain types of cancer 
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themselves or from treatment with chemotherapy. Cancer pain is often a mix of inflammatory, 

neuropathic and ischemic mechanisms of pain. Models of cancer and cancer pain often involve 

the injection of tumor cells into various tissues. In bone cancer, tumors are injected into bone, 

while in melanoma models, melanoma cells are often injected into the plantar pad of the paw 

(Portenoy and Ahmed, 2018). Both of these models demonstrate enhanced nociceptive behaviour 

and are associated with changes in inflammation in the spinal cord environment and dorsal root 

ganglia (DRG) (Portenoy and Ahmed, 2018). Enhanced nociceptive behaviours have also been 

seen in models of head and neck cancer, as well as peritoneal cancer (Portenoy and Ahmed, 

2018). Additionally, several chemotherapies can lead to in peripheral neuropathy. This can be 

modeled in rodents by using common chemotherapeutics such as vincristine, paclitaxel, 

oxaliplatin or bortezomib (Hama and Takamatsu, 2016). All of these chemotherapeutics induce 

mechanical allodynia, mechanical hyperalgesia, and thermal hypersensitivity (Hama and 

Takamatsu, 2016). These models are useful for better understanding the mechanism of chronic 

pain in cancer and how best to modify treatments to reduce chemotherapy induced pain.  

 Spinal cord injury is an injury/disease state associated with chronic pain. There are 

several models of spinal cord injury, which are defined by how the damage is inflicted to the 

spinal columns. Injury can be inflicted by either partial or full transection, crush, contusion, 

ischemia, or excitotoxicty (Gregory et al., 2013; Kumar et al., 2018). All of these models are 

associated with the development of sustained hypersensitivity. This is demonstrated by 

development of mechanical and thermal hyperalgesia (Gregory et al., 2013; Siddall and 

Middleton, 2015). Furthermore, the development of chronic pain could also be a concern in 

many of the treatments being developed for spinal cord injury. As methods are devised to try and 

re-establish lost connections in the injured spinal cord it is important to assess whether the 

connections being made promote enhanced nociception through increased sprouting of 

serotonergic or noradrenergic neurons.  

   

Variables that Influence Chronic Pain 

Sex 

Sex differences have emerged over the past several years as one of the major factors that 

influence chronic pain. Research in both clinical populations and animal models show males and 
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females experience painful stimuli differently. The biological mechanisms leading to the 

development of chronic pain are also vastly different between the two sexes.  

 Studies exploring the sensitivity to acute pain stimuli have shown that, in general, 

females are more sensitive to noxious stimulation (Riley et al., 1998). This general sex difference 

carries over to studies of the prevalence of  chronic pain conditions, where chronic pain 

conditions are more commonly seen in females (Moulin et al., 2002). Given these strong clinical 

differences, a large body of research has focused on understanding the underlying biological 

mechanisms of these sex differences. Overall, this research suggests that males and females have 

different biological responses to chronic pain. For example, a recent study in this area found 

male and female mice use different immune cell mediated pathways in the development of 

neuropathic pain after spared nerve injury (Sorge et al., 2015). This study found that the 

development of mechanical hypersensitivity in male mice was microglia dependent. Female 

mice, however,  were microglia independent and the pain was mediated by T-lymphocytes 

(Sorge et al., 2015). These sex differences were dependent on testosterone levels (Sorge et al., 

2015). Other studies have also demonstrated sex specific pathways. For example, a study 

examining the effectiveness of morphine between the sexes found that opioid receptors 

responsible for morphine analgesia are upregulated in females due to increased levels of estrogen 

over the estrus cycle (Chakrabarti et al., 2010). Due to this regulation of opioid receptors by 

estrogen, morphine analgesia appears to be mediated by the ĸ- opioid receptor gene in females 

and not males (Chakrabarti et al., 2010). Additional studies show that morphine analgesia is 

dependent on  N-methyl-D-asparate-type glutamate receptors in males, while females are 

dependent on the melanocortin 1 receptor (Mogil et al., 2003; Juni et al., 2010). Finally, major 

sex differences have also been seen in a well-established pathway of chronic pain development: 

toll-like receptor 4 (TLR-4) activation on microglia. Studies exploring sex in this chronic pain 

mechanism have found in the C3H/HeJ mouse strain with a mutation in the TLR4 gene, that only 

male mice show reduced pain sensitivity (Tanga et al., 2005). Furthermore, when female mice 

are given either agonists or antagonists to manipulate this receptor, no difference in nociceptive 

behaviour is seen (Bettoni et al., 2008). This study highlights a sex specific chronic pain 

pathway.  
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Age 

Chronic pain is seen in individuals of all ages, however little research has been done to explore 

how the experience or mechanisms of chronic pain may differ between age groups. Studies in 

other areas of research have found that disease biology often changes with age, indicating that 

age may be an important variable to consider. Importantly, studies exploring the prevalence rates 

of chronic pain conditions across different age groups show that chronic pain etiology changes 

with age. It is also important to note that while pediatric chronic pain conditions do occur, their 

prevalence rates are lower than those of adults. Furthermore, a recent study exploring pain in the 

elderly (ages 70-90) found that there are significant age differences in rates of visceral, headache, 

and peripheral pain within this small age range (Rottenberg et al., 2015). For example, rates of 

visceral pain decreased after 85 years of age to an almost undetectable level in the population 

(Rottenberg et al., 2015). Interestingly, this reduction in pain with age was seen in measures of 

headache pain as well (Rottenberg et al., 2015). While the rates of peripheral pain, such as 

chronic lower back pain or joint pain, also decreased with age there was still a higher prevalence 

(14-25%) rate of peripheral pain compared to other types of pain at age 90 (Rottenberg et al., 

2015). Other studies examining migraine pain have also found that the number of migraines 

decreases with age.  A reduction of pain conditions in the elderly population is a bit surprising, 

as previous reports of changes with prevalence with age over time report increases. However, 

these studies typically report on chronic pain in young adult to middle age (45-65 years of age). 

Interestingly, when these studies are extended past 65, a plateau in prevalence rates can be seen 

(Johannes et al., 2010). This was also seen in a study of lower back pain, where chronic lower 

back pain peaked at ages 51-60 but then decreased in the elderly population studied (Hüllemann 

et al., 2018). This suggests that there is a difference in the mechanisms behind the development 

of chronic pain between middle aged and elderly individuals.  

 Interestingly, there was a difference in the type of pain experience with age. 

Neuropathic pain (pressure pain/pain attacks) decreases in the elderly, but measures of 

nociceptive pain (burning/prickling) are increased, suggesting possible differences in pathology 

(Hüllemann et al., 2018).  Research using animal models also suggests that the pathogenesis of 

pain is different between young and aged mice. For example, a recent study of neuropathic pain 

in young and aged mice with spared nerve ligation found that levels of brain derived 

neurotrophic factor (BDNF) in the hippocampus were decreased in aged mice compared to 
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young mice (Tateiwa et al., 2018). Furthermore, this decrease in hippocampal BDNF was 

associated with increased hyperalgesia in aged mice (Tateiwa et al., 2018).  

 Other animal model studies of specific chronic pain conditions reflect the population 

studies showing that chronic pain decreases or plateaus with advanced ages. A study examining 

calcitonin-gene related peptide (CGRP) in head and neck pain found that there was a decrease in 

CGRP in the superior cervical ganglion in aged mice (Mitsuoka et al., 2018). This reduction in 

CGRP levels with age is thought to be related to the decrease in migraine seen with age 

(Mitsuoka et al., 2018). A decrease in pain with age is also seen in a model of arthritic pain, 

where mice at 3, 15, and 22 months of age had decreasing nociceptive behaviours with age 

despite having similar levels of injury (Ogbonna et al., 2015). These mice also had reduced 

spinal microglia activation (Ogbonna et al., 2015). This study also found that there was 

decreased nociceptive behaviour with age in the zymozan model of inflammation (Ogbonna et 

al., 2015). Overall these studies in both clinical populations and animal models demonstrate how 

chronic pain can change with age. This is also an important variable to consider when trying to 

translate research, as the results may change depending on the age of the population of interest. 

In fact, it has been suggested that one of the reasons for the failure of bench to bedside 

translation for chronic pain therapeutic development is the lack of studies considering age as a 

variable (Yezierski and Hansson, 2018).  

 

Genetics 

Twin studies have indicated that there appears to be a genetic connection in the development of 

chronic pain. A study exploring the proportion of risk of developing a chronic pain condition 

driven by genetic background found that the heritability of chronic pain conditions was 25-50% 

(Nielsen et al., 2012). The highest rate of heritability was seen in chronic widespread pain and 

migraine conditions (Nielsen et al., 2012). A separate twin study found that the genetic 

contribution accounted for about 50% of the likelihood of developing fibromyalgia (Kato et al., 

2006). In addition to these studies, studies of rare genetic mutations in families have helped 

reveal the role of several ion channels in pain processing. Interestingly one of the first studies of 

this type examined pain-free individuals instead of those with a chronic pain condition (Cox et 

al., 2006). It was found that a lack of the the voltage gated-sodium channel Nav1.7 in peripheral 

neurons resulted in hypoalgesia (Cox et al., 2006).  While these studies are beneficial in 
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discovering channels involved in normal pain processing, given the rarity of these mutations, 

they do not give much insight into common chronic pain conditions. Due to this, many 

researchers have taken a wider approach to determine more common genetic variations 

associated with the development of chronic pain. A study exploring common single nucleotide 

polymorphisms (SNPs) associated with chronic pain conditions found 846 SNPs associated with 

various chronic pain conditions (Sexton et al., 2018). One of the most commonly affected genes 

in chronic pain is COMT, the gene encoding for the catechol-O-methyltransferase enzyme, 

which is responsible for degradation of the catecholamine neurotransmitters dopamine, 

adrenaline, and noradrenaline (Diatchenko et al., 2005). This gene’s activity is often reduced in 

chronic pain, which results in an increase in pain sensitivity (Diatchenko et al., 2005).  This is 

thought to be due to either lack of breakdown of noradrenaline or an associated reduction in 

enkephalins in the CNS (Diatchenko et al., 2005).  A splice variant of  COMT called (a)-COMT 

can also contribute to pain, as this variant leads to increased breakdown of neurotransmitters 

such as dopamine (Sexton et al., 2018). Changes in the COMT gene have been seen in 

fibromyalgia, postoperative pain, migraine, and low back pain (Sexton et al., 2018).  

Another common gene disrupted in chronic pain conditions is the gene GCH1, which is 

the rate-liming enzyme for tetahydrobiopterin (BH4) synthesis (Tegeder et al., 2006). BH4 is also 

involved in catecholamine production and a cofactor in nitric oxide and serotonin biosynthesis. It 

has been found that increased activity of GCH1 and the subsequent increase in BH4 synthesis in 

peripheral neurons is related to peripheral neuropathic and inflammatory pain (Tegeder et al., 

2006). This is thought to be due to increased catecholamine production via overactivity of 

GCH1.  Interestingly, both dysregulation of COMT and GCH1/BH4 are involved in 

neurotransmitter changes associated with chronic pain development. Disruptions in 

neurotransmitters in chronic pain have long been studied and are discussed below.  

 

Neurotransmitters in Pain 

Changes in neurotransmitters throughout the CNS have long been linked to the development of 

chronic pain. In fact, many of the current treatments for chronic pain (discussed below) work to 

increase the levels of specific neurotransmitters. 



9 

 

Noradrenaline 

 Increasing the levels of NA can alleviate many different types of pain, though how 

exactly NA acts to affect pain is still unclear (Dworkin et al., 2007; Attal et al., 2010; Saarto and 

Wiffen, 2010; Bohren et al., 2013).  Increased levels of NA in the central nervous system 

potentiate descending inhibitory pathways in the spinal cord (Xu et al., 1999; Pertovaara, 2006; 

Hughes et al., 2013a). In addition, recent work has shown that NA and opioids work 

synergistically to counter pain. This can be seen with drugs like tapentadol, which is an agonist 

of the mu-opioid receptor and a noradrenaline reuptake inhibitor (Meske et al., 2014). Other 

antidepressants dampen neuropathic pain in an indirect manner by recruiting NA from 

sympathetic fibers sprouting in the DRG. This then stimulates local β2-adrenergic receptors on 

non-neuronal cells to decrease membrane bound TNFα production, the reduction of which is 

anti-allodynic (Bohren et al., 2013).  

 

Serotonin  

 While in general, increased levels of NA promote analgesia, the role of 5-HT in pain 

is much more complex. Research done on the role of 5-HT in pain indicates that 5-HT acts 

differently in the central and peripheral nervous systems (PNS). 5-HT released from the nucleus 

raphe magnus in the brainstem causes an excitation of inhibitory interneurons in the spinal cord 

to reduce hypersensitivity (Sommer, 2004a). Thus, the loss of 5-HT regulated descending 

inhibitory pathways can lead to the development of neuropathic pain. Decreases in spinal cord 5-

HT following nerve injury also decrease inhibitory pathway activation and lead to the 

development of central sensitization and chronic pain (Sommer, 2004a; Liu et al., 2005).  

Intrathecal injections of 5-HT after spinal cord injury also reverse the associated depletion of 5-

HT and counteract the development of mechanical allodynia (Hains et al., 2002).  In addition, 

one study has shown that a reduction in the levels of 5- HT in the nucleus raphe magnus is 

associated with a lack of opioid analgesia in both sciatic nerve ligation and diabetic induced 

neuropathy (Sounvoravong et al., 2004).  

 Interestingly, 5-HT appears to act differently in the PNS, especially in inflammatory 

pain.  Multiple studies have shown that there is a release of 5-HT in both the central and 

peripheral nervous system during inflammation, which may contribute to the development of 

pain (Zhang et al., 2000; Hains et al., 2002; Palazzo et al., 2004; Sommer, 2004a). 5-HT released 

from circulating mast cells and platelets during inflammation appears to act as a powerful pro-
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inflammatory agent and can result in hyperalgesia (Wu et al., 2001; Sommer, 2004a; Ferjan and 

Lipnik-Stangelj, 2013). This is thought to be related to changes in 5-HT receptor expression in 

the DRG in response to inflammation (Wu et al., 2001; Liu et al., 2005). A study also found that 

TCAs reduce mast cell release of 5-HT in the periphery, which may account for some of the 

analgesic effects of TCAs (Ferjan and Lipnik-Stangelj, 2013).  Overall, the role of 5-HT in pain 

is complex and still not fully understood. Current research regarding 5-HT and pain suggests that 

a balance is needed between the inhibitory and excitatory actions of 5-HT to control/prevent the 

development of chronic pain. 

 

Gamma-Aminobutyric Acid  

 Gamma-aminobutyric acid (GABA), the major inhibitory neurotransmitter, is also 

involved in pain. Similar to the reductions seen in NA and 5-HT, loss of spinal cord GABA has 

been linked to the development of chronic pain (Moore et al., 2002; Zeilhofer et al., 2009). 

Changes in GABA-mediated neuronal excitability also contribute to the development of central 

sensitization and chronic pain. After nerve injury, there is a reduction in the potassium-chloride 

transporter, KCC2, and an increase in microglial derived brain derived neurotrophic factor 

(BDNF) release in the spinal cord (Coull et al., 2003, 2005). The loss of KCC2 leads to an 

increase in neuronal intracellular chloride levels, resulting in GABAA-receptor/GlyR-receptor 

mediated depolarization and increased neuronal excitability (Coull et al., 2003, 2005).  A similar 

pattern of events has also been seen in the nucleus raphe magnus of the brainstem, a supraspinal 

site for pain modulation, showing that altered GABAergic inhibition in the brainstem can 

activate descending pain-facilitating pathways to cause chronic pain (Zhang et al., 2013).    

 Manipulating GABA in the spinal cord and brain has been shown to alter 

hyperalgesia. For example, increasing GABA in the rostral agranular insular cortex, an area of 

the cortex involved in pain perception, produced lasting analgesia by increasing descending 

inhibition of spinal nociceptors (Jasmin et al., 2003). It is also interesting to note that when 

GABAB receptors were selectively targeted in the insular cortex, there was an increase in 

hyperalgesia, suggesting that GABA acts in multiple pathways to control pain perception and a 

balance is needed to control pain (Jasmin et al., 2003).  In addition, drugs that act at GABAA 

receptors, such as benzodiazepines, are anti-hyperalgesic (i.e. prevents the development of 
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hyperalgesia) as they help reverse the loss of GABAergic tone in chronic pain (Knabl et al., 

2008, 2009).  

 

Current Therapies for Chronic Pain 

Chronic pain conditions, and especially neuropathic pain conditions, are notoriously difficult to 

treat. As a result, there are several categories of pharmacological therapies used to manage 

chronic pain.  In addition, more complementary and/or integrative approaches to chronic pain 

management have arisen, as one drug treatment often fails to manage chronic pain.  

 

Antidepressants and Anticonvulsants 

As outlined above, changes in neurotransmitter levels are a key contributor to the development 

of chronic pain. It should therefore be no surprise that antidepressants are considered the first 

line treatment for chronic pain, and especially for neuropathic pain. Antidepressants are also 

often prescribed for chronic pain conditions given the frequent instances of comorbidity between 

chronic pain and depression (Fornasari, 2017). It is important to note however, that relief from 

chronic pain often comes from a lower dose than that needed for treatment of depression. Given 

that multiple neurotransmitter systems are disrupted in chronic pain, “dirty” antidepressants, 

such as the TCAs desipramine and amitriptyline, are more effective than more selective 

antidepressants (Dworkin et al., 2007; Finnerup et al., 2015). TCAs can directly interfere with 

the development of central sensitization by blocking NMDA receptors in the spinal cord and by 

increasing available levels of neurotransmitters at the synapse (Kremer et al., 2016). Similarly, 

antidepressants which act on both serotonin and noradrenaline (serotonin and noradrenaline 

reuptake inhibitors, SNRI) are also effective in many chronic pain conditions such as painful 

polyneuropathic, post-herpetic neuralgia, lower back pain, and diabetic neuropathy (Finnerup et 

al., 2015; Fornasari, 2017).   

Anticonvulsants are also effective for the management of chronic pain and are also 

considered first line treatment of many chronic pain conditions. The two most commonly 

prescribed anticonvulsants are pregabalin and gabapentin, both gabapentinoids (Fornasari, 2017). 

Gabapentinoids have been shown to have beneficial effects in post-herpetic neuralgia, lower 

back pain, diabetic neuropathy, and polyneuropathy (Fornasari, 2017). Interestingly, while both 

of these drugs were originally derived from GABA they do not actually act on the GABAergic 
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system. Instead, both drugs work by binding to subunits of voltage gated calcium channels in the 

CNS (Stahl et al., 2013). Levels of voltage gated calcium channels are increased in chronic pain 

states and contribute to the sustainment and development of chronic pain by maintaining aberrant 

neurotransmission in the spinal cord (Stahl et al., 2013; Fornasari, 2017). The gabapentinoids 

therefore likely influence the number of available voltage gated calcium channels in the plasma 

membrane. There is also some evidence to suggest that these drugs alter descending 

noradrenergic and serotonergic activity to modulate nociception in the spinal cord, making them 

powerful analgesics in the context of chronic pain (Bockbrader et al., 2010).  

 While both antidepressants and anticonvulsants are useful for the management of chronic 

pain, they are often associated with many side effects. For example, TCAs are associated with 

the development of anticholinergic effects such as dry mouth, orthostatic hypotension, urinary 

retention and constipation (Fornasari, 2017). The most common side effect of SNRIs is nausea 

(Fornasari, 2017). Thus, while these drugs may be effective, they are not tolerated well by 

patients. Anticonvulsants on the other hand seem to have fewer side effects, with dizziness and 

somnolence being most commonly reported. These can often be minimized however, by dose 

adjustment (Bockbrader et al., 2010). Thus, both antidepressants and anticonvulsant therapies are 

effective and well tolerated in chronic pain populations. However, it is important to note that 

many types of chronic pain are still intractable. This means that more research is needed to 

develop new drugs or to explore new approaches to pain management, such as those discussed 

below.  

 

Opioids 

Opioids (e.g. morphine, oxycodone, hydromorphine, tramadol) are extremely effective 

analgesics and have been used for hundreds of years to manage both acute and chronic pain. 

Opioids exert their actions through the opioid receptor family (mu, kappa, and delta) in the brain, 

brainstem, spinal cord, and PNS. Most of the analgesic effect of opioids is mediated through mu 

receptors in the dorsal horn of the spinal cord at the terminal of afferent nociceptors or on the 

dendrites of second order neurons and interneurons (Fornasari, 2017). The activation of the mu 

opioid receptor causes the inhibition of calcium ion channels and activation of potassium ion 

channels to dampen neuronal activity by blocking synaptic transmission (Fornasari, 2017). While 

extremely effective for acute pain management, there are several issues with opioid use for 
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chronic pain conditions. The major concern for the use of opioids is the rapid development of 

tolerance, low tolerability by patients, and high risk of addiction (Trang et al., 2015).  In fact, it is 

thought that the over prescribing of opioids for the management of pain has helped contribute to 

the current opioid crisis (Compton & Volkow, 2006; Okie, 2010; Trang et al., 2015). In addition 

to these issues, the overuse of opioids can lead to the development of a condition called 

morphine hyperalgesia. This is when overuse of opioids to manage chronic pain actually leads to 

the development of paradoxical chronic pain. The development of mechanical hyperalgesia is 

thought to be due to the activation of a mu dependent expression of P2X4 receptors on microglia 

in the spinal cord that disrupts chloride homeostasis, leading to pain hypersensitivity (Ferrini et 

al., 2013). Thus, while opioids can be used effectively to treat pain for brief periods, their 

prolonged use in chronic pain conditions is contraindicated.  

 

Alternative Approaches to Pain Management 

Given the adverse effects and issues associated with many drugs used to treat chronic pain, new 

research has begun to explore non-pharmacological interventions. This has led to the 

development of multidisciplinary teams of physicians, physiotherapists, psychologists, 

anesthesiologists, and nurses working together to help treat chronic pain. Meta-analyses and 

reviews have explored the effectiveness of alternative therapies such as exercise, diet, yoga, 

relaxation, tai chi, massage, cognitive behavioural therapy, and acupuncture in chronic pain 

(Crawford et al., 2014; Geneen et al., 2017; Lin et al., 2017; Aman et al., 2018) . So far there 

seems to be strong evidence for the use of several of these interventions. Two different meta-

analyses exploring yoga and tai chi in chronic pain demonstrated moderate effects on chronic 

pain (Crawford et al., 2014; Lin et al., 2017). Furthermore, exploration of the effectiveness of 

exercise in chronic pain has revealed that exercise can moderately reduce chronic pain in general 

(Geneen et al., 2017). Stronger evidence for the pain reducing effects of exercise have been seen 

in more specific chronic pain conditions, such as lower back pain (Searle et al., 2015). The 

difference between the effects of exercise for chronic pain in general compared to more specific 

conditions are likely due to the lack of standardization between exercise interventions in the 

different studies. In contrast, there is relatively strong evidence for the use of cognitive 

behavioural therapy (Probyn et al., 2017; Schütze et al., 2018). This is an intervention that 

focuses on reducing the catastrophizing behaviour seen in many chronic pain patients, and 



14 

 

teaching patients to set attainable goals for pain management (Aman et al., 2018). Other 

interventions, such as acupuncture, have mixed results, with some analyses reporting beneficial 

effects and others reporting little evidence of a beneficial effect on pain management (Crawford 

et al., 2014; Lin et al., 2017; Aman et al., 2018). While the evidence to date for alternative 

interventions for the management of chronic pain only demonstrates moderate to mixed 

effectiveness, they do provide an new area for research for the management of chronic pain 

outside of current therapies such as antidepressants and anti-convulsants.  

 

Pain in Autoimmune Diseases 

Although often considered rare, there are over 80 known autoimmune diseases according to the 

Progress in Autoimmune Disease Research report by the National Institutes of Health’s 

Autoimmune Diseases Coordinating Committee (ADCC, 2005). Each of these diseases has a 

unique autoantibody profile and primary clinical manifestations. Some examples of the more 

recognizable autoimmune disorders include MS, rheumatoid arthritis, type 1 diabetes, psoriasis, 

and irritable bowel syndrome. Although each disease varies in its presentation, the common 

underlying thread is the presence of autoantibodies and autoreactive T cells, which cause harm to 

the patient. These are thought to attack the various tissues and/or organs targeted in the 

individual disease. For example, autoantibodies against components of the 

myelin sheath cause the damage and clinical symptoms associated with MS. The main cause of 

most autoimmune diseases is not yet known, although many studies have linked these diseases to 

both genetic/epigenetic and environmental factors (Miller et al., 2012; Selmi et al., 2012; Aslani 

et al., 2016). Given the chronic nature of most autoimmune diseases, they have a significant 

impact on the health-care system and the quality of life of patients. This makes understanding 

their underlying biology and treatment imperative. 

 Although there is a large variety of autoimmune disorders with different 

symptomologies, pain appears to be a common feature of most of these conditions. A quick 

search of the autoimmune diseases listed by the National Institute of Health’s National Institute 

of Arthritis and Musculoskeletal and Skin Diseases (NIAMS) and pain symptoms reveals that a 

shocking number of autoimmune diseases are associated with pain. In the list provided by 

NIAMS, 19 of 24 of the autoimmune diseases listed (79%) had research linking the disease to 

pain (Table I). In addition, other autoimmune diseases not listed by the NIAMS, such as Crohn’s 
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and celiac diseases, have been linked to pain in the peripheral nervous system (Morrison et al., 

2013; Green et al., 2015). Multiple studies have also linked increased bodily pain scores in 

autoimmune diseases with reduced quality of life for patients. 

 Given that many autoimmune diseases are associated with painful symptoms, it is not 

surprising that chronic pain has been implicated as a comorbid disorder in several autoimmune 

diseases. These include neuropathic pain in MS, painful diabetic neuropathy in diabetes, and 

chronic abdominal pain in Crohn’s disease and Sjogren’s syndrome (Pöllmann and Feneberg, 

2008; Morrison et al., 2013; Downs and Faulkner, 2015; Grossman and Tagliavini, 2015). Given 

that pain severely affects quality of life and disease burden, it is important to understand the link 

between autoimmune diseases and the development of chronic pain. It is also important to 

acknowledge that the pain experienced in each autoimmune disease is unique. This is not 

surprising given the wide range of pathologies and symptoms of autoimmune diseases. For 

example, pain in MS is often neuropathic or mixed in nature and occurs in approximately 50% of 

patients (Österberg et al., 2005; O’Connor et al., 2008). Neuropathic pain is also common in 

diabetes, but often in the form of peripheral neuropathies, with approximately 50% of people 

experiencing distal sensorimortor polyneuropathies and autonomic neuropathies (Boulton et al., 

2005; Downs and Faulkner, 2015). Pain associated with inflammatory bowel disease is usually 

abdominal pain (90% of patients) and chronic in approximately 38% of patients (Morrison et al., 

2013). Pain in inflammatory bowel disease was also found to be associated with reduced quality 

of life, higher disease activity levels, and more depression and anxiety (Morrison et al., 2013). 

Sjogren’s syndrome, however, is associated with diffuse pain and fibromyalgia along with 

dryness-related discomfort and severe fatigue that are associated with reduced quality of life 

(Jousse-Joulin et al., 2013; Grossman and Tagliavini, 2015; Milin et al., 2016). Given the variety 

of autoimmune diseases and their specific pain symptoms/classifications, it is unlikely that the 

specific underlying biological causes will be the same in each disease, but common mechanisms 

may exist. The sections below examine a possible common underlying biological link between 

chronic pain and autoimmunity by exploring the role of the immune system and autoantibodies. 
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Involvement of the Immune System in Autoimmune Disease and Chronic Pain 

Development  

 It goes without saying that a dysregulation of the immune system is inextricably 

linked to autoimmune disease, but the development of chronic pain is also closely related to 

aberrant activation of the immune system. It is therefore not surprising that the immune system 

has been implicated in the development of chronic pain associated with autoimmune diseases. A 

large body of research has explored the various and intricate connections between the 

development of chronic pain and the immune system. In general, it is thought that initial injury in 

the peripheral system triggers an acute inflammatory response, which through the release of 

various inflammatory factors (known as the “inflammatory soup”) contributes to immune cell 

recruitment and peripheral sensitization (Scholz and Woolf, 2007). This then contributes to the 

infiltration of immune cells such as macrophages and T lymphocytes into the DRG, and 

Schwann cells begin to proliferate and dedifferentiate (Scholz and Woolf, 2007). This leads to 

the sensitization of neuronal cell bodies, increased excitability, and hypersensitization. 

In response to this, microglia and astrocytes may be activated in the dorsal horn of the spinal 

cord, where various proinflammatory factors are released, leading to the sensitization of spinal 

circuits and chronic pain (see (Calvo, Dawes, & Bennett, 2012; Mifflin & Kerr, 2014; Ren & 

Dubner, 2010; Scholz & Woolf, 2007; Verma, Sheikh, & Ahmed, 2015) for review). However, 

much of this work has used models of neuropathic pain that involve overt trauma to a peripheral 

nerve and therefore might not directly be modeling the processes involved in autoimmune 

diseases. Although some of these pathways may be involved in autoimmune disease-associated 

chronic pain, most of the work exploring the immune system, chronic pain, and autoimmune 

disease has focused on the involvement of T cells and microglia. Therefore, I will briefly outline 

the involvement of T cells and microglia in chronic pain and autoimmune diseases before 

exploring a new area of study: autoantibodies and pain. 

Autoimmune Diseases, T Cells, and Chronic Pain 

The involvement of T cells in various autoimmune disorders has been well established. Both 

CD4+ and CD8+ T-cell subtypes have been implicated in several autoimmune diseases, such as 

MS, type 1 diabetes, and Guillain-Barre syndrome (Salou et al., 2015; Yang et al., 2015; Ferretti 

and La Cava, 2016). An imbalance in T-helper 1 (Th1)/Th2 immunity has traditionally been 

thought to contribute to autoimmune disease development (O’Shea et al., 2002; Coffman, 2006; 
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Moudgil, 2015). The Th1 subset of T cells is thought to be pro-inflammatory and is linked to the 

release of pro-inflammatory cytokines such as interleukin (IL)-1b, IL-6, tumor necrosis factor-α 

(TNFα), and IL-12, whereas the Th2 subset is thought to be more anti-inflammatory and related 

to the release of anti-inflammatory cytokines such as IL-10, IL-4, IL-11, and IL-13 (Romagnani, 

2000). Normally, there is a balance between the two subsets to keep inflammation mediated by 

pro-inflammatory cytokines and pathogenic T cells in balance with anti-inflammatory cytokines 

and regulatory T cells (Coffman, 2006; Moudgil, 2015). For example, the progression and initial 

disease stages of MS have been linked to Th1/Th2 imbalances. This is based on evidence from 

the experimental autoimmune encephalomyelitis animal model, which is primarily a CD4+/ Th1-

mediated disease (Begolka et al., 1998; Sospedra and Martin, 2005). However, research over the 

past decade has shown that this dichotic view of T-cell immunity is too simplistic and that other 

players are involved (O’Shea et al., 2002). For example, it has come to light that the Th17 cell 

population is often involved in the development of autoimmune diseases  (Annunziato et al., 

2009; Hueber et al., 2010; Steinman, 2010; Leonardi et al., 2012; Gisondi et al., 2014). Th17 

cells have been found to play a central role in both inflammation and autoimmunity by producing 

pro-inflammatory cytokines such as IL-17, IL-17F, and IL-22 (Moynes et al., 2014). These 

factors activate microglia and can directly act on neurons, promoting immune cell infiltration 

(for a complete review see Moynes et al., 2014). Overall, Th17 cells have been implicated in 

rheumatoid arthritis, uveitis, MS, Crohn’s disease, psoriatic arthritis, and psoriasis (Annunziato 

et al., 2009; Hueber et al., 2010; Steinman, 2010; Leonardi et al., 2012; Gisondi et al., 2014). 

Antibody therapies against IL-17 have been shown to be beneficial in some autoimmune diseases 

such as MS, rheumatoid arthritis, and plaque psoriasis (Hueber et al., 2010; Steinman, 2010; 

Leonardi et al., 2012). 

 Various T-cell populations have also been linked to the development of chronic pain, 

such as the Th1/Th2 system and Th17 (Austin and Moalem-Taylor, 2010). For example, T cells 

were differentiated from a model of peripheral nerve injury into two polarized populations based 

on Th1 and Th2 cytokine profiles. Passive transfer of the Th1 subset into nude rats enhanced 

pain hypersensitivity, whereas passive transfer of Th2 subset into heterozygous rats attenuated 

pain hypersensitivity, suggesting a role for T cells in the development of pain (Moalem et al., 

2004). The influx of T cells into the CNS has also been linked to thermal hyperalgesia, 

mechanical allodynia, and cold allodynia in mice (Aicher, Silverman, Winkler, & Bebo, 2004b; 
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Grace, Rolan, & Hutchinson, 2011; Olechowski, Truong, & Kerr, 2009). This was seen in mice 

with experimental autoimmune encephalomyelitis and experimental autoimmune neuritis (an 

inflammatory demyelinating disease in the PNS), suggesting a role for T-cell-mediated pain in 

autoimmune disease (Aicher et al., 2004a; Olechowski et al., 2009). T cells also mediate the 

maintenance of chronic pain through proinflammatory interactions with glial cells in the spinal 

cord, contributing to central sensitization (Grace et al., 2011). Chronic pain associated with 

autoimmune diseases is therefore often linked to T-cell infiltration. The Th17 population is also 

thought to contribute to the development of chronic pain through the production of IL-1(Li et al., 

2013; Day et al., 2014; Moynes et al., 2014). For example,  the release of IL-17 from Th17 cells 

onto keratinocytes in plaque psoriasis associated pain increases chemokine expression, recruiting 

additional immune cells to lesion sites and worsening the disease (Girolomoni et al., 2012). In 

fact, ixekizumab, an anti- IL-17 monoclonal antibody treatment, was shown to reduce both 

disease severity and the associated pain in patients with psoriasis (Leonardi et al., 2012). 

Furthermore, an animal model of Guillain-Barré syndrome called experimental autoimmune 

neuritis has been linked to T-cell infiltration and an increase in antigen-presenting cells in the 

sciatic nerve that correlates with pain behaviors in the model (Moalem-Taylor et al., 2007). 

Another model of a spontaneous autoimmune peripheral polyneuropathy shows that, despite the 

model being in a CD4–/– mouse, there was a massive infiltration of CD8+ T cells in peripheral 

nerves (Yang et al., 2014, 2015). The CD8+ T-cell infiltration was also associated with enhanced 

nociceptive behaviors in the model (Yang et al., 2014, 2015). Both of these studies strongly 

implicate a role for T cells in pain associated with Guillain-Barré syndrome. Further studies have 

also linked autoimmune diseases, pain, and T-cell infiltration. For example, one study showed 

that increases in CD4+ and CD81+T cells through a possible chemokine (CCL2)-mediated 

pathway in a mouse model of chronic prostatitis are associated with increased nociceptive 

behavior in the model (Quick et al., 2012). An additional study examining chronic prostatitis also 

found an increase in the number of CD4+/IL-17A T cells from mouse lymph tissue and patient 

urinary samples (Murphy et al., 2015). IL-17 released from these cells was responsible for the 

development of pelvic pain in an animal model and also in patients with the disease (Murphy et 

al., 2015). Finally, both Th1 and Th17 T cell populations have been implicated in arthritis 

(Sarkar et al., 2010; Ebbinghaus et al., 2012). Furthermore, a reduction in Th1 and Th17 T cell 

populations through a sympathectomy has been associated with an attenuation of inflammation, 
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pro-inflammatory immune parameters, and hyperalgesia in an animal model of arthritis 

(Ebbinghaus et al., 2012). 

 Overall, these studies demonstrate a strong connection between autoimmune disease-

related pain and T-cell infiltration. This is no surprise given that most autoimmune diseases are 

thought to be T cell mediated. These insights into the connection between the immune system 

and pain do, however, provide insight into T-cell-related targets that might help not only in 

alleviating disease pathology but also in disease-associated pain. 

 

Microglia, Autoimmune Disease, and the Development of Chronic Pain 

 Microglia are considered the inflammatory cells of the CNS and make up 

approximately 10% of the total adult cells there (Salter and Beggs, 2014). Microglia are thought 

to survey the environment constantly with their processes to ensure a healthy state in the CNS 

(Salter and Beggs, 2014). Recent studies have also implicated microglia in the development of 

chronic pain. Several studies have shown that, after injury, microglia become activated and are 

recruited to the site of injury through various pathways. One such pathway involves the release 

of fractalkine (CXC3CL1), a neuronal chemokine, and its microglial receptor CX3CR1 (Clark et 

al., 2009; Hathway et al., 2009). The release of fractalkine after injury increases microglial 

activation in the spinal dorsal horn and then contributes to pain sensitivity (Clark et al., 2009; 

Hathway et al., 2009). Activation of spinal microglia can also cause the release of pro-

inflammatory cytokines such as IL-1b that contribute to pain hypersensitivity (Calvo et al., 

2012). One of the more recently described pathways linking microglia activation to pain is 

through purinergic receptors and ATP. The release of ATP after injury activates P2X4 receptors 

on microglia and causes the release of brain-derived neurotrophic factor (BDNF) from microglia 

(Trang et al., 2009; Beggs et al., 2012). Secreted BDNF can then bind to TrkB receptors on 

nociceptive neurons in the spinal dorsal horn. The binding of BDNF can trigger downregulation 

of the potassium chloride cotransporter KCC2, resulting in a shift in the chloride anion gradient. 

As a consequence of this shift, the subsequent binding of GABA to the GABAA receptor, which 

is normally inhibitory, now leads to the disinhibition of inhibitory neurons (Coull et al., 2005). 

This is thought to be one of the main pathways through which microglia act to increase lamina I 

nociceptive neuron excitability to cause central sensitization. This mechanism has also been 

postulated to mediate the development of morphine hyperalgesia, as previously mentioned 
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(Ferrini et al., 2013). It is important to note, though, that this mechanism is sex specific (Sorge et 

al., 2015). 

 Other purinergic receptors have been implicated in the development of chronic pain. 

Genetic variability in P2X7 pore formation is a determinant of chronic pain susceptibility in both 

animal models and humans (Sorge et al., 2012). Proper pore formation of P2X7 receptors is 

thought to mediate the downstream effects that contribute to hypersensitivity, such as the release 

of IL-1b and ATP from microglia. Improper pore formation of the P2X7 channel can lead to a 

phenotype that is less susceptible to the development of chronic pain  (Sorge et al., 2012). 

Inhibitors of P2X7 receptors have also been shown to reduce pain (Honore et al., 2006). Other 

studies examining purinergic receptors and pain have highlighted the involvement of the P2Y12 

subtype of purinoreceptor in neuropathic pain (Tsuda and Inoue, 2016). For a complete review of 

purinergic signaling between neurons and microglia in chronic pain, see (Tsuda and Inoue, 

2016). 

 The role of microglia in autoimmune disease associated pain has also been explored 

with several studies demonstrating that microglial activation contributes to neuropathic pain in 

EAE/MS (Khan, Gordon, Woodruff, & Smith, 2015; Olechowski et al., 2009; Zhu et al., 2013). 

Evidence suggests that a reduction in microglial activation is associated with a reduction in pain 

in EAE (Khan et al., 2015). The common pathways described above, such as the factalkine 

signalling pathway, have also been implicated in MS-related pain (Schmitz et al., 2013; Zhu et 

al., 2013). Microglial activation has also been implicated in pain associated with Guillain-Barré 

syndrome and rheumatoid arthritis (Luongo et al., 2008; Zhang et al., 2008; Christianson et al., 

2010; Yang et al., 2014). It has also been found that pain in a mouse model of Guillain-Barré 

was associated with both the fractalkine pathway and an upregulation of P2X4 receptors, leading 

to the activation of spinal microglia (Luongo et al., 2008; Zhang et al., 2008). These studies 

demonstrate not only that microglial activation is important for the development of chronic pain 

in general, but that microglial activation is also associated with pain in autoimmune diseases. 

 The research outlined above demonstrates the connection among the activation of the 

immune system, chronic pain, and autoimmune diseases. Although a substantial amount of 

research in this area has been performed, there is still much to be learned to gain a better 

understanding of the underlying causes of chronic pain in autoimmune diseases. For example, 

the prevalence of autoimmune diseases is often higher among women than men, and this is 
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especially important given recent findings demonstrating significant sex differences in the 

mechanisms mediating chronic pain.  (Sorge et al., 2015) found that different immune cells 

mediate pain hypersensitivity associated with peripheral nerve injury in male and female mice. 

These studies suggest that females rely on a T-cell mediated pathway, whereas males rely on a 

microglia mediated pathway. In addition, given the large variety of autoimmune disorders and 

their varying pathologies, it is unlikely that T-cell and microglial activation alone will account 

for chronic pain in these conditions. In line with this, new areas of research have been emerging. 

One such area, autoantibodies in pain and autoimmune disease, is discussed below. 

 

New Insights into Autoimmune Disease-Related Chronic Pain: Autoantibodies  

 A consistently growing body of evidence implicates autoantibodies in pathological 

pain states. As mentioned, an autoantibody is an antibody produced by the immune system that is 

directed against an individual’s own protein as opposed to an exogenous protein or pathogen 

(Mosby’s Medical Dictionary, 2007). Studies have recently begun to show that autoantibodies 

not only contribute to disease pathology in autoimmune diseases but may also cause the 

associated pain states by acting against specific neuronal and glial proteins (Xiao et al., 1997; 

Schulte et al., 2006; Irani et al., 2010; Tamburin et al., 2014; McMahon et al., 2015). Here I will 

discuss how autoantibodies are produced and how they are thought to cause pathological pain. I 

will then discuss the role of autoantibodies in three different autoimmune diseases. 

 

Autoantibody Production 

 Antibodies are normally produced by B cells in two different ways, randomly and in 

response to foreign proteins or substances in the body. Although autoantibodies can be produced 

randomly in the body, the immune system is designed to recognize and ignore the body’s own 

proteins, cells, and tissues. However, occasionally these antigens are not recognized as “self,” 

leading to the production of pathological autoantibodies. It is thought that the development of 

autoantibodies in autoimmune diseases may be linked to a loss of B-cell tolerance (Pillai et al., 

2011; Giltiay et al., 2012). 

 There are normally two checkpoints during B-cell development to eliminate 

autoreactive B cells: a central checkpoint and a peripheral checkpoint (Meffre and Wardemann, 

2008; Pillai et al., 2011; Giltiay et al., 2012). At the central checkpoint, possible autoreactive B 
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cells are eliminated through receptor editing mechanisms and deletion. Receptor editing involves 

rearranging the Œ and/or k light chain genes to generate new B cells that have a novel light chain 

that is no longer autoreactive (Pillai et al., 2011). B cells that pass the central checkpoint in 

development then enter the peripheral blood stream and red pulp of the spleen. At this point, B 

cells with autoreactivity are normally eliminated as they mature via various mechanisms such as 

anergy (a lack of immune responsiveness), clonal deletion (deactivation of B cells after 

expression of receptors for self-antigens), antigen specific inhibition by Tregs in a major 

histocompatibility complex (Samuels et al., 2005; Yurasov et al., 2005, 2006; Menard et al., 

2011) class II- and CD40L-(Menard et al., 2011) dependent manner, clonal inhibition by the 

Siglec/SIaE pathway (prevents activation of B cells), or inhibition mediated by FcgRllb (Pillai et 

al., 2011). However, these checkpoints can be disrupted, causing the production of 

autoantibodies. Some weakly self-reactive B cells can fail to induce receptor editing, deletion, or 

anergy and therefore can mature and differentiate into follicular or marginal zone B cells, leading 

to autoimmunity (Pillai et al., 2011). Recent studies have indicated that different genetic 

polymorphisms associated with genes involved in regulating these checkpoints can be disrupted 

in autoimmune diseases (Arechiga et al., 2009; Menard et al., 2011; Giltiay et al., 2012; Rhee 

and Veillette, 2012). In addition, deficits in the central and peripheral checkpoints have been 

observed in patients with rheumatoid arthritis and systemic lupus erythematosus (Samuels et al., 

2005; Yurasov et al., 2005, 2006; Menard et al., 2011). Overall, there are many mechanisms by 

which autoantibodies can develop and contribute to autoimmunity.  

 

Role of Autoantibodies in Pathological Pain 

 One of the main ways in which autoantibodies are thought to contribute to 

pathological pain states is through alterations in voltage-gated ion channels and the consequent 

effects on the excitability of nociceptors. Autoantibodies to components of the voltage-gated 

potassium channel complex (VGKCC) have been implicated in autoimmune-associated 

pathological pain. VGKCCs are multimolecular membrane protein complexes in the nervous 

system that are critical in shaping action potentials in CNS neurons, controlling firing patterns, 

and modulating neurotransmitter release (Schulte et al., 2006). The VGKCCs Kv1.1 and Kv1.2 

are located in the juxtaparanodal region of myelinated axons and are thought to suppress 

neuronal excitability. Therefore, interference with the localization and function of these 
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VGKCCs could lead to hyperexcitability (Schulte et al., 2006; McMahon et al., 2015). 

Autoantibodies against VGKCCs do not actually bind to the channel itself but rather to its 

associated proteins: leucine-rich glioma-inactivated protein I (LGI1), which is expressed in 

presynaptic terminals, or contactin-associated protein-like 2 (CASPR2), which is found in the 

juxtaparanodes (Irani et al., 2010). A study examining the effect of autoantibodies on these two 

proteins showed that CASPR2 was necessary for the localization of VGKCCs to the 

juxtaparanodes and suggested that binding of antibodies to CASPR2 could result in a 

downregulation of the CASPR2/Kv1.1/1.2 complexes on peripheral nerve axons, leading to 

neuropathic pain (Irani et al., 2010). The work examining the role of autoantibodies in VGKCCs 

has mostly been done in Morvan’s syndrome, an autoimmune syndrome characterized by 

neuromyotonina, insomnia, and autonomic dysfunction. Morvan’s syndrome is also commonly 

associated with pain. One study indicated that 50% of patients with Morvan’s syndrome and 

VGKCC autoantibodies experienced pain, and in a small subgroup of these patients, pain was the 

only symptom (Klein et al., 2012). The patients all had idiopathic pain, thus this study 

demonstrated a potential biological basis for this pain (Klein et al., 2012). Furthermore, CASPR2 

IgG was associated with pain in these patients, identifying it as a possible new therapeutic target 

(Klein et al., 2012). Although to date the role of VGKCCs has been explored mostly in Morvan’s 

syndrome, this research has provided the field with promising new targets (e.g., CASPR2) to 

help manage autoimmune-associated chronic pain. Further research will have to be done to 

examine the role of ion channel autoantibodies in other pathological pain states. 

 Another way in which autoantibodies may mediate pathological pain is by causing 

structural damage to somatosensory neurons. The autoantibodies involved in the development of 

both Guillain-Barré syndrome and neuromyelitis optica (NMO) have been shown to cause 

structural damage (Xiao et al., 1997; Hinson et al., 2008). Autoantibodies in Guillain-Barré 

syndrome are specific for gangliosides in peripheral nerves and have been linked to the 

development of pain. One study showed that a monoclonal antibody treatment against the 

ganglioside GD2 for neuroblastomas caused pain and mechanical allodynia as a side effect (Xiao 

et al., 1997). This was thought to occur through alteration of the functional properties of small 

sensory fibers, causing increased ectopic activity and a reduction in mechanical thresholds (Xiao 

et al., 1997). Another study also measured death of cultured DRG neurons after incubation with 

autoantibody-positive serum from patients and showed that, after 2 days of incubation, 
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approximately 95% of the cultured neurons had died, especially large-diameter neurons (Ohsawa 

et al., 1993). The authors concluded that a loss of large diameter neurons in the DRG could 

contribute to sensory polyneuropathies in Guillain-Barré syndrome and therefore might 

contribute to the development of pain symptoms as well (Ohsawa et al., 1993). Additionally, 

axonal damage of unmyelinated and myelinated nerve fibers has been correlated with pain 

severity, and serum from autoantibody-positive patients with Guillain-Barré is cytotoxic to 

cultured sensory neurons (Ohsawa et al., 1993; Ruts et al., 2012). Overall, these studies provide a 

link between autoantibody-mediated damage and sensory dysfunction in Guillain-Barré 

syndrome. 

 The link between autoantibodies and pain in neuromyelitis optica (NMO) is similar 

to that seen in Guillain-Barré syndrome and involves structural damage to the axon. 

Approximately 75% of NMO cases are associated with autoantibodies against aquaporin 4 

(AQP4), a water channel highly expressed on astrocytic foot processes (Lennon et al., 2005; 

McMahon et al., 2015). It is thought that binding of AQP4 autoantibodies leads to internalization 

of the channel, which can contribute to disease pathology (Hinson et al., 2008). In addition, 

serum from autoantibody-positive patients has been shown to trigger the production of 

chemokines, cytokines, and other stress factors, contributing to the generation of pathological 

pain (Howe et al., 2014). Autoantibodies against AQP4 may impair glutamate transport through 

a downregulation of glutamate transporters (Hinson et al., 2008). This disruption of glutamate 

homeostasis could potentially increase neuronal excitability by preventing the transport of 

glutamate needed to produce GABA in inhibitory interneurons, although more research is needed 

to support this theory (Hinson et al., 2008; McMahon et al., 2015). More work must be done to 

link AQP4 autoantibodies to pathological pain in NMO, but these studies give us insight into 

novel pain pathways and mechanisms.  

 Overall, the research regarding autoantibodies in Guillain-Barré syndrome and NMO 

demonstrates that autoantibodies may contribute to pathological pain by causing tissue damage 

in these diseases. The next few sections will examine new research looking at the role of 

autoantibodies in pathological pain associated with complex regional pain syndrome, Sjogren’s 

syndrome, and rheumatoid arthritis because these three diseases exhibit unique ways in which 

autoantibodies may contribute to the development of pathological pain. 
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Autoantibodies in Complex Regional Pain Syndrome 

 Complex regional pain syndrome (CRPS) is an autoimmune disease that usually 

occurs after trauma to a limb and typically affects the injured limb (Tajerian and Clark, 2016). It 

is important to note that the extent of the injury does not affect the likelihood of developing 

CRPS and that immobilization (e.g., a cast) can also be a risk factor for its development 

(Veldman et al., 1993; Terkelsen et al., 2008). CRPS is painful, disabling, and often chronic in 

nature. Symptoms include sensory, motor, and autonomic nervous system dysfunction; cognitive 

deficits; changes in mood; anxiety; bone demineralization; changes in skin growth; and vascular 

dysfunction (Tajerian and Clark, 2016). CRPS can be divided into two different subtypes, CRPS 

type I and type II. Type I is CRPS without evidence of a major nerve lesion, whereas with type II 

there is evidence of a nerve lesion (Harden et al., 2007). Although there was previously some 

debate in the field on whether both subtypes experienced neuropathic pain—because type I, by 

definition, presents without nerve damage—new research indicates that both patient subtypes 

experience similar somatosensory disturbances. With pain profiles that are often reflective of 

neuropathic pain symptoms, such as the development of central sensitization (Gierthmühlen et 

al., 2014; Reimer et al., 2016). Other studies have also shown that, although CRPS type I patients 

often show some recovery within 6–13 months, some patients still experience chronic pain and 

disability (Bean et al., 2014). 

 CRPS was originally thought to be a response to sympathetic nervous system 

dysfunction and neurogenic inflammation. However, in recent years, evidence has come to light 

demonstrating that CRPS is most likely an autoimmune disease (Kohr et al., 2011; Goebel and 

Blaes, 2013; Dubuis et al., 2014). Some researchers have even proposed changing the name of a 

subgroup of patients with causative autoantibodies to “injury-triggered regional– restricted, 

autoantibody-mediated autoimmunity with a minimally  destructive course” (IRAM;(Goebel and 

Blaes, 2013)). Previous work exploring CRPS has linked pain to spinal microgliosis and 

increased substance P, CGRP, and cytokine release (for a review of these mechanisms see 

(Tajerian and Clark, 2016)). Work over the past decade, however, has shown that CPRS has 

autoimmune components, the most prominent being autoantibodies that bind to and activate M2-

muscarinic (M2) and β2-adrenergic receptors (β2-AR; (Kohr et al., 2011; Goebel and Blaes, 

2013; Dubuis et al., 2014; Goebel, 2016)). For example, inhibitory M2 receptors have been 

shown to be upregulated in the DRG after nerve injury, which may represent an endogenous 
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analgesic mechanism (Hayashida et al., 2006). It is also thought that if the receptor expression is 

changed locally by autoantibody activation it may contribute to the restriction of CRPS to one 

limb, especially insofar as increases in M2 expression after injury have been found only on the 

ipsilateral side (Hayashida et al., 2006; Kohr et al., 2011). M2 receptors are known to regulate 

nerve excitability and neuropeptide release in inflammatory conditions, which may contribute to 

pain, but more research is needed to elucidate these mechanisms fully (Kohr et al., 2011). β2-

ARs can be found on immune cells and can be activated by catecholamines, leading to the 

production and release of inflammatory cytokines by inhibiting the release of IL-12 and 

stimulation of IL-10, an anti-inflammatory cytokine (Maestroni, 2006). How activation of these 

receptors, which seem to be involved mostly in endogenous analgesic mechanisms, contribute to 

disease pathology and pathological pain is still not fully understood. However, one study has 

shown that genetic variation in the β2-AR is linked to chronic pain, and, more importantly, it has 

also been shown that serum IgG from CRPS patients can cause pain when passively transferred 

to an animal model (Hocking et al., 2010; Tékus et al., 2014). Finally, depletion of B cells in a 

mouse model of CRPS has been shown to reduce nociceptive symptoms, again suggesting a role 

for autoantibodies in CRPS that is not yet understood (Li et al., 2014). Although the role of 

autoantibodies remains to be fully elucidated, these results provide insight into additional 

pathways by which autoantibodies may contribute to pathological pain, the activation of G-

coupled protein receptors. 

 

Autoantibodies in Sjogren’s Syndrome 

 Sjogren’s syndrome is a systemic autoimmune disorder that targets exocrine gland 

epithelia, especially cells of the lachrymal and salivary glands (Vitali and Del Papa, 2015). 

Sjogren’s syndrome is characterized by the loss of glandular function causing dry eyes and 

mouth but often has secondary clinical manifestations that can affect the joints, lungs, kidneys, 

small vessels, and central and peripheral nervous systems, ultimately leading to pain and fatigue 

(Chai et al., 2005; Moreira et al., 2015; Vitali and Del Papa, 2015). Autoantibodies against Ro60 

and Ro52, also known as anti-SSA, and anti-SSB, have been identified in patients with Sjogren’s 

syndrome (Ching et al., 2011). The SSA antigen is made of both Ro52, a member of the tripartite 

motif family of proteins, and Ro60, a protein that binds small cytoplasmic RNAs (Ching et al., 

2011). The SSB antigen is made of a single 47-kDa protein known as La (Ching et al., 2011). 
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Although it is known that these antibodies play a role in disease development, they do not appear 

to be linked to Sjogren’s syndrome associated pain. In fact, two studies examining the 

connection between autoantibodies in SS and pain have shown that it is seronegative patients 

who report the most pain (Segal et al., 2013; ter Borg and Kelder, 2014). This is interesting given 

the studies described above in which the presence of autoantibodies is often associated with pain. 

However, the development of pain in Sjogren’s syndrome is still poorly understood, and work 

exploring new autoantibodies involved in Sjogren’s syndrome is emerging (Baer et al., 2015). 

For example, one study indicated that an antibody to nuclear autoantigen of 14 kDa (NA14) is 

involved in Sjogren’s syndrome and that some patients who were anti-ND14-positive were also 

negative for anti-SSA/SSB (Nozawa et al., 2009). This suggests that there are additional 

autoantibody targets to be explored to better understand the development of pathological pain in 

Sjogren’s syndrome. On the other hand, it is possible that in those seropositive patients the 

antibodies also activate some sort of endogenous analgesic mechanism that is protective against 

pathological pain. In either case, more research is needed to fully elucidate pain pathways in 

Sjogren’s syndrome. 

 

Autoantibodies in Rheumatoid Arthritis 

Rheumatoid arthritis is a systemic chronic inflammatory autoimmune disease with extensive 

synovitis, erosion of the articular cartilage, and marginal bone and joint destruction (Aletaha et 

al., 2010; Conigliaro et al., 2016). Multiple autoantibodies have been linked to the development 

of rheumatoid arthritis and there seems to be a correlation between antigen level and disease 

progression/severity (for a complete review see (Conigliaro et al., 2016). Several studies have 

begun to link autoantibodies involved in rheumatoid arthritis to pain. Bone destruction caused by 

the binding of autoantibodies to osteoclasts leads to the subsequent release of CXCL1/IL-8, 

disease progression, and possibly pain (Seeling et al., 2013; Krishnamurthy et al., 2016). A 

recent study has expanded on this work, demonstrating that administration of either human or 

murine anti-citrullinated protein antibody (ACPA), an autoantibody implicated in rheumatoid 

arthritis, to mice caused nociceptive behavior for up to 28 days post-injection (Wigerblad et al., 

2016). This pain was found to develop in the absence of inflammation, suggesting that the pain 

was entirely antigen induced (Wigerblad et al., 2016). It is thought that this increase in 

nociceptive behavior was due to the activation of osteoclasts and the release of the nociceptive 
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chemokine CXCL1/IL-8, which can activate sensory neurons (Wigerblad et al., 2016). In 

addition, this pain could be reversed with the IL-8 receptor antagonist reparixin (Wigerblad et 

al., 2016). This study provides new and exciting evidence that autoantibodies may directly 

trigger pathological pain in rheumatoid arthritis. However, it is important to note that this is not 

likely the only cause of pain in rheumatoid arthritis because patients may have ACPA 

autoantibodies for up to a decade before clinical symptoms appear. Furthermore, disease 

modifying drugs that help alleviate pain do not necessarily reduce levels of ACPA (Sokolove and 

Pisetsky, 2016). However, a better understanding of how ACPA and the immune system interact 

to alter immune modulating factors such as IL-8 could lead to the development of better pain-

targeting therapeutics in rheumatoid arthritis. 

 Overall, a substantial body of evidence links the immune system, autoimmune 

disease, and development of pathological pain. Not only do “classical” immune components such 

as T-cells and microglial activation apply to autoimmune disease-related pain, but new research 

implicates autoantibodies as a possible mechanism mediating pain associated with these 

disorders. A better understanding of how autoantibodies are involved in the pathological pain 

states associated with autoimmune disorders could lead to promising new therapeutic targets. In 

fact, using IgG for the treatment of chronic pain has already shown promise in several 

autoimmune diseases, such as CRPS and Sjogren’s syndrome (Tamburin et al., 2014). In 

addition, as previously mentioned, downstream targets of autoantibody actions, such as IL-8 in 

rheumatoid arthritis, may also prove to be useful in alleviating pain. Overall, the links between 

autoimmunity and pain are proving to be an interesting and fruitful area of research. 

 One area of particular interest to this thesis, is the potential role of autoantibodies in 

the development of chronic pain in MS. Unfortunately, there has been little research in this area 

as there is still no agreement on the exact autoantibodies that are involved in the pathology of 

MS. Furthermore, the exploration of mechanisms unique to chronic pain in the context of MS is 

still relatively new compared to chronic pain in general. Therefore, the chapters in the current 

thesis were designed to try and understand common mechanisms between the development of 

MS and chronic pain in MS. The section below outlines our current knowledge on the 

mechanisms behind MS progression and the development of pain in the disease.  
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Multiple Sclerosis and its Associated Chronic Pain  

Multiple sclerosis is classically described as a chronic neurodegenerative demyelinating 

autoimmune disease of the central nervous system. Approximately 2-3 million people are 

thought to live with MS globally, making this disease a world-wide health issue (Thompson et 

al., 2018). Prevalence rates in Canada are extremely high compared to other countries, and rates 

have been increasing over time in several provinces in Canada (Alonso and Hernán, 2008; 

Marrie et al., 2010, 2013; Kingwell et al., 2015). Thus, not only is MS a world-wide health issue, 

but also one that is close to home. There are three types of MS: relapsing remitting MS (RRMS), 

primary progressive MS (PPMS) and secondary progressive MS (SPMS). RRMS is defined by 

relapses separated by disease free intervals without progression and accounts for about 90% of 

patients (Makris et al., 2014). PPMS is defined by a lack of disease free intervals and continuous 

progression (Makris et al., 2014) . This is the most disabling type of MS. Finally SPMS begins 

after RRMS disease when a progressive pattern of disability develops (Makris et al., 2014).   

The primary symptom of MS is increasing motor dysfunction over time, yet many 

patients experience a host of secondary symptoms such as cognitive dysfunction, fatigue, bladder 

dysfunction, and chronic pain (Crabtree-Hartman, 2018). Chronic pain as a common secondary 

symptom of MS is of particular interest given that approximately 50% of patients develop pain 

during their disease course (Kalia and OConnor, 2005; O’Connor et al., 2008; Solaro and 

Messmer Uccelli, 2011; Murphy et al., 2017). While pain has been reported in the clinical 

population for some time, it was not until the past decade that chronic pain was systematically 

examined in the most common animal model of MS: experimental autoimmune 

encephalomyelitis (EAE). The EAE model is induced by injecting either rats or mice with 

myelin antigen in combination with pertussis toxin and Complete Freud’s Antigen (CFA) to 

cause a heightened immune response. This combination of injected antigens causes the 

production of myelin antibodies through a T-cell mediated pathway leading to demyelination and 

inflammation in the CNS. In addition, rodents demonstrate reliable ascending paralysis starting 

at the tail. Furthermore, the myelin antigen and adjuvant doses can be titrated to alter the severity 

of the model or to create relapsing remitting vs chronic models (Berard et al., 2010). Impaired 

nociception was first seen in a 1986 study where it was found that there was sensory loss in the 

tail with ascending paralysis (Pender, 1986). However, given that nociceptive behavior was 

measured at the time of paralysis, it is difficult to say whether or not the paralysis masked any 
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potential nociceptive processing. Thus, more recent studies have explored different time points 

and found that chronic pain associated with MS can be modeled in EAE (Aicher, Silverman, 

Winkler, & Bebo, 2004a; Olechowski et al., 2009; Rahn, Iannitti, Donahue, & Taylor, 2014). 

While chronic pain in MS can be modeled, the mechanisms of how it develops are still not fully 

understood. To date studies have shown that several mechanisms appear to be involved in the 

development of chronic pain in MS, such as increased inflammation and reactive gliosis in the 

CNS, increases in the levels of inflammatory cytokines, changes in neurotransmitter levels, and 

alterations in transporter proteins critical for the maintenance of synaptic homeostasis (Begum, 

Zhu, Cortes, MacNeil, & Namaka, 2013; Lisi et al., 2012; Melanson et al., 2009; Olechowski, 

Tenorio, Sauve, & Kerr, 2013; Camille J Olechowski et al., 2009; Olechowski et al., 2010; Potter 

et al., 2018; Zhu et al., 2013). While these studies provide insights into the mechanisms 

underlying chronic pain in MS, more work needs to be done to fully understand these pathways. 

The sections below outline how new research in the areas of oxidative stress, cytokine changes, 

and neuroactive steroids not only contribute to MS pathology, but also MS related pain.  

 Studies to date have also failed to account for variables that may influence MS 

related pain and MS pathology more generally. For instance, sex, as in chronic pain, is also an 

important variable to consider in MS research. It is well established that there is a higher 

prevalence of MS in the females and that this number is increasing compared to males (Orton et 

al., 2006; Thompson et al., 2018). Furthermore, it is known that while female MS patients are 

more common, the risk of long-term disability is higher in male patients (Shirani et al., 2012; 

Voskuhl et al., 2018). In addition, several studies have explored the role of sex differences in the 

immune response to EAE induction (Dunn et al., 2010, 2015, Zhang et al., 2012a, 2015). These 

studies demonstrated that different T-cell profiles can differentially contribute to disease 

severity/susceptibility in MS (Dunn et al., 2007; Zhang et al., 2012a). Androgen levels in male 

mice cause an increase in the expression of the nuclear factor receptor, peroxizome proliferator- 

activated receptor alpha (PPARα) and decrease PPARγ expression, leading to a reduction in the 

production of the cytokines TNFα and INFγ, but increasing the levels of IL-17. This increase in 

PPARα has been linked to a protective effect for males with regard to autoimmune diseases, 

while the lack of androgen activated PPARα in females has been associated with an increase in 

autoimmune diseases such as MS (Dunn et al., 2007; Zhang et al., 2012a). Interestingly, these 

differences in PPAR activation have also been associated with sex differences in immune 
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mediated nociceptive pathways. Nociceptive hypersensitivity in male mice is thought to be 

mediated through microglia activation where as in females it is through T-cell activation (Sorge 

et al., 2015). These studies again highlight the importance of considering sex as a variable.  

 

Major Pathways Contributing to Damage in MS & MS Related Chronic Pain  

There are multiple pathways that contribute both to disease pathology and chronic pain in MS. 

The sections below outline some of the new areas of research in these topics, and outline how 

chronic pain in MS may be unique compared to non-disease related chronic pain conditions.  

 

Oxidative Stress in MS & MS Related Pain 

Oxidative stress can be defined as an imbalance between the production of free radicals and the 

ability of the body to detoxify their harmful effects via neutralizing antioxidants. A reduction in 

oxidative stress in many diseases is important as free radicals contribute to damage that leads to 

disease progression. Protection from free radicals comes from the antioxidant defense system 

which is mainly comprised of free radical scavengers and antioxidant enzymes such as 

superoxide dismutase (SOD), glutathione peroxidase (GSH-PX) and glutathione (GSH). 

Reactive oxygen species, on the other hand, are produced by the cytosol, mitochondria, 

lysosomes, peroxisomes, and the plasma membrane under both normal and pathological 

conditions.  

  The CNS is thought to be particularly susceptible to oxidative stress due to its high rate of 

oxygen consumption. Oxidative stress in MS is thought to contribute to the progression of the 

disease over time by promoting neurodegeneration. MS patients have been shown to have high 

levels of lipid peroxidation, a measure of oxidative stress, in the CSF when compared to healthy 

controls (Calabrese et al., 1998). An additional study of RRMS patients found that traditional 

molecules involved in regulating the redox balance were disrupted as seen again by increases in 

lipid peroxidation and protein carbonylation (Polachini et al., 2016). Furthermore, the study went 

on to show that there was a decrease in the SOD enzyme and increased DNA damage, all classic 

hallmarks of oxidative stress (Polachini et al., 2016). Another study demonstrated that lipid 

peroxidation precedes the inflammatory response in RRMS, suggesting that oxidative stress may 

be an early event in MS in addition to being directly linked with inflammation and 

neurodegeneration (Wang et al., 2014).  



32 

 

 Research has also found that oxidative stress can contribute to the neuroinflammatory 

response by mediating T-cell changes in neurodegenerative disease (Solleiro-Villavicencio and 

Rivas-Arancibia, 2018). It has been proposed that oxidative stress can inhibit the responses of 

anti-inflammatory Th2 T-cells (Solleiro-Villavicencio and Rivas-Arancibia, 2018). For example, 

a study has observed that mitochondrial inhibitors of reactive oxygen species (ROS) lowered 

differentiation of T-cells to the Th17 phenotype in a mouse model of arthritis, suggesting that 

different levels of ROS can modulate T-cell phenotype (Zhi et al., 2012).  Given that EAE is a 

predominately T-cell mediated disease, it is possible that similar changes are occurring in MS, 

though more research is needed to better understand the interaction between T-cells and 

oxidative stress in MS (Solleiro-Villavicencio and Rivas-Arancibia, 2018).  

Increased oxidative stress can also lead to mitochondrial dysfunction, paradoxically 

triggering the production of more ROS and subsequent oxidative stress in a vicious cycle. This 

process is thought to occur when ROS and reactive nitrogen species (RNS) diffuse across the 

mitochondrial membrane and compete with oxygen molecules for binding sites on components 

of the electron transport chain, such as the cytochrome c oxidase enzyme (Haider, 2015). This 

ultimately decreases respiratory chain function and can lead to the development of “respiratory 

deficient” neurons, which are often seen in the lesions of patients (Mahad et al., 2008; Haider, 

2015). Both ROS and RNS can also cause covalent modification and mutations in mitochondrial 

DNA that also inhibit the efficiency of oxidative phosphorylation and increase production of 

ROS, completing the vicious circle (Yakes and Van Houten, 1997; DiMauro et al., 2013). 

Evidence of mitochondrial DNA deficits have also been seen in tissue from MS patients and are 

proposed to contribute to neurodegeneration (Dutta et al., 2006; Campbell et al., 2011) . Further 

evidence of increased oxidative stress and subsequent mitochondrial dysfunction comes from 

studies where detoxification of ROS reverses both markers of mitochondrial and axonal injury in 

EAE (Nikić et al., 2011). Taken together these studies demonstrate that oxidative stress is a 

hallmark feature of the pathophysiology of MS.  

Interestingly, oxidative stress has also been implicated in the development of chronic 

pain. Studies in patients with fibromyalgia found increased ROS, impaired mitochondrial 

function  and reduced ATP in the muscle and neural cells of patients (Meeus et al., 2013). A 

meta-analysis of the antioxidant therapy for chronic pancreatitis also found that this therapy 

reduced pain in this disease, demonstrating a role for oxidative stress in pancreatitis pain 
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(Rustagi and Njei, 2015; Talukdar et al., 2015).  Oxidative stress is also thought to play a major 

role in the development of diabetic and chemotherapy-induced neuropathies (Bordet and Pruss, 

2009; Araki and Nishikawa, 2010; Reichling and Levine, 2011). It has also been shown that 

antioxidant administration can reduce hyperalgesia in these conditions (Joseph et al., 2008). 

While these studies demonstrate that oxidative stress is likely involved in the development of 

chronic pain, there has been little research to date looking at oxidative stress in MS related pain. 

More research is therefore needed to determine if oxidative stress plays a role in the development 

of chronic pain in MS.    

 

Cytokines in MS & MS Related Pain 

As mentioned above, the development of MS and other autoimmune diseases is thought to be 

due in part to an imbalance in T-cell Th1/Th2 immunity (see above for details). This is also seen 

in studies showing the progression and initial disease stages of MS are linked to a Th1/Th2 

imbalance (Begolka et al., 1998; Sospedra and Martin, 2005). The Th17 cell population and its 

related cytokines (IL-17, IL-17F, and IL-22) are also involved in the development of MS through 

their ability to promote inflammation and autoimmunity (Steinman, 2010; Moynes et al., 2014). 

Cytokines released from T-cells can activate microglia and also directly act on neurons, 

promoting increased immune cell infiltration (for a complete review see Moynes et al., 2014). In 

addition, infiltrating macrophages and activated microglia also produce cytokines. Reactive 

macrophages/microglia can also be roughly categorized into two different phenotypes: M1 and 

M2 phenotypes. Similar to the Th1/Th2 phenotypes, M1 macrophages are thought to be pro-

inflammatory and M2 to be anti-inflammatory due to their release of the anti-inflammatory 

cytokines Il-4, IL-10, IL-13, IL-33 and TGF-β. It is also thought that M1 macrophages/microglia 

promote tissue damage, demyelination, and neuronal death in the CNS, while M2 

macrophages/microglia help promote tissue repair and the resolution of inflammation (Chu et al., 

2018). Changes in serum levels of patient cytokines have also been observed, with one study 

reporting increased levels of Th17-related cytokines in MS (Li et al., 2017). Overall, it is thought 

that the increase in cytokines in MS/EAE lead to an increase in immune cell infiltration, a 

breakdown of the blood-brain barrier (BBB) integrity, inflammation and tissue damage (Palle et 

al., 2017).   
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 It is important to note however, that cytokines are not always categorized neatly into 

pro- or anti-inflammatory profiles in EAE. An example of this is the cytokine TNFα in the 

pathogenesis of EAE and MS. Pre-clinical studies of the role of TNFα in the development of MS 

found that patients had elevated CSF levels of this cytokine and that it was correlated with 

disease severity and progression (Maimone et al., 1991; Sharief and Hentges, 1991). 

Additionally, it was found that TNFα neutralizing antibodies prevent development of symptoms 

in the adoptive transfer model of EAE and that treatment of mice with TNFα antibodies at 

disease onset suppressed the development of disease (Ruddle et al., 1990; Inoue et al., 1996). 

Overall the pre-clinical evidence indicated that a reduction of TNFα levels in patients should be 

beneficial. However, when a clinical trial with a recombinant TNF receptor, lenercept, was 

tested, it was found to exacerbate disease pathology in patients (Anon, 1999; Palle et al., 2017). 

Interestingly, a similar effect was found in exploring the role of the interferon (INF) family of 

cytokines. Previous studies had shown that increasing levels of INFβ was beneficial, but a study 

of RRMS patients where increasing INFγ levels was detrimental (Panitch et al., 1987). This 

demonstrates that cytokines in MS are likely more complex than originally thought and that they 

have many different roles in neuroinflammation.  

 Several cytokines, including TNFα, have been implicated in the development of MS 

related pain. Levels of TNFα are increased in the DRG and spinal cord of EAE mice who 

demonstrate enhanced nociceptive behaviours (Melanson et al., 2009; Begum et al., 2013; 

Rodrigues et al., 2016). Additional studies have shown that increased levels of IL-17 and INFγ 

are also associated with the development of nociceptive hypersensitivity in EAE (Lisi et al., 

2012; Schmitz et al., 2013). Increased levels of IL-1β are also found to be associated with the 

development of pain in EAE ( Olechowski et al., 2013; Rodrigues et al., 2016). Therapies 

designed to target cytokines associated with development of chronic pain have also been shown 

to be effective. One study used a cannabinoid receptor (CB2) agonist to reduce cytokine levels 

and saw analgesic effects of the agonist (Alberti et al., 2017). Another study used gene therapy to 

increase the levels of the anti-inflammatory cytokine IL-10 and also found improvements in 

nociception in the EAE model (Sloane et al., 2009). While these studies demonstrate that 

cytokines are involved in the development of chronic pain in MS, more work is needed to clarify 

the exact mechanisms that drive this nociceptive behaviour. Furthermore, more work is needed 
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to translate this pre-clinical research into clinical trials to better manage chronic pain in MS 

patients.   

 

Neuroactive Steroids in MS & MS Related Pain 

Neuroactive Steroids (NASs) are rapidly acting steroids that produce nongenomic effects by 

acting as allosteric modulators at neurotransmitter receptors. NASs typically act at the NMDA 

subtype of glutamate receptors and/or gamma-aminobutyric acid-A (GABA-A) receptors (Tuem 

and Atey, 2017).  NASs may be synthesized from cholesterol in the brain or they can come from 

the periphery. Some NASs have also been reported to have anti-inflammatory actions and have 

been proposed to play a role in a number of neurologic, psychiatric and gastrointestinal disorders 

(Giatti et al., 2012; Tuem and Atey, 2017).  In addition to studies reporting changes in levels of 

NASs in neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease, 

changes in MS have also been reported (Giatti et al., 2012). A clinical study examining CSF 

levels of NAS in patients found increased levels of pregnenolone (PREG) and 

dehydroepiandrosterone (DHEA) (Orefice et al., 2016).  Interestingly, these increases were 

associated with active disease state in females and the presence of gadolinium enhancing lesions 

in male patients (Orefice et al., 2016). This suggests that increases in PREG may be promoting 

disease progression and/or severity. Furthermore, these changes were regulated by disease state 

in the patients studied (Orefice et al., 2016). Similar disease state dependent changes in NAS 

levels can also been seen in the EAE model. For example, in the acute stage of the EAE, there 

are decreased spinal cord levels of progesterone (PROG) and isopregnanolone (ISO) (Caruso et 

al., 2010; Giatti et al., 2010). However, NAS levels in the spinal cord do not appear to change at 

the chronic stage of EAE (Caruso et al., 2010; Giatti et al., 2010). Another study exploring NAS 

levels found that males showed decreased testosterone in progressive MS compared to RRMS 

suggesting that different NASs might have different roles in disease progression (Savettieri et al., 

2004; Caruso et al., 2010; Giatti et al., 2010; Orefice et al., 2016).  

 A major NAS whose levels change in MS is allopregnanolone (ALLO). ALLO is 

generally thought to be neuroprotective, especially in MS (Noorbakhsh et al., 2014). For 

example, a study examining the levels of ALLO in the white matter of brains of patients with MS 

found decreased ALLO levels (Noorbakhsh et al., 2011). Interestingly sex differences in ALLO 

levels have also been reported. Female MS patients have reduced levels of ALLO in the CSF, 
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while levels of ALLO in males with MS is stable (Orefice et al., 2016). Additionally, 

administration of ALLO/ALLO ligands to mice with EAE reduced neuroinflammation and 

disease severity (Wang et al., 2002; Daugherty et al., 2013). Interestingly, changes in ALLO 

have been linked to chronic pain. However, this is a new area of research, so this study was not 

done in MS patients, but rather in patients with post-traumatic stress disorder. This study found 

that changes in ALLO levels are associated with post-exercise pain tolerance in patients with 

post-traumatic stress disorder who also have chronic pain (Scioli-Salter et al., 2016). This study 

indicates that in addition to their involvement in MS pathophysiology, NASs may regulate pain 

processing. 

 

Summary & Purpose 

Chronic pain is a complex disease associated with numerous pathophysiological changes, such as 

altered neurotransmission, oxidative stress, inflammation, and neuronal damage. Despite decades 

of research into the mechanisms of this condition, there are still no effective treatments for many 

types of chronic pain. One of the reasons for this could be lack of research into variables such as 

sex that greatly influence pain processing. As seen above, sex not only has a role in the 

development of chronic pain in general, but also in the development of chronic pain in specific 

chronic disease states such as MS. This is particularly seen in how sex influences the role of the 

immune system in the development of chronic pain and the role of sex in autoimmune pain.  The 

involvement of different biological mechanisms in the development of chronic pain between the 

sexes can also directly impact therapeutic benefit of different treatments for pain. Therefore, the 

purpose of this thesis was to examine the role of sex in pain behaviors and treatments in different 

models of chronic pain.  

 

In Chapter 1, I examined the role of sex and neurotransmitter levels in the formalin model. To do 

this, levels of 5-HT, NA, and GABA were pharmacologically manipulated in male and female 

mice who received formalin injections and nociceptive behaviors were observed.  

Hypothesis 1: Formalin Pain is regulated by different neurotransmitter systems in male and 

female mice.  
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In Chapter 2, I began to explore the effect of sex on the benefits of voluntary wheel running in 

EAE. Differences in disease scores and disease markers (axonal damage, demyelination, immune 

cell infiltration, oxidative stress) were examined between male and female mice who had access 

to a running wheel.  

Hypothesis 2: Voluntary wheel running will have beneficial effects in male and female mice with 

EAE.  

 

In Chapter 3, I continued the study of voluntary wheel in male and female mice with EAE. 

Changes in the brain associated with voluntary wheel running were explored by assessing NAS 

levels in male and female mice.  

Hypothesis 3: Neuroactive steroids in the cerebrum of mice with EAE will be modulated by 

voluntary wheel running.  

 

In Chapter 4, I explored the effect of voluntary wheel running on nociceptive behavior in male 

and female mice with EAE. Changes in levels of peripheral cytokines levels and DRG 

excitability were also explored to examine effects of running and sex on nociceptive behavior 

associated with EAE.  

Hypothesis 4: Voluntary wheel running will differently affect pain behavior in male and female 

mice with EAE.  
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Table 1. Autoimmune Diseases Associated with Pain 

Autoimmune Disease Disease Description 
Associated with 

Pain? 
Reference 

Alopecia Areata Hair loss in round patches No  (Spano and 

Donovan, 2015) 

Autoimmune Hemolytic 

Anemia 

Characterized by shortened red 

blood cell survival and presence 

of antibodies against red blood 

cells, mediated by temperature 

Yes (various) (Packman, 2015) 

Autoimmune Hepatitis 

 

Progressive inflammatory liver 

disease of unknown etiology 

Yes (abdominal) (Jiménez-Rivera et 

al., 2015) 

Dermatomyositis 

 

Systemic rheumatic disease 

characterized by a skin rash and 

chronic muscle inflammation 

Yes (muscle) (Kishi et al., 2013) 

Diabetes (Type 1) 

 

Condition in which the pancreas 

ceases to produce insulin 

Yes (Downs and 

Faulkner, 2015) 

Juvenile Idiopathic 

Arthritis 

 

Most common form of joint 

swelling, heat and pain in 

children 

Yes (joint) (Schanberg et al., 

2003) 

Glomerulonephritis 

 

Acute inflammation of the 

kidney 

No (Murtas and 

Ghiggeri, 2016) 

Graves’ Disease 

 

Swelling of neck and protrusion 

of eyes due to hyperthyroidism 

Yes (eye) (Cardoso et al., 

2012) 

Guillain-Barré Syndrome 

 

Autoimmune polyneuropathy 

disease attacking the peripheral 

nervous system 

Yes (various) (Yuki and 

Hartung, 2012) 

Idiopathic 

Thrombocytopenic 

Purpura 

Easy or excessive bruising or 

bleeding, possibly due to low 

platelet count 

No (Cines et al., 2009) 

 

Myasthenia gravis 

 

 

Autoimmune disease cause by 

complement-fixing antibodies 

against AChR characterized by 

severe muscle weakness 

 

No 

 

(Dalakas, 2015) 
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Autoimmune Disease Disease Description 
Associated with 

Pain? 
Reference 

Multiple Sclerosis 

 

a demyelinating progressive 

inflammatory autoimmune 

disease 

Yes(neuropathic/mixed) (Pöllmann and 

Feneberg, 2008)  

Pemphigus/ Pemphigoid 

 

Autoimmune blistering disease 

of the skin 

Yes (lesions) (Rajan et al., 

2014) 

Pernicious Anemia Vitamin B12 deficiency anesmia Yes (various) (Osborne and 

Sobczyńska-

Malefora, 2015) 

Polyarteritis Nodosa 

 

Autoimmune disease causing 

spontaneous inflammation of the 

arteries 

Yes (De Virgilio et al., 

2016) 

Polymyositis 

 

Autoimmune disease causing 

muscle weakness 

Yes (chest) (Danieli et al., 

2016) 

Primary Biliary Cirrhosis 

 

Disease with inflammation and 

progressive destruction of small 

intrahepatic bile ducts 

Yes (abdominal) (Cheung et al., 

2016) 

Psoriasis 

 

Chronic immune mediated skin 

disease with erythematous 

plaques and silvery scales 

Yes (plaque) (Lebwohl et al., 

2014) 

Rheumatoid Arthritis 

 

Systemic inflammatory disease 

causing pain and joint 

destruction 

Yes (joint) (Suurmeijer et al., 

2001) 

Scleroderma/systemic 

sclerosis 

 

Chronic autoimmune 

multisystem connective tissue 

disease with thickening and 

fibrosis of skin and internal 

organs 

Yes (various) (Racine et al., 

2016) 

Sjögren’s Syndrome 

 

Systemic autoimmune disease 

targeting exocrine gland 

epitheslia, especially the 

lachrymal and salivary glands 

Yes (joint/muscle) (Vitali and Del 

Papa, 2015) 

Systemic Lupus 

Erythematosus 

Chronic unpredictable 

autoimmune disease that can 

affect any healthy tissue 

Yes (various) (Greco et al., 

2003) 
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Autoimmune Disease Disease Description 
Associated with 

Pain? 
Reference 

Vitiligo Disease of pigment-producing 

cells that result in varying 

patterns and degrees of skin 

depigmentation 

No (Bretterklieber et 

al., 2014) 

Granulomatosis with 

Polyangiitis (Wegener’s 

disease) 

Autoimmune disorder causing 

inflammation of blood vessels in 

nose, sinuses, throat, lung and 

kidneys 

Yes (various) (Tomasson et al., 

2012) 
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Chapter 1: Manipulation of Neurotransmitter Levels has 

Differential Effects on Formalin-Evoked Nociceptive Behaviour in 

Male and Female Mice 

1.0 Introduction 

It is well established in clinical populations that differences exist in the prevalence rates of 

persistent pain between the sexes. Females are reported to have higher prevalence rates for most 

persistent pain conditions (Berkley, 1997; Fillingim, King, Ribeiro-Dasilva, Rahim-Williams, & 

Riley, 2009; Greenspan et al., 2007; Vincler, Maixner, Vierck, & Light, 2001)]. Differences in 

acute pain sensitivity are also seen, with women reporting greater sensitivity to different noxious 

stimuli (Rocha-González et al., 2005; Gazerani et al., 2006; Greenspan et al., 2007; Fillingim et 

al., 2009). Sex differences are also found in animal models of pain and nociception (Craft, n.d.; 

Mogil et al., 2003; Berkley et al., 2006; Fillingim et al., 2009; Muñoz-Islas et al., 2014). Studies 

examining the underlying mechanisms of pain have found that males and females do not always 

respond in the same manner to many novel or classically prescribed analgesics (Craft, 2003; 

Mogil et al., 2003; Berkley et al., 2006; Fillingim et al., 2009; Mogil, 2012). Results from these 

studies suggest that different underlying mechanisms may contribute to male and female 

nociception.  

 Despite these findings, little research has been done to examine potential sex differences 

in the role of neurotransmitter systems in regulating pain and nociception. Neurotransmitters 

such as serotonin (5-hydroxytryptamine, 5-HT) and noradrenaline (NA) have been implicated in 

pain modulation and many antidepressants that elevate the synaptic cleft levels of these 

neurotransmitters are considered first line treatment for certain types of chronic pain (Dworkin et 

al., 2007; Attal et al., 2010; Bohren et al., 2013; Sagheddu et al., 2015). It is well established that 

increases in the levels of 5-HT and NA in the spinal cord can potentiate anti-nociception (Yang 

et al., 2005; Roh et al., 2006; Greenspan et al., 2007; Hughes et al., 2013b; Rahn et al., 2014). It 

is also well established that γ-aminobutyric acid (GABA) is critical for regulating pain 

processing. Several studies have shown that reduced levels of GABA in the spinal cord are 

linked to the development of chronic pain (Moore et al., 2002; Zeilhofer et al., 2009).  

 However, little research has been done to examine how these three different 

neurotransmitters interact to modulate nociceptive responses. Studies of the relative effectiveness 
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of tricyclic antidepressants (TCAs) versus selective serotonin inhibitors (SSRIs) suggest that the 

TCAs are more effective at alleviating pain than the more specific SSRIs (Finnerup et al., 2010; 

Sagheddu et al., 2015). This indicates that there may be a significant benefit to altering multiple 

neurotransmitters systems at once. Also, given the well-described sex differences in several 

underlying mechanisms of pain processing, sex may also have a role in how the nervous system 

responds to changes in neurotransmitter levels with treatment. 

In the current set of experiments, we used the formalin model to study how manipulating 

neurotransmitter systems affects nociception in male and female mice. Phenelzine (PLZ), a 

monoamine oxidase and GABA-transaminase inhibitor, and two analogues of PLZ were used to 

examine the effects of altering central nervous system levels of 5-HT, NA, and GABA together 

or separately on formalin evoked nociceptive behaviours. Our results describe the relative 

influence of each neurotransmitter on nociception and also characterize how male and female 

mice respond differently to these manipulations.   

 

1.1 Materials & Methods 

1.1.1Animal Care 

All animal studies were conducted in compliance with the Canadian Council on Animal Care 

Guidelines and Policies with the approval from Animal Care and Use Committee: Health 

Sciences for the University of Alberta.  Male and female 6-8 week old C57BL/6 mice 

(http://www.criver.com/products-services/basic-research/find-a-model/c57bl-6n-mouse) were 

used for all experiments. All animals were group-housed (5 mice per cage) in a controlled room 

with a 12-hour light/dark cycle and were given free access to standard food pellets and water. All 

animals underwent at least a week of handling prior to beginning experimental procedures to 

ensure that they were familiar with the researchers doing the testing. This handling period also 

ensured that mice had ample time to reach sexual maturity.  Thus, age was not a factor in 

potential hormone differences, and sexual maturity in females was further confirmed by estrus 

cycle monitoring.  Most of the behavioral testing was done by a female researcher (K.M.), and 

for testing done by a male researcher (K.T.), that male researcher was in the room with the mice 

for a 30 minute period prior to formalin testing to prevent any inhibition of nociceptive responses 

that have been observed in male mice after exposure to volatile androgens produced by male 

researcher (Sorge et al., 2014). This waiting period ensure that the mice acclimatize to the 
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presence of the male researcher. Gonadectomized mice and sham surgery mice were ordered 

from Charles River Canada and shipped after surgical clips had been removed. Animals were 

allowed two weeks to further recover and adjust to new housing facilities prior to testing.  

 

1.1.2 Formalin Induction 

The formalin test was used to examine nociceptive behaviour in both male and female mice 

(Dubuisson and Dennis, 1977). Formalin testing occurred 3 hours after mice had been pre-treated 

with either an active drug or vehicle solution (see below). Mice were tested during the light 

phase and testing was balanced to ensure that an equal number of mice were tested in the 

morning and afternoon. Each animal was allowed to habituate to the testing apparatus (a 25cm x 

23cm x 15cm clear plexi-glass observation box with a raised platform) for 30 minutes prior to 

testing. Mice were then gently restrained and given a 30μl subcutaneous injection of 1% 

formalin (37% formaldehyde solution, Sigma, in 0.9% saline) in the plantar surface of one hind 

paw. After the injection, mice were placed back into the apparatus and observed for 30 minutes. 

During this period, the time spent engaging in nociceptive behaviours (licking and/or 

lifting/flinching of the injected paw) was monitored and timed (in seconds) in 5-minute interval 

blocks. The total time (in seconds) spent displaying nociceptive behaviours was then determined 

for the first phase (0-10 minutes) and second phase (10-30 minutes) of the assay. The 

investigator was able to assess both licking and lifting behaviours as scoring was done live with 

the investigator in the room. The investigator was also blinded to treatment group, as injections 

were done by another experimenter. Mice were randomly assigned to treatment groups in all 

experiments to ensure one cage did not receive all the same drug treatment.  

 

1.1.3 Experiment One: An Examination of the Analgesic Properties of PLZ and PEH 

Levels of GABA, 5HT, and NA were altered using PLZ and its active metabolite 

phenylethylidenehydrazine (PEH). Mice were pre-treated with either PLZ or PEH via 

intraperitoneal (i.p.) injection 3 hours prior to formalin testing. This time interval allows for the 

maximum increase in CNS levels of 5-HT, NA and/or GABA to occur (McManus et al., 1992; 

Musgrave et al., 2011a; McCarson and Enna, 2014). Male and female mice were divided into the 

following groups:  
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Naïve (n=4M, 5F): Naïve mice did not receive any pretreatment or formalin testing. Animals 

were euthanized and tissue removed without any experimental procedures to determine baseline 

levels of the neurotransmitters examined. 

Environmental Control (n=5M, 6F): Animals underwent the same experimental protocol as 

vehicle treated animals (see below), but received a 30μl injection of 0.9% saline instead of 

formalin into one hind paw and no drug pre-treatment. This group was used to determine the 

time spent engaging in nociceptive behaviours that are associated with the hind paw injection 

procedure alone.  

Vehicle (n= 5M, 5F): Animals received a single i.p. injection of bacteriostatic water prior to 

formalin testing. 

PLZ (n= 12M, 12F): Animals received a single i.p. injection of PLZ (15mg/kg in bacteriostatic 

water) prior to formalin testing. PLZ was obtained from Sigma-Aldrich.  

PEH Groups (n= 11M, 11F): Animals received a single i.p. injection of PEH (30mg/kg in 

autoclaved PBS, made from a stock in DMSO) prior to formalin testing. PEH was obtained from 

the laboratory of Dr. Glen Baker (Department of Psychiatry, University of Alberta, Edmonton, 

AB, Canada, T6G 2B7). 

 

1.1.4 Rotarod Assay 

To assess gross locomotor ability and to ensure that drug treatments did not interfere with 

locomotion, the accelerating rotarod assay was used. Mice were first trained on a 12-rpm fixed 

speed rotarod until they could stay on for 3 minutes. On the day of testing, after pre-treatment 

and formalin testing, mice underwent an accelerating version of the test. For this test, mice start 

on the rotarod at a rate of 4-rpm that accelerates to 40-rpm over the next minute. Time spent on 

the accelerating rotarod was averaged across three trials.  

 

1.1.5 Experiment Two: Effect of Estrous Cycle Stage  

Experiments were conducted to determine possible effects of the estrous cycle and subsequent 

hormonal changes on nociceptive behavior or drug effects. Mice were pre-treated with either a 

drug or saline and then underwent formalin testing. The groups were tested VEH (n=21), PLZ 

(n=12), PEH (n=12), and N2-acetylphenelzine (N2-AcPLZ; n=18). Vaginal lavage samples were 

taken on the day of formalin testing and stained with crystal violet to determine stage of cycle 
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during testing. Vaginal lavage, crystal violet staining, and vaginal cytology procedures were 

similar to those in Maclean et al. (McLean et al., 2012).  Stages were distinguished by 

identifying the predominance of three different cell types: nucleated epithelial cells, cornified 

squamous cells, and leukocytes. Proestrus is dominated by nucleated epithelial cells, estrus by 

cornified squamous epithelial cells, diestrus is overwhelmingly dominated by leukocytes and 

metestrus is a mixture of cells. As the mice were free cycling, mice were divided into two groups 

for the analysis: those in pro-estrus and those in non-proestrus, similar to groups described by 

Rahn et al.(Rahn et al., 2014).  

 

1.1.6 Experiment Three: The Effect of N2-AcPLZ on Nociceptive Behaviour 

To determine the effect of altering 5-HT and NA levels without changing GABA levels, an 

acetylated version of PLZ was used. N2-AcPLZ is an MAO inhibitor and acts to increase levels 

of 5-HT and NA but not GABA (McKenna et al., 1991).  Animals were pre-treated with N2-

AcPLZ (39.82mg/kg in bacteriostatic water, n=10M, 10F) or vehicle (bacteriostatic water, n= 

10M, 11F) prior to formalin. N2-AcPLZ was obtained from the laboratory of Dr. Glen Baker 

(Department of Psychiatry, University of Alberta, Edmonton, AB, Canada, T6G 2B7). 

 

1.1.7 Experiments Four & Five: Effect of Gonadectomy on Mice Pre-treated with N2-AcPLZ 

Ovariectomized (OVX), castrated (Cast), and sham female/male mice were tested after pre-

treatment with N2-AcPLZ or vehicle. Surgical procedures were performed by Charles River 

Canada.  For ovariectomies, a small incision was made in the dorsal side of the mice and the 

ovaries were suctioned out. Wounds were closed with clips and removed 7 days after surgery. 

Sham mice underwent the same surgical procedure without removal of the ovaries. For 

castration, testes were bilaterally removed after a small incision was made on the ventral side of 

the mice. Wounds were also close with clips and removed 7 days after surgery. All mice were 

anesthetized with ketamine/xylazine during surgery and post-operative recovery was mediated 

with buprenorphine (an opioid) and carprofen (an anti-inflammatory). Mice were shipped after 

clip removal and allowed to acclimatize to the new environment for 2 weeks prior to testing. On 

the day of formalin testing, mice received either an i.p. injection of vehicle (bacteriostatic water, 

Sham Females n=10, Sham Males n=10, OVX n=10, Cast n=10) or N2-AcPLZ (39.82mg/kg in 

bacteriostatic water; Sham Females n=10, Sham Males n=10 , OVX n=10, Cast n=10) prior to 
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formalin injection as previously described.  An estrus sample was also obtained from female 

mice prior to tissue removal to later ensure that ovariectomized mice were no longer cycling.  

Estrus cycle stages were determined as previously described. Non-cycling mice were divided 

into two categories based on vaginal lavage samples: anestrus, described by a mixture of 

unidentifiable cell types, and prolonged diestrus, characterized by a large amounts of leukocytes, 

typical of periods of low estrogen and progesterone (Aloisi et al., 2004; Hayashi et al., 2013; 

Chen et al., 2014). Castrated and Sham surgery male mice were not tested until a minimum of 14 

days after surgery to ensure that all circulating testosterone had diminished (Xu et al., 1999; Lin 

et al., 2010; Boerboom et al., 2015).  

 

1.1.8 Experiment Six: Pharmacological Antagonism of N2-AcPLZ-mediated Anti-nociception in 

Male Mice.  

Different pharmacological agents were used to determine if the analgesic effects of N2-AcPLZ in 

male mice could be reversed.  All antagonists used have previously been shown to not alter 

formalin behaviour when compared to vehicle treatment alone (Rocha-González et al., 2005; 

Roh et al., 2006; Kang et al., 2011; Cervantes-Durán et al., 2013; Muñoz-Islas et al., 2014).  

Male mice were pre-treated with N2-AcPLZ or vehicle (bacteriostatic water). Twenty minutes 

prior to formalin testing, mice received an intrathecal (i.t.) injection of either vehicle or drug (see 

drugs used below). I.t. injections were carried out under anesthesia with isoflurane at the lower 

lumbar level. A volume of 10μl was administered with a 30-gage needle. Puncture of the dura 

was confirmed by a tail flick at the time of injection and later through visualization of the dye 

injected with the drug in the spinal column near the site of injection.  Once the mice had 

recovered from the isoflurane induction, formalin testing occurred as previously described. Mice 

were also tested on the accelerated rotarod in a single trial (mice start on the rotarod at a rate of 

4-rpm that accelerates to 40-rpm over the next minute. Time spent was averaged across three 

trials) to ensure that locomotor ability was not impaired by the i.t. injections.  After testing, mice 

were euthanized with euthansol and the spinal column was opened at the lumbar level to verify 

proper intrathecal localization of the injection (visualized by the presence of blue dye in the 

spinal tissue). 
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1.1.9 Experimental Groups and Drugs Used: 

Vehicle - Vehicle (n=7): mice were given an i.p. injection of bacteriostatic water and an i.t. 

injection of 1% DMSO (10μl) prior to formalin testing.  

N2-AcPLZ - Vehicle (n=8): mice were given an i.p. injection of N2-AcPLZ (39.82mg/kg in 

bacteriostatic water) and an i.t. dose of 1% DMSO (10 μl volume) prior to formalin testing.  

N2-AcPLZ - Idazoxan hydrochloride (n=6): Idazoxan hydrochloride is an alpha 2a- 

adrenoreceptor antagonist. Mice were given an i.p. injection of N2-AcPLZ (39.82mg/kg in 

bacteriostatic water) and an i.t. dose of idazoxan hydrocholide (2mg/kg in bacteriostatic water) 

prior to formalin testing. Idazoxan hydrocholide was purchased from Tocris BioSciences, 

Cedarlane Labs, Burlington, ON. 

N2-AcPLZ - SB-699551 (n=6): SB-699551 is a 5HT-5A receptor antagonist. Mice were given an 

i.p. injection of N2-AcPLZ (39.82mg/kg in bacteriostatic water) and an i.t. injection of SB-

699551 (3mg/kg in DMSO) prior to testing. SB-699551 was purchased from Tocris BioSciences, 

Cedarlane Labs, Burlington, ON.  

N2-AcPLZ - WAY - 100635 (n=8): WAY-10063 is a 5HT-1A/B/D receptor antagonist, with a 

strong affinity for the 5HT-1a receptor. Mice were given an i.p. injection of N2-AcPLZ 

(39.82mg/kg in bacteriostatic water) and an i.t. injection of WAY-100635 (1.5μg in 10μl 0.9% 

saline) prior to testing. WAY-100635 was purchased from Tocris BioSciences, Cedarlane Labs, 

Burlington, ON.  

 

1.1.10 High Performance Liquid Chromatography 

Mice from all experiments were euthanized via a euthansol injection and transcardiac perfusion 

with saline after testing. Whole spinal cords were dissected fresh and flash frozen in liquid 

nitrogen. The tissue was then used to prepare samples for high performance liquid 

chromatography (HPLC) analysis to determine levels of amino acids and biogenic amines. 

Procedures outlined by Musgrave et al. [49] were used in the present study with minor 

modifications [49]. Tissue used for amino acid analysis was homogenized in 5 volumes of ice 

cold water. An aliquot was added to 4 volumes ice cold methanol and left on ice for 10 min and 

then centrifuged (12000g for 4 min). The supernatant was then diluted using distilled water to a 

final 120-fold dilution. Portions of the resulting supernatant were then reacted with o-

pthaldialdehyde (OPA) and N-iso-butyryl-L-cysteine (IBC) dissolved in a borate buffer and the 
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resulting derivatives were used for analysis with a fluorescence detector set at an excitation 

wavelength of 344 nm and an emission wavelength of 433m. Calibration curves for amino acids 

were prepared from authentic amino acid samples and generated for each individual run of 

samples.  

 For separation and analysis of biogenic amines, procedures used by Musgrave et al. were 

used with minor modifications (Musgrave et al., 2011a). Aliquots of tissues homogenized in 5 

volumes of water were combined with 1/10th the volume of ice-cold 1M HClO4 containing 

ascorbic acid (500μm) and EDTA (100 mg%). Homogenates were vortexed and then centrifuged 

at 12000g for 4 minutes. The resulting supernatants were then used for analysis by HPLC using 

electrochemical detection. The applied potential for electrochemical detection was 0.65 V. 

Calibration curves were constructed for each run.  

 All water used was distilled and purified by reverse osmosis using the Milli-Q filtration 

system from Millipore. Methanol, tetrahydrofuran, and acetonitrile were HPLC grade from 

Fisher Scientific. All solvents were filtered using Millipore nylon membranes (0.2μm pore size). 

OPA and ascorbic acid were from Sigma Aldrich, IBC from Novachem and sodium borate from 

Fisher Scientific.  

 

1.1.11 Statistical Analysis 

Analyses were conducted using SigmaPlot software version 12.0.  Total time spent engaging in 

nociceptive behaviour in the first (phase 1) and second (phase 2) phases were analyzed using 

one-way ANOVAs to examine drug effects, followed by Bonferroni post hoc tests as needed.  

Independent Student’s two tailed t-tests were used to test two treatment group experiments' phase 

1 and phase 2 times.  Non-parametric tests (ANOVA on ranks) were used where assumptions 

were not met. A percent reduction in pain score was also calculated for second phase formalin 

scores in experimental groups. This was calculated using the following equation: ((individual 

time (s)/total vehicle time(s)) -1) x100.  Differences in estrous cycles were determined using 

Independent Student’s two-tailed t-tests.  HPLC results were analyzed using a two way ANOVA 

to examine a possible interaction between sex and drug, with Bonferroni post hoc t-tests as 

needed for experiment one. One-way ANOVAs were used to analyze results from rotarod testing 

with post hoc analysis as needed.  In all cases, results were considered statistically significant if 

p<0.05.  
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1.2 Results 

1.2.1 Impact of PLZ and PEH Treatment on Nociceptive Behaviour in the Formalin Test 

To explore the effect of altering specific CNS neurotransmitter levels on nociceptive behaviour 

in male and female mice, we used the formalin test after pre-treatment with PLZ, PEH, or 

vehicle.  

 In male mice, the overall time spent engaging in nociceptive behaviours was analyzed 

after being divided into phase 1 (first 10 minutes of observation period) and phase 2 (remaining 

20 minutes of observation period). A one-way between-subjects ANOVA conducted to compare 

the effect of treatment on time spent engaging in nociceptive behaviour during phase 1 was 

significant at the p<0.05 level for the treatment conditions (F3,35=5.644, P=0.003; Fig. 1A). Post 

hoc analysis using a Bonferroni t-test revealed that the environmental control group spent 

significantly less time engaging in nociceptive behaviour compared to all other groups (vs VEH 

t= 3.599, P=0.006, vs PLZ t=3.811, P=0.003, vs PEH t=3.567, P=0.006; Fig. 1A). A second one-

way between-subjects ANOVA conducted to compare the effect of treatment on time spent 

engaging in nociceptive behaviour in phase 2 was significant for the treatment conditions 

(F3,35=8.094, P<0.001). Bonferroni t-test post hoc tests showed that PLZ- (t=3.401, P=0.010) 

and PEH- (t=2.979, P=0.031) treated mice spent significantly less time engaging in nociceptive 

behaviour compared to vehicle treated mice (Fig. 1B).  Male mice treated with vehicle also spent 

significantly more time engaging in nociceptive behaviour compared to environmental controls 

(t=4.586, P<0.001; Fig. 1B). It is interesting that the environmental group and the two drug-

treated groups did not differ significantly, indicating that drug treatment lowered nociceptive 

attending behaviours to a level comparable to a non-formalin treated animal. Overall, nociceptive 

behaviour was reduced by 54% with PLZ treatment and 50% with PEH treatment compared to 

vehicle (VEH) treated male mice (Fig. 1B). No differences were found between treatment groups 

for performance in the accelerating rotarod assay, indicating the drug treatments did not interfere 

with motor function in treated male mice (Fig. 1C).  

In female mice, no significant differences in the duration of responses during phase 1 

with regard to treatment were found (Fig. 1D). However, female mice in the environmental 

control group spent less time engaging in nociceptive behaviour compared to vehicle-treated 
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mice (Kruskal-Wallis H test H3=8.366, P=0.039, followed by post hoc analysis with Dunn's 

Method, Q=2.809, P<0.05; Fig. 1D).  

Analysis of the second phase of formalin-evoked nociceptive behaviours in female mice 

using a Kruskal-Wallis H test showed that there was a significant difference in time spent 

engaging in nociceptive behaviour between drug groups, (H3=17.286, P<0.001; Fig. 1E). Post 

hoc tests (Dunn's Method) revealed that only mice treated with PEH spend significantly less time 

engaging in nociceptive behaviour compared to vehicle (Q=3.928, P<0.05; Fig. 1E), and that 

only vehicle-treated mice spend significantly more time engaging in nociceptive behaviour 

compared to environmental controls (Q=3.928, P<0.05; Fig. 1E). Treatment with PLZ only 

reduced nociceptive behaviour by 40%, but treatment with PEH caused a 62% reduction in 

nociceptive behaviour in female mice. Finally, analysis of the performance in the accelerating 

rotarod assay in female mice revealed no significant differences between treatment groups (Fig. 

1F).  

 

1.2.2 Effect of Estrus Stage on Formalin Behaviour 

 We next assessed whether the estrous cycle had any influence on the response to treatment. We 

therefore conducted a second experiment to assess the estrous phase on the day of formalin 

testing in female mice pretreated with PLZ, PEH, or VEH using crystal violet staining 

(Fig 2A). Stages were determined on the basis of the predominance of different cell types (see 

the Methods section, and Fig 2A). We saw a similar pattern of behavior in response to formalin 

testing in this experiment. No significant differences were seen in phase 1 behavior (Fig 

2Bi). During phase 2, only mice treated with PEH showed a significant reduction in nociceptive 

behavior (F2,32 = 4.781, P = .015, Bonferroni post hoc for PEH t = 2.871, P = .014, for PLZ t = 

2.066, P = .094; Fig 2Bii). In this experiment, we observed a 34% reduction in nociceptive 

behavior with PLZ treatment and that treatment with PEH resulted in a 43% reduction (Fig 2B). 

Mice were then classified as being in proestrus (the stage with the greatest hormonal changes) or 

in non-proestrus stages for analysis. This was done for phase 1 and phase 2 of the formalin 

response testing to determine if estrous stage affected the time spent engaging in nociceptive 

behaviors during the assay. No differences were found between groups for either phase 1 or 

phase 2 in VEH-, PLZ-, or PEH-treated mice (P > .05, 2-tailed t-tests; Figs 2C–2E).  
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1.2.3 Effect of PLZ and PEH on the Levels of Major Spinal Cord Neurotransmitters 

 To quantify the effect of treatment on major spinal cord neurotransmitters, HPLC was 

used to determine if PLZ or PEH altered the levels of 5-HT, NA, and/or GABA in the spinal cord 

and if these changes differed between sexes.   

GABA: The influence of sex and treatment on spinal cord GABA levels was determined using a 

two-way between-subjects ANOVA (Fig. 3A). A significant interaction was found for sex and 

drug treatment (F4,39=6.469, P<0.001). This was followed by post hoc analyses (Bonferroni t-

tests). In male mice, PEH pre-treatment significantly elevated levels of GABA in the spinal cord 

compared to naïve males (t=3.546, P=0.010), male mice in the environmental control condition 

(t= 3.077, P=0.038), and vehicle-treated male mice (t= 3.224, P=0.026; Fig. 3A). A trend toward 

significant increases in the PLZ-treated group was also seen (Fig. 3A).  

In female mice, GABA levels were increased significantly more in PEH pre-treated 

groups compared to naïve females (t= 8.321, P<0.001), female mice in the environmental control 

condition (t=7.819, P<0.001), and vehicle pre-treated female mice (t=7.980, P<0.001; Fig. 3A). 

PLZ-treated female mice also had more GABA compared to naïve females (t= 6.875, P<0.001), 

female mice in the environmental control condition (t=6.308, P<0.001), and vehicle-treated 

female mice (t=6.534, P<0.001; Fig. 3A).  

Significant sex differences were also observed for changes in spinal GABA levels in 

response to treatment. Both PLZ- and PEH- treated females had significantly higher GABA 

levels compared to males treated with PLZ (t= 4.822, P<0.001) or PEH (t= 4.469, P<0.001; Fig. 

3A).  

5-HT: Analysis of spinal cord 5-HT levels also revealed treatment and sex differences. An 

interaction between sex and drug was found using a two-way between-subjects ANOVA 

(F4,39=4.335, P=0.005; Fig. 3B). In males, PLZ-treated mice had significantly more 5-HT 

compared to naïve males (t=9.534, P<0.001), male mice in the environmental control condition 

(t= 11.737, P<0.001), vehicle treated male mice (t= 8.449, P<0.001), and PEH treated male mice 

(t=8.376, P<0.001; Fig. 3B). Male mice treated with PEH also had more 5-HT compared to male 

mice in the environmental control condition (t=3.361, P=0.017) and male mice pre-treated with 

vehicle (t=3.288, P=0.021; Fig. 3B).  Female mice treated with PLZ also had significantly more 

5-HT compared to naïve females (t=5.243, P<0.001), female mice in the environmental control 
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condition (t= 7.618, P<0.001), vehicle-treated females (t= 3.501, P=0.012), and PEH-treated 

females (t=5.222, P<0.001; Fig. 3B).  

Sex differences in the changes of 5-HT levels with treatment were also observed. Male 

mice treated with PLZ have a significantly greater surge in 5-HT levels compared to PLZ-treated 

females (t= 4.586, P<0.001; Fig. 3B).  

NA: Changes in spinal NA levels were also examined. No significant interaction was found for 

drug and sex, but main effects for sex (F1,40=11.486, P=0.002) and drug (F4,40=17.766, P<0.001) 

were found (Fig. 3C). Post hoc analyses for the main effect of drug revealed that all PLZ-treated 

mice had significantly more NA compared to naïve mice of both sexes (t= 7.911, P<0.001) and 

to environmental controls (t= 5.674, P<0.001) and vehicle-treated (t= 6.107, P<0.001) and PEH-

treated mice (t=4.400, P<0.001; Fig. 3C). PEH-treated mice also had more NA compared to 

naïve mice (t= 3.643, P=0.008; Fig. 3C). Although these levels were elevated compared to naïve 

controls, overall the levels of NA in PEH-treated mice were comparable to mice in the 

environmental condition that received saline injection into the hind paw. This suggests that the 

increases in NA in PEH, vehicle, and environmental controls were due to factors such as the pain 

from formalin injection or the needle itself, as opposed to systemic treatment with PEH. Analysis 

for the main effect of sex revealed that males had significantly more NA compared to females 

overall (t= 3.389, P=0.002, Fig. 3C).  

 

1.2.4 Effect of N2-AcPLZ on Formalin Nociceptive Attending Behaviours 

At the spinal level we found that female mice exhibit much larger increases in GABA while 

males have significantly greater changes in 5-HT and NA levels in response to treatment. Given 

the significant sex differences in the responses to treatment, we next wanted to test the effects of 

a drug that only elevates 5-HT and NA. N2-AcPLZ is an MAO inhibitor but, unlike PLZ, does 

not interfere with GABA-transaminase. Treatment with N2-AcPLZ leads to increases in 5-HT 

and NA but does not significantly elevate GABA levels (McKenna et al., 1991). 

Formalin experiments in males revealed no significant difference in formalin behaviour 

for phase 1 (Fig. 4A). In phase 2, N2-AcPLZ pre-treatment significantly lowered the time spent 

engaging in nociceptive behaviour in male mice (t= 2.535, P=0.021; Fig. 4B). There was a 56% 

reduction in formalin-induced nociceptive behaviour compared to controls.  
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In females, a two-tailed t-tests for phase 1 and phase 2 nociceptive behaviours showed no 

significant differences between treatment groups (Fig. 4C, D). There was only a 24% reduction 

in nociceptive behaviour with N2-AcPLZ treatment.  These results indicate that N2-AcPLZ pre-

treatment does not help attenuate nociceptive behaviours in female mice.   

Estrus cycle monitoring was also carried out for female mice pre-treated with N2-AcPLZ. 

As found previously, no differences were seen between mice in proestus versus non-proestrus for 

the time spent engaging in nociceptive behaviour for either phase 1 or phase 2 of formalin testing 

(Fig. 4E).  

 

1.2.5 Effect of N2-AcPLZ on Spinal Cord Neurotransmitters 

We next carried out HPLC analysis on spinal cord tissue samples from male and female mice 

pre-treated with N2-AcPLZ. Similar to the analyses in experiment 1, 5-HT and NA levels were 

analyzed using two-way between subjects ANOVAs to determine the influence of drug treatment 

and sex on neurotransmitter levels. 

A significant main effect of drug was found for 5-HT spinal cord levels (F1,16=95.310, 

P<0.001) and pre-treatment with N2-AcPLZ was found to significantly increase 5-HT levels 

overall (t=9.763, P<0.001; Fig. 5A). Similarly, a main effect of drug was found for the spinal 

levels of NA (F1,16=23.492, P<0.001) and pre-treatment with N2-AcPLZ was found to 

significantly increase NA levels overall (t=4.847, P<0.001; Fig. 5B). These results indicate that 

treating male or female mice with N2-AcPLZ significantly elevates 5-HT and NA levels in the 

spinal cord. However, only male mice respond with an attenuation of nociceptive behaviours in 

response to formalin stimulation. 

 

1.2.6 Effect of Gonadectomy on Responsiveness to N2-AcPLZ 

To determine if removal of female gonadal hormones (estrogen and progesterone) would alter 

the ability of N2-AcPLZ to attenuate nociceptive behaviour in female mice, we next assessed the 

responses of ovariectomized (OVX) mice after pre-treatment with N2-AcPLZ in the formalin 

test. Vaginal lavage samples were taken on the day of testing and stained using crystal violet to 

determine if a lack of female gonadal hormones in OVX mice could be identified by lack of 

regular cycling stages (Fig. 6A,B). Stages were determined based on the predominance of 

different cell types (see Methods, Fig. 6A,B). Mice in the sham surgery condition (sham-OVX) 
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were free cycling normally.  This is demonstrated by the fact that sham-OVX mice can be found 

to be in each of the stages of the estrus cycle (Fig. 6C). Vaginal lavage sample cytology from 

OVX mice did not match normal cycling estrus stages and were thus described as anestrus (no 

identifiable cell types) or prolonged diestrus (only large amounts of leukocytes identifiable; Fig. 

6B,C).   

 Time spent engaging in nociceptive behaviours in phase 1 and phase 2 was analyzed 

using one way between subject ANOVAs. No significant differences were found between groups 

(Fig. 6E,F). Only a respective 37% and 23% reduction in nociceptive behaviour was seen in N2-

AcPLZ-treated Sham and OVX mice. The absence of any differences between OVX and sham-

OVX mice in response to N2-AcPLZ suggests that the overall lack of an anti-nociceptive 

response to N2-AcPLZ in female mice is not related to some inhibitory influence mediated by the 

presence of female gonadal hormones. 

Since removal of female gonadal hormones (estrogen and progesterone) did not alter the 

ability of N2-AcPLZ to attenuate nociceptive behaviour in female mice, we next assessed 

whether testosterone had an effect on the responses to N2-AcPLZ in male mice using castrated 

(Cast) males. Time spent engaging in nociceptive behaviours in phase 1 and phase 2 was 

analyzed using one way between subject ANOVAs. No significant differences were found 

between groups in phase 1 (Fig. 7Ai). Time spent engaging in nociceptive behaviour in phase 2 

was significantly reduced (F(3,33)= 12.301, P<0.001; Fig. 7Aii). Post hoc analysis showed that 

N2-AcPLZ significantly reduced nociceptive behaviours in both sham (vs. Sham Veh: t=3.246, 

P=0.016, vs. Cast Veh: t=3.424, P=0.01) and castrated mice (vs. Sham Veh: t=4.814, P<0.001, 

vs. Cast Veh: t=5.513, P<0.001) when compared to both control groups (Fig. 7Aii). Sham 

surgery and castrated mice treated with N2-AcPLZ (N2) demonstrated a 48% and 72% reduction 

in nociceptive behaviour respectively. The significant reduction in nociceptive behavior in both 

sham and castrated males, along with the data from ovariectomized mice suggests that gonadal 

hormones are not mediating the sex differences seen in the nociceptive behaviors.  

 

1.2.7 Determining the Mechanism of N2-AcPLZ-mediated Anti-nociception in Male Mice  

We next wanted to determine how N2-AcPLZ mediates its anti-nociceptive effect in male mice. 

We used different pharmacological antagonists (Idazoxan hydrochloride: alpha 2a- 

adrenoreceptor antagonist; SB-699551: 5-HT 5A antagonist; WAY-100635: 5-HT 1A/B/D 
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antagonist) to antagonize receptors known to be involved in analgesia and assess if these could 

reverse the anti-nociceptive effects of N2-AcPLZ in male mice.   

A one-way between-subjects ANOVA for time spent engaging in nociceptive behaviour 

during phase 1 was found to be significant (F4,30=3.966, P=0.011; Fig. 8A). Post hoc analysis 

using a Dunnett's t-test revealed that mice treated with Idazoxan hydrochloride spent 

significantly less time engaging in nociceptive behaviour compared to VEH/VEH mice during 

the first phase of the formalin response (VEH/VEH vs N2/Idaz t= 3.549, P=0.005; Fig. 8A). A 

Kruskal-Wallis H test conducted on time spent engaging in nociceptive behaviour in phase 2 was 

significant (H4=17.347, P=0.002; Fig. 8B). Dunn's Method showed that N2/VEH- (Q=2.579, 

P<0.05), N2/Idaz- (Q=3.174, P<0.05), and N2/SB- (Q=3.393, P<0.05) treated mice spent 

significantly less time engaging in nociceptive attending behaviour compared to VEH/VEH mice 

(Fig.8B). Interestingly, there was no significant difference in the time spent engaging in 

nociceptive attending behaviours in the second phase of the formalin response between 

VEH/VEH and N2/WAY treated mice. Thus, WAY-100635 was the only antagonist that 

prevented the anti-nociceptive effect of N2-AcPLZ in male mice. This suggests that the analgesic 

properties of N2-AcPLZ in male mice are mediated through the 5HT-1 class of receptors.  

 

1.3. Discussion  

 Pre-treatment with the MAO-inhibitor PLZ or its metabolite PEH prior to formalin 

testing was used to assess the effects of elevating GABA, 5-HT, and NA (PLZ) or GABA alone 

(PEH) on nociceptive behaviours between the sexes. There were no differences between any of 

the treatment groups in phase 1 of the formalin response for either male or female mice. PLZ and 

PEH were, however, effective at attenuating second phase behaviours in a sex-specific manner.  

In initial behavioural experiments, we found that nociceptive behaviour was significantly 

reduced in both sexes with PEH pre-treatment. With PLZ pre-treatment, a significant reduction 

in nociceptive behaviour was only seen in male mice, with a trend towards decreased nociceptive 

behaviours in female mice.  Given the behavioural differences seen between male and female 

responses to these treatments, we monitored the estrous cycle in female mice to determine if 

daily fluctuations in gonadal hormones impacted nociceptive responses to formalin. The second 

experiment had a similar pattern of results as the first experiment, with only PEH treatment 

causing a significant reduction in nociceptive behaviours in females and a trend towards a 
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decrease in nociceptive behaviours with PLZ pre-treatment. Overall, we did not observe any 

differences in the nociceptive responses of female mice across different time points in the estrous 

cycle. These results are in line with earlier studies that concluded that the day-to-day hormone 

fluctuations associated with the estrous cycle do not have a significant impact on nociception in 

the formalin model (Wichmann et al., 1996; Kuba et al., 2006; Kim et al., 2015). 

We then explored changes in spinal neurotransmitter levels using HPLC. We found that 

drug-treated female mice had significantly larger increases in endogenous levels of GABA 

compared to drug-treated male mice. This increase may account for the significant reduction in 

nociceptive behaviour with PEH pre-treatment and the slight reduction in nociceptive behaviour 

with PLZ. Given the similar increase in GABA in females with both PLZ and PEH treatment, it 

is surprising that both of these drugs were not equally effective in reducing nociceptive 

behaviour. This may suggest that the increases levels of 5-HT/NA with PLZ may possibly have 

presently unknown actions in the female spinal cord to prevent the anti-nociceptive properties of 

PLZ.   

We also found that elevations in 5-HT and NA levels with PLZ treatment were 

significantly greater in male mice compared to females and a significant reduction in nociceptive 

behaviour was seen in male mice. Given that there was only a slight decrease in nociceptive 

behaviour in female mice with PLZ treatment, and a smaller increase in 5-HT/NA in females 

treated with PLZ, there may be underlying differences in how males and females can use 5-

HT/NA to manage nociception. On the basis of this idea, we conducted an experiment to test the 

hypothesis that females would be unresponsive to a treatment that only elevated 5-HT and NA. 

Using the compound N2-AcPLZ, which only elevates 5-HT and NA, we found that male mice 

had a significant attenuation of second phase formalin behaviour compared to controls. As 

predicted, female mice treated with N2-AcPLZ did not differ in their responses compared to 

vehicle-treated controls. Interestingly, 5-HT and NA levels were equally elevated in the spinal 

cords of both sexes with this treatment. The equal increase of spinal 5HT/NA in both sexes, yet 

the different behavioural results suggest that underlying sex-specific pathways may be in place to 

modulate nociception differently in males and females. Male anti-nociception in this context 

appears to be regulated by 5-HT and NA, while female anti-nociception does not. Similar sex-

specific anti-nociceptive mechanisms have been observed in relation to opioid analgesia, and 

studies of toll-like receptor 4-mediated analgesia have also revealed distinct nociceptive 
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mechanisms in males and females (Craft, n.d.; Mogil et al., 2003; Berkley et al., 2006; Fillingim 

et al., 2009; Sorge et al., 2011; Mogil, 2012).   

 Although our findings indicate that 5HT, NA, and GABA are important for the regulation 

of nociception, it is important to acknowledge that other neurotransmitter systems have a role in 

these processes. Studies indicate that dopamine has a role in pain processing, especially in the 

transition from acute to chronic pain (Yang et al., 2005; Chang et al., 2014; Kim et al., 2015; 

Sagheddu et al., 2015). Other studies have shown that drugs that alter dopamine levels in the 

CNS have beneficial effects on pain (Cobacho et al., 2014; Hache et al., 2015). Since PLZ and 

N2-AcPLZ both act by inhibiting the MAO enzyme, they both elevate dopamine levels in the 

CNS (McKenna et al., 1991). Although the role of dopamine was not explored in the present 

study, it is important to acknowledge that dopamine may contribute to the attenuation of 

nociception seen in males and the partial reduction in pain in females, and therefore may 

possibly relate to the sex differences we have observed with these compounds.   

 Previous work has suggested that global gonadal hormone levels can affect pain 

regulation at the spinal level (Aloisi et al., 2004; Loyd & Murphy, 2014; McCarson & Enna, 

2014; Vincler et al.,2001). Estrogen can interact with both GABA- and NA-mediated 

nociception. Estrogen has also been shown to gate GABAergic tone. High levels of estrogen 

result in a decrease in GABAergic tone, leading to greater neuronal excitability (Tashiro et al., 

2014). The work by Tashiro et al. (2014) suggests that increasing GABAergic tone in females 

may be beneficial for anti-nociception (Tashiro et al., 2014). This may explain why PEH was 

particularly effective in female mice in the current set of experiments (Nag and Mokha, 2014; 

Besson et al., 2015). In addition, it has been observed that activation of membrane estrogen 

receptors through estradiol can attenuate the analgesic effects of α2-adrenoreceptor agonists in 

females (Nag and Mokha, 2014). These studies suggest that treatments that increase NA (such as 

PLZ and N2-AcPLZ used in the present study), may not promote anti-nociception in female mice 

due to the inhibitory effects of estrogen.   

To further explore the role of female gonadal hormones on formalin induced nociceptive 

behaviour, we used ovariectomized female mice in the formalin assay. We postulated that the 

removal of estrogen and progesterone might create a more permissive environment for females 

to use 5-HT and NA for the attenuation of nociceptive behaviours. Removing female gonadal 

hormones did not, however, influence the response to N2-AcPLZ pre-treatment. OVX-female 
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mice remained unresponsive to N2-AcPLZ pre-treatment. Since removal of female gonadal 

hormones did not alter the female response to N2-AcPLZ, we tested the hypothesis that 

testosterone may be mediating the effects of N2-AcPLZ. We postulated that the presence of 

sufficient testosterone levels may be required for receptors to become engaged and reduce 

nociceptive attending behaviours, which has been reported in other papers (Mogil et al., 2003; 

Sternberg et al., 2004; Juni et al., 2010; Sorge et al., 2011; Mogil, 2012). This would also explain 

why, although we find similar increases in 5HT and NA levels in both sexes with N2-AcPLZ pre-

treatment, anti-nociception is observed only in male mice. To our surprise, castration of male 

mice had the opposite effect. We found that castrated male mice treated with N2-AcPLZ had 

reduced nociceptive behaviours in phase 2 of the formalin response. These results, combined 

with those of the ovariectomy experiment suggest that the sex differences observed in these 

studies are not due to circulating gonadal hormones. It is possible however, that gonadal 

hormones exert their effects during development to establish the system (Cicero et al., 2002; 

Loyd and Murphy, 2006). Alternatively, there may exist underlying sex chromosome 

complement differences outside of the gonads (Gioiosa et al., 2008a, 2008b).  

To further explore the mechanism underlying the anti-nociception with N2-AcPLZ in 

male mice, we went on to conduct studies aimed at determining which receptor/receptors N2-

AcPLZ might be acting through to mediate its anti-nociceptive effects in males. 5HT-5A, 5HT-

1A, and α-2A adrenoreceptors are all known to be involved in spinal mechanisms of anti-

nociception (Andurkar et al., 2012; Zhao et al., 2012, 2014; Bhalla et al., 2013; Cervantes-Durán 

et al., 2013). Blocking 5HT-1A receptors with WAY-100635 was the only treatment that 

effectively reversed N2-AcPLZ-mediated anti-nociception. This suggests that elevated 5-HT in 

response to N2-AcPLZ acts through the 5HT-1A receptor in the spinal cord to mediate anti-

nociception in male mice after formalin stimulation.  Sexual dimorphisms in the 5-HT1A 

receptor have been explored in various contexts. A study of prenatal stress and pain in male and 

female infant rats have shown that the 5-HT1A mediated functional maturity of descending 

serotonergic inhibitory system appears earlier in males than in females (Butkevich et al., 2011). 

This observation may explain why gonadectomies did not have an effect on N2-AcPLZ mediated 

anti-nociception in the present study. Furthermore, a study of sex differences in 5-HT1A binding 

affinity in a healthy human population showed a small mean reduction of binding potential in 
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women relative to men in the prefrontal and occipital cortex, suggesting possible innate receptor 

expression differences between the sexes (Moses-Kolko et al., 2011).  

 

1.4 Conclusions  

In summary, our results indicate that different underlying mechanisms in response to drug 

treatment exist in male and female mice for the attenuation of nociceptive behaviour after 

formalin stimulation. Using behavioural models and HPLC analysis, we have identified a 

dichotomy in the neurotransmitter systems involved in regulating nociception between the sexes. 

Our data demonstrate that males can utilise 5-HT and NA to decrease nociceptive responses 

when treated with drugs that alter these neurotransmitter systems, while females cannot.  Given 

that the first line drugs for chronic pain increase the functional availability of 5-HT and NA, this 

needs to be explored further to determine if drug that act to increase these neurotransmitters are 

the most effective treatment for females with chronic pain (Coderre et al., 1990; Coderre and 

Melzack, 1992; Xu et al., 1999; Hains et al., 2002; Sommer, 2004b; Pertovaara, 2006; Hughes et 

al., 2013b). Our additional observation that elevating GABA levels was successful at decreasing 

nociceptive behaviour in both males and females provides support for the development of drugs 

that act through GABA to treat persistent pain (McCarson and Enna, 2014; Besson et al., 2015).  

Unfortunately, many GABAergic drugs can have problematic side effects, such as sedation.  

Although sedation was not a prominent effect in the present experiment, this is a factor to 

consider in future clinical studies. Overall, these findings have significant implications for the 

design of future analgesic therapies, suggesting that males and females may require different 

drugs to effectively control pain  

.  
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1.5 Figures 

 

 

Figure 1.1. Male and female response to formalin testing. A, D. Nociceptive behaviour was not 

altered by either PLZ or PEH during phase 1 of formalin testing in either male or female mice. B. 

PLZ and PEH significantly reduced the time spent engaging in nociceptive behaviour during 

phase 2 of the formalin test in males. Nociceptive behaviour was reduced by 54% with PLZ 

treatment and 50% with PEH treatment compared to VEH-treated male mice.  C, F. Rotarod 

motor testing revealed no differences in motor function after drug treatments in either female or 

male mice. E. Although treatment with PLZ reduced nociceptive behaviour by 40%, only 

treatment with PEH, a 62% reduction, significantly reduced nociceptive behaviour in female 

mice. A, B, D, E. Environmental control ( Enviro; i.p. saline) mice all showed significantly less 

pain than vehicle groups (+).  *One-way ANVOAs, P<0.05. All graphs are mean ±SEM.  
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Figure 1.2. Effect of estrus on female nociceptive behaviour. A. Example pictures from estrus 

cycle stages. Three main cell types are used to identify estrus cycle stage in vaginal smear 

samples: nucleated epithelial cells (black arrows), cornified squamous cells (white arrows), and 

leukocytes (black arrowheads). Ai. Proestrus is dominated by nucleated epithelial cells. Aii. 

Estrus is dominated by cornified squamous epithelial cells. Aiii. Metestrus has a mixture of 

cornified squamous epithelial cells and leukocytes though other cells may also be mixed in. Aiv. 

Diestrus is overwhelmingly dominated by leukocytes, though other cells types may be mixed in. 

Bi. No differences were seen in phase 1 behaviour. Bii. Phenylethylidenehydrazine (PEH) was 

able to significantly decrease nociceptive behavior compared with VEH, unlike plZ 

pretreatment., C, D, E.  Time spent engaging in formalin induced nociceptive behaviour in phase 

1 and 2 of veh-, PLZ- and PEH- treated animals. No significant differences were found.  * 

Student's t-tests, P<0.05. All graphs are mean ±SEM. 
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Figure 1.3. Effect of PLZ, PEH, and sex on levels of major spinal cord neurotransmitters.  

A. Differences in GABA levels using HPLC. ** Male phenelzine (PLZ) and and 

phenylethylidenehydrazine (PEH) groups had significantly less GABA compared to female 

counterparts..++ Female PLZ and PEH groups had significantly more GABA than the other 

female group.  ## PEH males had more GABA compared to naive, VEH-treated (VEH), and 

environmental control (Enviro; i.p. saline) male mice.  B. Differences seen in 5-HT levels. * PLZ 

males had more 5-HT compared to PLZ females.** PLZ males had more 5-HT compared to all 

other male groups. #,+ There was also a significant difference between PEH, and Enviro males 

and VEH males, with VEH groups having less 5-HT in both cases. # PLZ females had higher 

levels of 5-HT compared to all other female groups..+ Enviro females also had more 5-HT 

compared to VEH females.C. Differences in NA levels. *Males had higher levels of NA in 

general compared to females. PLZ groups had more NA compared to any other group. # PEH 

groups also had more NA compared to naïve. Two-way ANOVAs, P<0.05.  All graphs are mean 

±SEM. 

 

  



63 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Effect of an analogue of PLZ, N2-AcPLZ on male and female responses to formalin. 

A, C. Effect of N2-AcPLZ on time spent engaging in nociceptive behaviour for male and female 

mice in phase 1 was observed and no differences were found. B. Male mice treated with N2-

AcPLZ had a significant 56% reduction in formalin induced nociceptive behavior. D. There was 

no effect of N2-AcPLZ on time spent engaging in nociceptive behaviour for female mice phase 2, 

with a reduction in nociceptive behaviour of only 24%. E. Stage of estrus cycle did not influence 

formalin behaviour in female mice. Student's t-tests, * P<0.05. All graphs are mean ±SEM. 
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Figure 1.5. Effect of an analogue of PLZ, N2-AcPLZ on neurotransmitter levels in the spinal 

cord.  

A, B.  Pretreatment with N2-AcPLZ was found to increase 5-HT levels in the spinal cord overall 

in both sexes. Two-way ANVOAs, * P<0.05. All graphs are mean ±SEM.  
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Figure 1.6. Effect of female gonadal hormones and an analogue of PLZ, N2-AcPLZ on formalin 

behaviour.  

A. Example pictures from estrus cycle stages from sham surgery female mice: proestrus (Ai), 

estrus (Aii), metestrus (Aiii), and diestrus (Aiv). B. Example pictures from ovariectomized 

female mice (OVX) vaginal lavage samples. Samples were categorized into 2 groups: prolonged 

diestrus and anestrus. Samples were classified as prolonged diestrus if there was a large number 

of leukocytes (white arrow) and no other discernable cell types (Bi) and anestrus (Bii) if there 

were no identifiable cell types. C. Percent of mice in estrus cycle stages. Sham surgery mice 

could be found in all normal stages of the estrus cycle, while ovariectomized mice did not fall 

into traditional categories, indicating a successful dampening of gonadal hormones. D-E. Time 

spent engaging in nociceptive behaviour during phase 1 and 2 formalin testing did not differ 

between groups as only 37% and 23% reduction in nociceptive behaviour was seen in N2-AcPLZ 

treated Sham and OVX mice respectively. Two-way ANVOAs, P<0.05.  All bar graphs are mean 

±SEM. 
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Figure 1.7. Effect of male gonadal hormones and a compound of PLZ,  N2-AcPLZ, on formalin 

behaviour.  

A.  All groups spent equal time engaging in nociceptive behaviour during phase 1 formalin 

testing. B. Sham surgery (Sham) and castrated mice (Cast) treated with N2-AcPLZ (N2) 

demonstrated less nociceptive behaviour compared to Sham- and Cast VEH (Veh)- treated 

control mice controls, as seen by a 48% and 72% reduction, respectively in the surgery groups. 

Two-way ANOVAs, *P<0.05. All graphs are mean ±SEM.  
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Figure 1.8. Effect of pharmacological antagonism and a compound of PLZ, N2-AcPLZ, on 

nociception in male mice. A. Only treatment with N2-AcPLZ and Idaz significantly reduced 

nociceptive behaviours during phase 1 formalin testing. B. All groups except mice treated with 

WAY-100635 (WAY) and N2-AcPLZ showed reduction in nociceptive behaviour during phase 2 

for formalin testing.  VEH= vehicle treated, N2= N2-AcPLZ, Idaz= Idazoxan hydrochloride, 

SB= SB-699551, WAY= WAY-100635. Two way ANOVAs, *P<0.05. All graphs are mean ±SEM.  
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Chapter 2: Voluntary wheel running differentially affects disease 

outcomes in male and female mice with experimental autoimmune 

encephalomyelitis 

2.0 Introduction 

Multiple sclerosis (MS) is an inflammatory neurodegenerative disease of the central nervous 

system (CNS) characterized by demyelination and motor deficits. In addition to these motor 

deficits, major primary symptoms also include muscle spasticity and weakness, dysfunction in 

walking and balance, and a reduction in the quality of life of patients (Lublin, 2005). MS is also 

associated with many secondary symptoms such as cognitive dysfunction, depression, anxiety 

and chronic pain (Benedict et al., 2005; Brochet et al., 2009; Nourbakhsh et al., 2016). In recent 

years, there has been considerable interest in possible non-pharmacological interventions for MS, 

such as exercise, to help manage the symptoms of MS.  

Although exercise was originally thought to be detrimental to patients with MS, there are 

now exercise recommendation guidelines for patients with MS (CSEP, 2012).  Multiple studies 

have examined the benefits of exercise in animal models and the underlying biology behind these 

effects. For example, studies examining voluntary wheel running, forced treadmill running, and 

swimming in experimental autoimmune encephalomyelitis (EAE), the animal model used to 

study MS, have all shown that exercise can be effective at reducing symptom severity in the 

disease(Le Page et al., 1994, 1996; Rossi et al., 2009; Bernardes et al., 2013, 2016; Patel and 

White, 2013; Benson et al., 2015; Mifflin et al., 2015; Pryor et al., 2015; Souza et al., 2017). In 

addition, it has been shown that exercise can have an effect on non-motor symptoms such as pain 

(Benson et al., 2015).  

Although it has been well established that exercise can be beneficial in EAE, very few 

studies have examined the effects of exercise in male mice or compared the effects in male and 

female mice directly. This is interesting as it has long been established that MS is a disease with 

a number of sex differences. For example, it is known from clinical studies that there is a much 

higher prevalence of MS in females (Trojano et al., 2012; Ortona et al., 2016). Sex differences in 

the underlying biology of the disease, such as immune cell infiltration, have also been observed. 

These differences are seen in both patients and in animal models of the disease and highlight the 

importance of considering sex as a variable in studies of potential therapeutic interventions, such 

as exercise, in MS (Dunn et al., 2010; Zhang et al., 2012).  
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Given the lack of research in the area of exercise and sex differences in MS, the present 

study was designed to further explore the role of voluntary exercise and sex in EAE.  Thus, in the 

current study both male and female mice with EAE were given daily access to a running wheel 

for one hour per day for 30 consecutive days and the effect of voluntary exercise on disease 

outcomes was explored. Interestingly, the behavioural effects of daily voluntary wheel running 

were found to be significantly different in male and female mice. The present study therefore 

examined possible sex differences in the underlying biological effect of exercise by looking at 

markers of inflammation, neuronal damage, and oxidative stress in the spinal cord.  

 

2.1 Materials & Methods 

2.1.1 EAE Induction and Assessment 

All animal studies were conducted in compliance with the Canadian Council on Animal Care 

Guidelines and Policies with approval from the Animal Care and Use Committee: Health 

Sciences for the University of Alberta. All C57/Bl6J mice were ordered from Charles River 

Canada at age 6-8 weeks. After two weeks of habituation to the housing facility, handling and 

baseline testing, mice underwent EAE indcution.  EAE was generated in female and male mice 

using myelin oligodendrocytes glycoprotein (MOG) 35–55 (Peptide Synthesis Facility, 

University of Calgary, n=60). MOG induction was supplemented with a subcutaneous injection 

of 50 μg of MOG35–55 emulsified in Complete Freund's Adjuvant (CFA) at a concentration of 

1.5 mg/mL and an interaperitoneal injection of 300ng of pertussis toxin on the day of injection 

and two days later. Mice were kept in quarantine for 72 hours after the induction of EAE.  

Clinical scores were assessed daily and mice were also weighed daily.  The clinical signs of EAE 

were graded on a four-point scale: grade 0, normal mouse; grade 1, flaccid tail (disease onset); 

grade 2, mild hindlimb weakness with quick righting reflex; grade 3, severe hindlimb weakness 

with slow righting reflex; grade 4, hindlimb paralysis in one hindlimb or both. CFA control mice 

did not receive MOG injections, only injections of CFA and pertussis toxin (n=40). 

 

2.1.2 Daily Voluntary Wheel Running Paradigm 

Mice were given access to a cage with a running wheel for one hour a day for 30 consecutive 

days. Outside of the hour of daily running, all mice were conventionally housed, 5 animals per 

cage, with free access to food and water. For the hour of daily running, mice were removed from 

their home cage and placed in a similar, standard cage with only bedding and a running wheel 
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(Living World®-Deluxe Exercise Wheel, 5″/12.5 cm #61701). Distance traveled was recorded 

using a Schwinn ® 20 Function bike computer (model 04SW654C6PK) fitted to the running 

wheel. One week prior to the induction of EAE, each animal in the running group was given 

access to the running cage for 1 hour per day for 3 consecutive days to habituate to the running 

wheel and to gather baseline running data. Starting on day 4 post induction, after the quarantine 

period, those mice in the running EAE groups were allowed one hour of daily access to the 

wheel (EAE male n = 20, CFA male n=10, EAE female n=10, CFA female =10). Non-running 

EAE control mice were transferred in a standard cage with only bedding and a fixed running 

wheel for one hour a day to control for any environmental enrichment of simply having a wheel 

in the cage (EAE male n = 20, CFA male n=10, EAE female n=10, CFA female =10). All 

animals were placed within the same cage with either the running wheel/fixed wheel on 

consecutive days over the course of the study. 

 

2.1.3 Histology and Immunohistochemical Analysis 

Spinal cord tissue samples were collected at the chronic time point after EAE induction (day 30 

post induction, n = 5 EAE run, n = 5 EAE non-running for male and female mice each). Samples 

were taken after mice were euthanized by an overdose of pentobarbital sodium (340 mg/ml) and 

then fixed via a transcardial perfusion of 0.9% saline solution followed by transcardial perfusion 

of 4% paraformaldehyde in 0.1 M phosphate buffer (PB). Spinal cords were then removed, post-

fixed overnight and then transferred to a 30% sucrose solution in 0.1 M PB until preparation for 

cryostat sectioning. Spinal cords were embedded in Tissue Tek® O.C.T.™ (Optimal Cutting 

Temperature) compound (Fisher Scientific, Edmonton, AB), frozen on liquid nitrogen and 

processed for cryostat sectioning (20 μm sections). Slides with 6-8 spinal cord sections were 

washed 3 times in 1x phosphate-buffered saline (PBS), blocked for 1 hour in PBS containing 

0.2% Triton X-100 and 10% normal goat and/or donkey serum (depending on the antibody) and 

then incubated overnight at room temperature with the necessary primary antibodies. To assess T 

cell inflammation, reactive gliosis, and axonal damage, rat anti-CD4 (1:1000, Bio-Rad), rabbit 

anti-Iba-1 (1:500, Wako), and mouse anti-SMI 312/32 (1:500, Cedarlane), were used 

respectively. These antibodies were visualized using goat anti-rat, goat anti-mouse, or goat anti-

rabbit Alexa Fluor® 488 or 594 (1:200, Invitrogen-Life Technologies) secondary antibodies 
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where appropriate. To visualize cellular nuclei, tissue sections were counter stained with 

mounting media containing fluorescence DAPI (Vector Laboratories).  

Fluorescent images (5x and 10x) were visualized and captured with a Zeiss Axiocam 

MRm camera with a Zeiss Observer Z1 inverted fluorescence microscope (Carl Zeiss, 

Oberkochen, Germany). Demyelination in tissue samples was detected using an eriochrome stain 

and imaged using a light microscope (Leica DMI 6000B microscope).  Total cell counts for 

CD4+ T-cell infiltration were made using the Image-based Tool for Counting Nuclei (Centre for 

Bio-image Informatics, UC Santa Barbara, CA, USA) plugin for NIH ImageJ software for 5x 

images of the whole lumbar spinal cord. DAPI was used in all images to ensure that each stain 

associated with the nucleus of a cell for counting. Confocal images of DAPI co-localization were 

taken at 43x magnification on a Leica DMI400B microscope to demonstrate this (Leica 

Microsystems, Wetzlar, Germany). Additionally, a standard total area was measured over the 

target region for each stain, within which cells were identified and the cell counting parameters 

kept constant. Images were also all taken at the same exposure to eliminate differences in 

background staining between sections.  All measurements for cell counts are the average of 3 

sections per slide, 2 slides per animal and n = 4–5 per group. For analysis of demyelination and 

axonal damage, areas without eriochrome stain or SMI 312/32 staining were traced on each 

section to calculate the total area without staining. The percent of the total area was then 

calculated by dividing the area of lack of staining by the total area of the slice. Images were also 

all taken at the same exposure for each stain.  All measurements are also the average of 3 

sections per slide, 2 slides per animal and n = 4–5 per group. 

 

2.1.4 Western Blot Analysis 

Western blots for Iba-1 and superoxide dismutase 2 (SOD2) were performed on whole spinal 

cord samples from mice. Samples were run using an SDS-page electrophoresis system from 

BioRAD and run on MINI-PROTEAN precast gels from BioRAD. After transfer, polyvinylidene 

difluoride (PVDF) membranes were blocked with 5% bovine serum albumin (BSA) in phosphate 

buffer solution (PBS) and then incubated with primary antibody diluted in 1% BSA overnight 

(Wako Rb α Iba 1 1:1,000 or Cell Signal Rb α SOD 2 1:2000). After incubation, membranes 

were washed twice in PBS-Tween and one time in 1xPBS.  Blots were then incubated with 

horseradish peroxidase (HRP)-conjugated secondary antibodies (goat anti-rabbit, 1:10,000) and 
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visualized using an ECL system (Western Lightning Chemiluminescence Reagent Plus, Perkin-

Elmer.) Monoclonal mouse anti-βactin (1:2,000, Sigma) was used as a loading control. Blots 

were quantified using ImageJ software and log ratios were calculated to compare experimental 

groups to control non running CFA groups for each sex. 

 

2.1.5 Superoxide Dismutase Activity Assay  

Whole blood samples were collected from mice after euthanasia via a cardiac puncture. Samples 

were set on ice for 15-20 minutes and then centrifuged for 4 minutes at 16,000 RPM. The 

supernatant was then removed and stored at -80°C until needed. Activity of plasma superoxide 

dismutase (SOD) enzyme was measured using a colorimetric inhibition assay kit (19160 SOD 

determination kit, Sigma Aldrich). In the assay kit, xanthine is converted to uric acid and a 

superoxide anion (2O2
-). The superoxide anion can react with the WST-1 (2-(4-iodophenyl)-3-(4-

nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt) in the kit to produce a 

water soluble formazan dye. However, SOD can directly inhibit the activity of xanthine oxide; 

thus when the activity of SOD is higher, there is less superoxide anion production and less dye 

production. Therefore, the activity of SOD can be determined using a colorimetric method.    

Samples were first diluted 10 times using the dilution buffer provided in the assay kit and 

then exposed to the xanthine oxidase solution (WST working solution).  Percent inhibition was 

calculated as a measure of SOD activity using the following formula: inhibition rate %= 

{[(Ablank 1-Ablank3)-(Asample-Ablank2)]/(Ablank 1-Ablank 3)} x 100. In the formula, A 

stands for the average of three for each component and blank 1 is a control for all components of 

the kit minus the sample solution; blank 2 is a control for any colour in the sample, and blank 3 

is a control solution with no active enzyme.  Increased percent inhibition is indicative of 

increased SOD activity.   

 

2.1.6 High Performance Liquid Chromatography 

Spinal cords were dissected fresh (after mice were euthanized via a pentobarbital sodium 

injection) and flash frozen in liquid nitrogen (n=5 per experimental group). The tissue was then 

prepared for high performance liquid chromatography (HPLC) analysis to determine levels of 

glutathione (GSH) and glutathione disulfide (GSSG). The ratio of GSH/GSSG is indicative of 

oxidative stress, with a higher ratio indicating less stress (Schafer and Buettner, 2001). HPLC 
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procedures were similar to those previously used, with minor modifications as outlined below 

(Grant et al., 2006; Musgrave et al., 2011b).  

 The fresh tissue used for amino acid analysis was homogenized in 5x volume of ice-cold 

water. An aliquot of the diluted samples was then added to 4x ice-cold methanol, left on ice for 

10 minutes and then centrifuged (12,000g for 4 minutes). The resulting supernatant was then 

diluted with distilled water to a 120-fold dilution. The resulting supernatant was then reacted 

with o-pthaldialdehyde and N-iso-butyryl-L-cysteine dissolved in a borate buffer. The resulting 

derivatives were used for analysis with a fluorescence detector set at an excitation wavelength of 

344 nm and an emission wavelength of 433 m. Calibration curves for amino acids were prepared 

from authentic amino acid samples and generated for each individual run of samples. Of note, all 

water used was distilled and purified using the Milli-Q filtration system from Millipore 

(Billerica, Massachusetts). Methanol, tetrahydrofuran, and acetonitrile were HPLC-grade from 

Fisher Scientific (Pittsburgh, PA) and used in solvent solutions. All solvents were filtered 

using Millipore nylon membranes (0.2-μm pore size). o-Pthaldialdehyde and ascorbic acid were 

from Sigma-Aldrich, N-iso-butyryl-L-cysteine from NOVA Chemicals (Calgary, Alberta, 

Canada) and sodium borate from Fisher Scientific. 

 

2.1.7 Statistical Analysis  

Statistical analysis was carried out using two tailed t tests or one-way ANOVAs with Holm-

Sidak post hoc tests (unless otherwise indicated) or two-way repeated measures ANOVAs where 

appropriate with Holm-Sidak post hoc tests (unless otherwise indicated). For non-parametric 

data, an ANOVA on ranks used or a Mann-Whitey U test, where appropriate. Significance was 

set at p < 0.05. All statistical analysis was preformed with Sigma Plot 13.0 software.   
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2.2 Results 

2.2.1 The Effect of Voluntary Wheel Running in Male and Female Mice 

Male and female mice with EAE and non-disease controls immunized only with the CFA 

adjuvant were given daily access for one hour to a cage with a running wheel or a cage with a 

fixed running wheel (non-running controls). Voluntary wheel running delayed the onset of EAE 

by approximately 3 days in female mice and approximately 1 day in male mice (Table 1). In 

addition, voluntary wheel running had a beneficial effect on the average final clinical score in 

male mice, with non-running male mice with EAE having a final average clinical score of 

3.3±0.8 and those who ran having a score of 2.2±1.2 (Table 1). However, in female mice, 

running had the opposite effect.  Female mice with EAE given daily access to a running wheel 

had an average final clinical score of 3.1±0.9 while non-running females with EAE had a final 

average clinical score of 2.1±1.3 (Table 1). Furthermore, the number of mice that reached a 

clinical score of grade 3 or 4 (indicative of severe disease) was higher in female mice who ran 

than those who did not (Table 1). Interestingly, the opposite pattern was seen in males, with only 

25% of the male mice who ran reaching a grade of 3 or 4 after disease onset (Table 1). These 

results are also reflected in the clinical scores for each sex across the entire experiment (Fig. 2). 

We did, however, note differences in the number of mortalities in male and female EAE mice. In 

these experiments there were no female mortalities but there was a total of 10 mortalities in male 

mice with EAE (Table 1). Interestingly, this number was higher in male mice who ran, despite 

this group having better clinical scores on average (Table 1).  

Given these initial differences, the total amount run by each group was examined to 

determine if differences in the amount of running between the sexes could account for the 

behavioural differences we observed. In both sexes, CFA control mice ran more than mice 

induced with MOG35-55 throughout the entire experiment (Fig. 1A, 1B, two way RM ANOVA, 

significant interaction for group x sex F(1,29)=5.563, P<0.001). This is not surprising given that 

the ascending motor paralysis associated with disease progression prevents mice from physically 

running once the disease is established. Importantly however, the total distance run by both male 

and female CFA controls was the same (Fig. 1C, t= 1.730, p=0.109) and both male and female 

mice with EAE also ran the same total distance over the course of the experiment (Fig. 1D, t= 

1.431, p=0.164). This suggests that it was not a difference in the overall amount of running 

between the sexes that accounts for the differences seen in clinical signs and disease outcomes 

between the sexes. 
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 As we have found previously, daily voluntary wheel running did not improve disease 

progression (as measured by clinical score) in female mice ((Benson et al., 2015); Fig. 2A) In 

fact, a significant interaction was found for day x group with post hoc analyses showing that 

running actually increased clinical scores in female mice at certain time points after the 

establishment of the disease (Fig. 2A, two way RM ANOVA, significant interaction of day x 

group, F(9,234)=2.296, P<0.001, post hoc test significant for days 14, 22, 23, 25, and 30, P<0.05 

for all). However, in males, those mice who had access to a running wheel showed reduced 

clinical scores and had an improved disease progression overall, compared to non-running male 

mice with EAE (Fig. 2B, two way RM ANOVA, mina effect of group, F(1,851)= 57.652 , 

P<0.001). These results demonstrate differential effects of running on clinical signs in male and 

female mice.  

 

2.2.2 Changes in Inflammatory Markers with Voluntary Wheel Running: Total Spinal Cord 

To gain a better understanding of the role of inflammation on the disease course in males and 

females with EAE, T-cell infiltration and microgliosis were examined in lumbar spinal cord 

sections at the end of the behavioural study. No difference was seen in CD4 positive cells 

between either non running and running groups in either sex (Fig. 3A&B; for males t(9)=0.103, 

P=0.920; for females t(7)=-0.657, P=0.532).  

Iba-1 protein levels were also assessed over the entire spinal cord using Western blots. 

Overall, EAE increased the levels of Iba-1in the both male and female mice compared to their 

respective CFA controls (Fig. 3C; female two way ANOVA, main effect of disease, F(1,16)=2, 

P<0.001, post hoc t=5.888, P<0.001; Fig. 3D; male two way ANOVA, main effect of disease 

F(1,16)=9.399, P=0.007, post hoc t=3.066, p=0.007  Yamasaki et al., 2014). Voluntary wheel 

running had no effect on these levels in either sex at this chronic time point. Interestingly, when 

doing a direct comparison between the sexes, male mice with EAE had significantly greater 

levels of Iba-1 protein compared to females with the disease. (Fig. 3C&D, three way ANOVA, 

main effect of sex, F(1,32)=6.384 P=0.017, post hoc t=2.527, P=0.017). 

 

2.2.3 The Effect of Voluntary Wheel Running on Axonal Damage and Demyelination  

We next examined markers of demyelination and axonal damage, as both are hallmarks of the 

pathology in EAE/MS (Fig. 4, Fig. 5). The amount of demyelination in lumbar sections of spinal 
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cord was examined using eriochrome C. Areas with a lack of staining are indicative of 

demyelination (Fig. 4A,B,D,E). Voluntary wheel running did not significantly change the total 

amount of demyelination in either male or female mice with EAE (Fig. 4C for females Mann 

Whitney U= 12.00 P=1.000; Fig. 4F for males t(8)=0.869, P=0.410). Comparing demyelination 

between males and females, however, revealed that males with EAE had an overall greater 

amount of demyelination when compared to females with the disease (Fig. 4A-F, two way 

ANOVA, main effect of sex, F(1,16)=6.050, P=0.026, Tukey test q=3.478, P=0.026).  

Staining with an antibody cocktail against phosphorylated and non-phosphorylated 

neurofilament 200 (SMI 312/32) identifies axonal loss by highlighting areas devoid of any 

staining (Berard et al., 2010). Voluntary wheel running did not change the amount of axonal 

damage seen in female mice (Fig. 5A-C). Voluntary wheel running did, however, significantly 

attenuate the amount of axonal loss in males when compared to EAE mice in the non-running 

condition (Fig. 5D-F, t(9)=2.355, P=0.0430). It should be noted again that male mice with EAE 

as a group (both running and non-running cohorts) had significantly more axonal loss overall 

compared to females (Fig. 5D-F, two way ANOVA, main effect of sex, F(1,16)=14.276, P=0.002, 

Tukey test q= 5.343, P=0.002). The increased amounts of demyelination and axonal loss seen 

throughout the spinal cord of male mice may by indicative of the increased overall severity of 

clinical signs that we observed in male mice with EAE compared to females (Table 1).   

 

2.2.4 Voluntary Wheel Running Alters Oxidative Stress Levels in Mice with EAE 

Alterations in the levels of oxidative stress are known to occur in MS and to contribute to disease 

pathology (Gilgun-Sherki et al., 2004). In addition, it has been shown that exercise can help 

reduce oxidative stress in EAE (Benson et al., 2015; Souza et al., 2017). The ratio of glutathione 

(GSH) to glutathione disulfide (GSSG) is a useful marker of oxidative stress, with a lowered 

ratio being indicative of an increase in ongoing oxidative stress (Schafer and Buettner, 2001). 

Previous work by our group has shown that in female mice with EAE, this ratio is increased at 

the onset of clinical signs in mice given daily access to a running wheel, indicative of lowered 

levels of oxidative stress in the spinal cord (Benson et al., 2015). In the current study, we were 

interested in examining how this ratio is affected in the chronic stages of the disease in male and 

female mice with access to a running wheel. The levels of GSH increased with running in both 

male and female mice (Fig. 6A for females, Mann-Whitney U=0.000, P=0.008; Fig. 6B for 



86 

 

males t(8)=-2.860, P=0.0212).  GSSG levels were however, not statistically different between 

groups in females (Fig. 6C) ( t(7)=-0.784 P=0.479). In contrast, for males with EAE given access 

to a running wheel, GSSG levels were significantly lower compared to non-running controls. 

(Fig. 6D) (t(8)=3.595, P=0.00703). When we examined the ratio of GSH/GSSG, male mice with 

EAE that had daily access to the running wheel had a significantly increased GSH/GSSG ratio 

compared to sedentary males (Fig. 6F Mann-Whitney U=0.000 P= 0.008). This increase was not 

seen in female mice (Fig. 6E, Mann-Whitney U=8.000, P= 0.730). The increased ratio of 

GSH/GSSG in male mice with EAE given access to the running wheel is indicative of an overall 

reduction in oxidative stress (Fig. 6F).  

Superoxide dismutase is an enzyme that catalyzes the conversion of superoxide (O2
−) 

radicals into either oxygen (O2) or hydrogen peroxide (H2O2). A reduction in this enzyme’s 

activity is thought to be associated with increased oxidative stress (Zargari et al., 2007). We 

measured the activity of the SOD enzyme in plasma samples using an inhibition assay kit, where 

an increase in percent of inhibition of xanthine oxidase activity is indicative of increased SOD 

enzyme activity. We found no change in SOD activity with male mice throughout the experiment 

(Fig. 7B). However, we observed significant changes in SOD activity in female mice. 

Interestingly, reduced SOD activity was observed in mice with EAE (both running and non-

running controls) as well as in non-diseased, CFA controls given access to the running wheels 

(Fig 6A two way ANOVA, main effect of running F(1,25)=6.187, post hoc t=2.487, P=0.020 and 

disease F(1,25)=14.453, post hoc t=3.802, P<0.001). These changes in SOD activity were also 

reflected in SOD protein levels as measured by western blot. Female mice with EAE have a 

significant decrease in SOD protein levels in the spinal cord (Fig. 7C, two way ANOVA main 

effect of disease F(1,16) =27.593, post hoc t= 5.253, P<0.001). In contrast, there were no 

significant change in SOD protein levels in male mice with EAE (Fig. 7D).  

 

2.3 Discussion 

Exercise has been shown previously to limit both the progression of clinical signs and secondary 

symptoms such as nociceptive hypersensitivity in EAE (Klaren et al., 2014; Benson et al., 2015; 

Pryor et al., 2015). However, the influence of sex on the effects of exercise in EAE has not been 

systematically explored. Sex is an important variable to consider as it has been implicated in 

many aspects of the disease, such as pain behaviour or T-cell infiltration (Dunn et al., 2010; 
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Zhang et al., 2012b; Rahn et al., 2014). In the current study, both male and female mice were 

induced with EAE and the effects of daily voluntary wheel running on disease progression was 

examined. We observed many striking differences between male and female mice with EAE in 

this paradigm. Daily voluntary wheel running had minimal (and possibly negative) effects on 

clinical scores in female mice with EAE over the course of the disease. Male mice with EAE 

given daily access to a running wheel did however, have significant improvements in clinical 

score. These behavioural results combined with the differences in inflammatory makers, axonal 

damage, demyelination, and oxidative stress between the sexes suggests that not only does 

running affect male and female mice with EAE differently, but that the underlying biology of the 

disease may differ significantly between the two sexes. These results lend support to the growing 

body of research showing that sex is an important variable to consider when trying to develop 

new therapeutics or to better understand the pathophysiology of a disease.   

Although mice with EAE were able to continue running after the onset of disease, 

eventually there was a large difference in the amount run by non-diseased, CFA-treated controls 

and mice with EAE. These differences in the overall amount of running between mice treated 

with CFA and those induced with EAE are a result of the paralysis that develops in the EAE 

model which limits the capacity of mice with EAE to run in the later stages of the disease. This 

emphasizes the point that exercise is not a curative treatment, but may instead be a non-

pharmacological way to modify the severity of clinical signs of the disease. We did, however, 

find that running delayed the onset of disease in female mice by approximately three days, a 

result seen previously by our group and one that has been replicated by others (Table 1; (Le Page 

et al., 1994, 1996; Benson et al., 2015; Bernardes et al., 2016).  Curiously, this delay was not 

found in male mice. These results highlight an important variable to consider when looking at 

exercise as a potential therapeutic: timing of the intervention. In the current study, and in many 

others, the exercise intervention is given after the induction of EAE, however whether or not this 

is the best timing for an exercise intervention is not yet known. One study has explored this 

question by looking at delivering an exercise intervention only during periods of remission and 

found that there was no effect of exercise of clinical outcomes (Klaren et al., 2016). However, 

studies looking at exercise interventions delivered prior to or directly after disease induction 

seem to be effective (Rossi et al., 2009; Bernardes et al., 2013, 2016; Benson et al., 2015; Pryor 
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et al., 2015). This suggests that there may be a critical time period for exercise to have beneficial 

effects in EAE.  

We also found many differences between our male and female groups that reflected sex 

differences often seen in the clinic. For example, we had a mortality rate of 25% in male mice 

with EAE but a 0% mortality rate in females with the disease. This increase in mortality may be 

reflective of the clinical studies demonstrating that disease progression is often more severe in 

males with MS (Bove and Chitnis, 2013). Importantly, one of the only other studies looking at 

exercise in male mice with EAE also reported higher rates of mortality (Pryor et al., 2015). 

Furthermore, the average clinical score was significantly lower in females with EAE compared 

to male mice and fewer female mice reached a severe disease score of clinical grade 3 or 4. 

Again these results are reflective of the sex differences seen in clinical populations where, 

although more females are affected with MS, the disease is often more severe in males (Bove 

and Chitnis, 2013). 

Although male mice with EAE had a more severe disease overall, male mice given daily 

access to a running wheel had significantly lower clinical scores compared to non-running 

controls with the disease. This is in agreement with previous research showing that exercise can 

improve clinical scores in male mice (Pryor et al., 2015). Interestingly, we observed the opposite 

pattern for females with EAE. Female mice with EAE who had access to the running wheels had 

significantly higher clinical scores in the chronic stages of the experiment when compared to 

non-running controls. This is in contrast to other reports in the field (Le Page et al., 1994, 1996; 

Rossi et al., 2009; Bernardes et al., 2013, 2016). These differences in behavioural outcomes are 

most likely due to differences in the exercise paradigms used in the different studies.  Several 

reports have directly compared different exercise paradigms and have shown different 

behavioural outcomes depending on the paradigm used. For example, in a study by Le Page and 

colleagues that compared severe/intense exercise with constant speed exercise, they 

demonstrated that only the intense exercise paradigm was effective at reducing clinical scores in 

mice with EAE (Le Page et al., 1996).  

When we evaluated T-cell infiltration and microglia activation we detected significant 

sex differences between the running groups. There was no difference in the total amount of T 

cells over the entire spinal cord section in either sex, but significantly more microgliosis in male 

mice. This may suggest it is the increased microgliosis in male mice that is contributing to their 
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more severe disease profile. This increase in inflammation in male mice with EAE may also be 

contributing to the increased damage seen in the spinal cord in these mice. For example, we also 

found interesting sex differences with regard to neuronal injury between male and female mice 

with EAE. We found that there was significantly more axonal loss over the entire spinal cord in 

male mice compared to females. Again, this is a factor that likely contributes to the higher 

clinical scores we observed in male mice compared to females. Running did, however, 

significantly reduce the amount of axonal damage in the spinal cord of male mice. Given the 

overall increase in the amount of axonal damage seen in male mice, this reduction with running 

may underlie the improvements in clinical score that we observed in male mice. Furthermore, we 

also found significant reductions in the amount of demyelination in males with EAE that were 

given access to the running wheels. This is another indication that daily exercise can lead to an 

overall improvement in the health of spinal cord axons in males with EAE.  

There have been many studies linking central nervous system damage to oxidative stress 

in MS (Gilgun-Sherki et al., 2004; Bishop et al., 2009; Davitashvili et al., 2012). Exercise has 

been shown to improve oxidative stress in multiple studies (Benson et al., 2015; Souza et al., 

2017). Thus, we next examined markers of oxidative stress to determine if any of the behavioural 

improvement that we observed in males with EAE was related to improvements in the levels of 

oxidative stress. GSH is a critical antioxidant that is thought to be protective due to its oxygen 

and radical scavenging capabilities (Pompella et al., 2003). When oxidized, GSH becomes 

GSSG. Increased oxidative stress leads to an increase in the amount of GSSG and is associated 

with a decrease in the GSH/GSSG ratio (Schafer and Buettner, 2001).  Exercise in the EAE 

model has been previously shown to increase GSH levels and is associated with improvements in 

clinical outcomes (Benson et al., 2015; Souza et al., 2017). Our findings corroborate these 

results, with increases in the GSH/GSSG ratio in male mice who ran and increases in GSH levels 

in all mice given access to the running wheels. Given that an increase in the GSH/GSSG ratio is 

associated with improved oxidative stress, it is likely that the reduced axonal injury and 

demyelination in male mice given access to the running wheels is associated with improved 

oxidative stress management.  

Superoxide dismutase (SOD) is an enzyme that catalyzes the conversion of superoxide to 

hydrogen peroxide. There are three forms of the SOD enzyme, Cu/Zn- SOD which is cytosolic 

(SOD 1), mitochondrial SOD (SOD 2), and SOD3 which is only found in extracellular 
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compartments. SOD activity has been found to decrease with EAE (Miller et al., 2013; Polachini 

et al., 2016). We found that the activity of the SOD enzyme and its actual protein level were also 

significantly affected in female mice with the disease but that SOD levels and the enzymatic 

activity remain stable in males. The significant reduction in SOD enzyme activity and protein 

levels in female mice suggest that females are unable to recruit this important anti-oxidant 

pathway in EAE. The lack of change in male mice might suggest that this pathway is not 

disrupted in male mice with EAE and thus does not contribute to disease pathology in male mice.  

In female mice, it is possible that exercise may not be as beneficial in the chronic stages 

of EAE compared to its effects in males.  This is especially true in the present study, as we found 

an increase in the clinical scores at the chronic time point of the experiment in female mice who 

ran. Although a recent study has shown that exercise can improve markers of oxidative stress at a 

chronic time point (Souza et al., 2017), it is important to consider differences in the exercise 

paradigms used between the different studies. Both strength and endurance training were used by 

Souza and colleagues, but mice only underwent training for a total of four weeks and most mice 

would not have been exercising once the disease was established (Souza et al., 2017).  In our 

paradigm, mice exercised well past disease onset, an approach that is not often seen in the field. 

These differences are important to consider as our data suggest that exercise in the chronic stage 

of the disease may become stressful, particularly in female mice, thereby increasing oxidative 

stress instead of reducing it. This may have contributed to the increased clinical score seen in the 

present study in female mice who ran. Furthermore, several other studies have shown that 

strenuous exercise can increase the generation of reactive oxygen species (Richters et al., 2011; 

Crane et al., 2013). A study looking at SOD 2 -/- mice found that exercise exacerbated 

mitochondrial protein dysfunction in muscle, and suggested that one should be cautious when 

suggesting exercise in a population with mitochondrial dysfunction (Crane et al., 2013).  This is 

important to consider as MS is a disease with known deficits in mitochondrial function.  

 

2.4 Conclusions 

The present study showed that daily voluntary wheel running has different effects on the 

symptoms of EAE in male and female mice. These differences are likely due to different 

inflammatory profiles that trigger different pathological changes in the CNS between male and 

female mice. Furthermore, it is likely that these changes are critically linked to differences in 
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oxidative stress and how it is managed in males and females.  The differences we describe 

highlight the need to study both male and female subjects in MS research in order to better 

understand and treat this disease.  
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2.5 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Average distance run per day.  (A&B) Overall, CFA mice ran more compared to 

EAE mice in both sexes. (C) No difference was found in total distance run between male and 

female CFA controls or between male and female EAE mice. (EAE= experimental autoimmune 

encephalomyelitis, CFA= complete Freud’s adjuvant. All graphs are mean ± SEM) 
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Figure 2.2. Effect of voluntary wheel running on clinical score.  A clinical score of 0 indicates no 

signs of disease, 1 indicates a flaccid tail and disease onset, 2 hindlimb weakness, 3, hindlimb 

paralysis, and 4 complete forelimb and hindlimb paralysis. (A) Average clinical score in female 

mice with EAE each day. A significant interaction of day x group was found, with females who 

ran having significantly different scores from those who did not run on days 14, 22, 23, 25, and 

30*. (B) Average clinical score per day of testing in male mice with EAE. Males mice who ran 

had improved clinical scores overall when compared to non running EAE mice. (*P<0.05, Two 

Way RM ANOVA, EAE= experimental autoimmune encephalomyelitis. All graphs are mean ± 

SEM).  
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Figure 2.3. Effect of voluntary wheel running on immune markers. (A) Number of T-cells in the 

lumbar spinal cord of EAE female mice who ran and did not run. There were no differences 

found in the total number of CD4+ cells found. (B) Number of T-cells in the lumbar spinal cord 

of EAE male mice who ran and did not run. There were no differences found in the total number 

of CD4+ cells found. (C) Total Iba-1 proteins levels measured in whole spinal cord via western 

blots in female micce. Log change was calculated by comparing experimental groups to female 

non-running CFA controls. EAE increased the amount of protein for IBA-1 in female EAE mice, 

indicating increased microgliosis with disease. Running did not affect the amount of Iba-1 

protein. (D)Total Iba-1 proteins levels measured in male mice. Log change was calculated by 

comparing experimental groups to male non-running CFA controls. EAE increased the amount 

of protein for IBA-1 in male EAE mice, indicating increased microgliosis with disease. Running 

did not affect the amount of Iba-1 protein in male mice. (C&D) Sample western blots for Iba-1 

and control actin are shown for both sexes. Male mice with EAE also had more Iba-1 protein 

compared to female with EAE in the spinal cord.  (*P<0.05, t tests, EAE non-running n=5; EAE 

run n=5 in males & females. All graphs are mean ± SEM). 
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Figure 2.4. Effect of voluntary wheel running on demyelination. (A&B) Representative 5x female 

lumbar spinal cord images stained with Eriochrome stain to measure demyelination. Arrows 

indicate areas of demyelination. (C) Voluntary wheel running did not change the amount of 

demyelination in females with EAE. (D&E) Representative 5x male lumbar spinal cord images 

stained with Eriochrome stain to measure demyelination. Arrows indicate areas of 

demyelination. (F) Voluntary wheel running did not change the amount of demyelination in 

males with EAE either. However, males had more demyelination overall when compared to 

female mice. (*P<0.05, t tests, EAE non-running n=5; EAE run n=5 in males & females. All 

graphs are mean ± SEM). 
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Figure 2.5. Effect of voluntary wheel running on axonal damage. (A&B) Representative 10x 

images from female lumbar section of staining with phosphorylated and non-phosphorylated 

neurofilament 200 (SMI 312-SMI32). Confocal inset showed lack of co-localization of axonal 

staining with both SMI312-SIM32 (green) with DAPI (blue), a marker for cellular nuclei, as 

expected for axonal labelling. Dashes outline areas of axonal damage. (C) Voluntary wheel 

running did not significantly alter axonal damage in female EAE mice. (D&E) Representative 

10x images from male lumbar section of staining with phosphorylated and non-phosphorylated 

neurofilament 200 (SMI 312-SMI32). Confocal inset showed lack of co-localization of axonal 

staining with both SMI312-SIM32 (green) with DAPI (blue), a marker for cellular nuclei, as 

expected for axonal labelling. Dashes outline areas of axonal damage. F(F) Voluntary wheel 

running significantly decreased the amount of axonal damage seen in male mice. (*P<0.05, t 

tests, EAE non-running n=5; EAE run n=5 in males & females. All graphs are mean ± SEM). 

 

  

20 
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Figure 2.6. Oxidative stress measures in running and non 

running mice. (A&B) GSH levels as measured by HPLC 

in the spinal cord. Running increased levels of GSH in 

female and male mice. (C) GSSG levels in the spinal 

cord as measured by HPLC. No significant differences 

were found between groups for female mice. (D) GSSG 

was found to be significantly reduced in male mice with 

EAE who ran compared to non-runners.  (E) Ratio of 

GSH to GSSG in the whole spinal cord as measured by 

HPLC. An increased ratio is indicative of reduced 

oxidative stress. No change was seen in female mice with 

running. (F) Males who ran had an increased GSH/ 

GSSG ratio compared to those who did not run. 

(*P<0.05, t tests, EAE non-running n=5; EAE run n=5 

in males & females, GSH= glutathione, 

GSSG=glutathione disulfide, HPLC= high performance 

liquid chromatography. All graphs are mean ± SEM). 
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Figure 2.7. Effect of voluntary wheel running on superoxide dismutase activity and protein level. 

(A&B) SOD activity levels were measured using an inhibition assay kit and percent inhibition of 

xanthine oxidase activity was calculated.  (A)Female mice with EAE had reduced SOD activity 

levels compared to CFA control mice. Female mice who ran also had reduced activity levels 

compared to groups who did not run. (B) No change in SOD activity was seen in male mice in 

any group. (C&D) Western blots were used to measure SOD2 protein levels in the spinal cord of 

male and female mice.  Log change was calculated by comparing experimental groups to sex 

specific non-running CFA controls. Representative blots for SOD2 and control actin are shown 

for each sex.  (C) Female mice with EAE had reduced protein levels of SOD2 compared to CFA 

controls. (D) No changes in SOD2 protein levels were seen in male mice.  (*,**,#P<0.05, Two 

Way ANOVAs, CFA running n= 5, EAE non-running n=5; EAE run n=5 in males & females , 

SOD 2= superoxide dismutase 2. All graphs are mean ± SEM). 
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Disease Parameter Females Males 

Days to Onset 

 

 

Non-Runners: 14.1±4.3 

Runners: 16.6±3.0 

 

 

Non-Runners:17.3±3.5 

Runners: 18.3±2.8 

 

 

 

Average Clinical Score 

 

Overall: 2.6±1.2 

 

Non-Runners: 2.1±1.3 

Runners: 3.1±1.0 

Overall: 3.0±1.1 

 

Non-Runners: 3.3±0.8 

Runners: 2.2±1.3 

 

 

 

 

Number of mice at clinical 

score of 3 or 4 at end of 

experiment 

 

Total: 11 (55%) 

 

Non-Runners: 3 (30%) 

Runners: 8 (80%) 

Total: 19 (63%) 

 

Non-Runners: 16 (88%) 

Runners: 3 (25%) 

 

 

Number of Mortalities 

 

Overall: 0 

 

Non-Runners: 0 

Runners: 0 

Overall: 10 (25%) 

 

Non-Runners: 2(10%) 

Runners: 8(40%) 

*Values are mean ± SD 

  

2.6 Table 2: Differences between disease parameters in female and male mice.  
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Chapter 3: Effect of Voluntary Wheel Running on Neuroactive 

Steroid Levels in Murine Experimental Autoimmune 

Encephalomyelitis 
3.0 Introduction 

Multiple sclerosis (MS) is a devastating demyelinating autoimmune disease primarily 

associated with motor dysfunction. Its etiology and biological mechanisms are not yet fully 

understood.  Neuroactive steroids (NASs) have recently been implicated in several aspects of MS 

symptomology and progression (Purdy et al., 1991; Savettieri et al., 2004; Caruso et al., 2010, 

2014; Giatti et al., 2010; Orefice et al., 2016). NASs are rapidly acting steroids that produce 

nongenomic effects by acting as allosteric modulators at neurotransmitter receptors, especially 

the NMDA subtype of glutamate receptors and/or gamma-aminobutyric acid-A (GABA-A) 

receptors (Tuem and Atey, 2017).  NASs can come from the periphery or they may be 

synthesized from cholesterol in the brain; in the latter case they are termed neurosteroids.  The 

two terms will be used interchangeably in this paper.  Various NASs have been reported to have 

neuroprotective actions and may have effects on cell growth, differentiation and myelination 

(Tuem and Atey, 2017).  Some NASs have also been reported to have anti-inflammatory actions 

and have been proposed to play a role in a number of neurologic, psychiatric and gastrointestinal 

disorders (see (Tuem and Atey, 2017) for a review).   

Clinical reports have demonstrated that there are significant differences in the levels of 

NASs in the cerebral spinal fluid (CSF) of healthy controls and those with relapsing remitting 

multiple sclerosis (RRMS) (Orefice et al., 2016). Both pregnenolone (PREG) and 

dehydroepiandrosterone (DHEA) are significantly elevated in the CSF of MS patients of both 

sexes (Orefice et al., 2016). Furthermore, it was found that these changes were regulated by 

disease state (Orefice et al., 2016). Disease state dependent changes in NAS levels have been 

seen in an animal model of MS, experimental autoimmune encephalomyelitis (EAE; (Caruso et 

al., 2010; Giatti et al., 2010)). It was found that in the acute stage of the EAE,  spinal cord levels 

of progesterone (PROG) and isopregnanolone (ISO) are decreased, but at the chronic stage, there 

is no change in spinal cord levels of these NASs (Caruso et al., 2010; Giatti et al., 2010). These 

studies suggest that different NASs might have different roles in disease progression (Caruso et 

al., 2010; Giatti et al., 2010; Orefice et al., 2016) . This is further highlighted by studies showing 

different changes in the levels of NASs, such as testosterone, between RRMS and progressive 
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MS, with males showing decreased testosterone in progressive MS compared to RRMS 

(Savettieri et al., 2004).  

Major sex differences in the development, disease course, and symptomology of MS have 

been seen both clinically and in animal models, making this an important variable to consider in 

pre-clinical research (Lynch et al., 2008; Rahn et al., 2014; Ortona et al., 2016; Scioli-Salter et 

al., 2016; Mifflin et al., 2017).  Sex has also been found to be a significant factor underlying the 

changes in NAS levels associated with MS (Caruso et al., 2010, 2014; Giatti et al., 2010; Orefice 

et al., 2016).  For example, in a study examining changes in NASs from the CSF of patients with 

MS, it was found that female patients had lower levels of ALLO compared to male patients, and 

that in general, there were more changes in NAS levels in females compared to males (Orefice et 

al., 2016). Additionally, PREG levels were found to be increased in the active disease state in 

males compared to stable MS, but these state-dependent differences in PREG levels were not 

seen in female patients (Orefice et al., 2016). Interestingly, a separate study examining CSF from 

male MS patients only also found as well decreases in the levels of the testosterone metabolite, 

dihydrotestosterone (DHT), compared to non-diseased control subjects (Caruso et al., 2014). 

Sex differences in NAS levels have also been reported in the EAE model. For example, it 

was found that female mice with EAE had larger increases in ISO and PROG in the spinal cord 

compared to males with EAE. On the other hand,  males with EAE had increased levels of  DHT 

compared to females (Caruso et al., 2010). Furthermore, another study examining NAS levels in 

acute EAE found that NAS levels change not only in a sexually dimorphic way, but also varied 

between plasma and different CNS regions (cerebrum, cerebellum, and spinal cord) (Giatti et al., 

2010).  

We have become interested in exploring the role of NASs as potential mediators of the 

beneficial effects of exercise in MS. To our knowledge, no previous study has examined the role 

or NASs in relation to the benefits of exercise in the disease, but changes in NAS levels in 

response to exercise in other disease states have been observed. For example, it has been shown 

that ALLO levels are increased after brief, but intense exercise. These changes in ALLO levels 

are associated with post-exercise pain tolerance in patients with post-traumatic stress disorder 

who also have chronic pain (Scioli-Salter et al., 2016) .  

While there are only a handful of studies examining the role of exercise on NAS levels in 

general, the results to date suggest that exercise may be able to modulate NASs in a beneficial 
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way. The present study therefore explored the relationship between an exercise therapy, 

voluntary wheel running, and NASs associated with EAE. Given the reported sex differences in 

NAS levels in EAE, we also assessed NAS levels in both male and female mice with the disease.  

 

3.1 Materials & Methods 

3.1.1 EAE Induction and Assessment 

All animal studies were conducted in compliance with the Canadian Council on Animal 

Care Guidelines and Policies with approval from the Animal Care and Use Committee: Health 

Sciences for the University of Alberta. Male and female C57BL/6J mice were obtained from 

Charles River Canada at age 6-8 weeks for all studies. Mice were housed in same-sex groups of 

5 in standard shoebox cages with crinkle bedding with standard enrichment on a 12:12 light/dark 

cycle. Mice were given free access to standard chow food and water throughout all experiments.  

After a two week habituation period to the housing facility, mice were given EAE 

using myelin oligodendrocytes glycoprotein 35–55 (MOG35-55). Mice were randomly assigned to 

Complete Freund's Adjuvant (CFA; control) or EAE (experimental) groups for all experiments 

EAE induction was done by giving a subcutaneous injection of 50 μg of MOG35–55 emulsified in 

CFA at a concentration of 1.5 mg/mL, followed by an interaperitoneal injection of 300ng of 

pertussis toxin on the day of injection and again two days later. CFA control mice did not receive 

MOG injections, only injections of CFA and pertussis toxin. Mice were then kept in quarantine 

for 72 hours after the induction of EAE as per university regulations.  Weight and clinical score 

(graded on a four-point scale) was assessed daily.  The four-point clinical scale is as follows: 

grade 0, normal mouse; grade 1, flaccid tail (disease onset); grade 2, mild hindlimb weakness 

with quick righting reflex; grade 3, severe hindlimb weakness with slow righting reflex; grade 4, 

hindlimb paralysis in one hindlimb or both. Mice who lost greater than 50% of their baseline 

body weight were euthanized to prevent unnecessary pain and discomfort.  

 

3.1.2 Wheel Running 

For the hour of daily running, mice were removed from their home cage and placed in a 

similar, standard cage with only bedding and a running wheel (Living World®-Deluxe Exercise 

Wheel, 5″/12.5 cm #61701) for 30 consecutive days. Distance run was recorded using a Schwinn 

® 20 Function bike computer (model 04SW654C6PK) fitted to the wheels.  Running mice 
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underwent 3 consecutive days of training prior to induction. Mice started daily running on day 4 

post induction after a mandatory quarantine period. (EAE male n = 5, EAE female n=5). Non-

running EAE control mice spent an hour a day in a standard cage with only bedding and a fixed 

running wheel to control for any environmental enrichment (EAE male n = 5, CFA male n=5, 

EAE female n=5, CFA female =5).  

 

3.1.3 Gas Chromatography – Mass Spectrometry (GC-MS) 

Mice were euthanized via a sodium pentobartibal (340 mg/ml) injection prior to 

dissection. After cardiac perfusion with 0.9% saline, brains were then dissected out fresh, flash 

frozen in liquid nitrogen, and stored at -80֠C until homogenization. Brains were then prepared for 

gas chromatography–mass spectrometry (GC-MS) analysis to measure levels of NASs. Methods 

used were similar to those described previously by (Ahboucha et al., 2008) with minor 

modifications. Briefly, protein was first precipitated using methanol and then centrifugation. 

Supernatants were retained and NASs isolated using solid-phase extraction with Oasis HLB 

cartridges (Waters). Samples were then derivatized with heptafluorobutyrylimidazole (HFBI), 

and the resulting derivatives were analysed by gas chromatography combined with negative ion 

chemical ionization mass spectrometry using an Agilent 6890 gas chromatograph coupled to a 

5973N mass selective detector. Standard curves were prepared for each steroid and deuterated 

(d4) pregnenolone was used an as internal standard for all samples.  

 

3.1.4 Statistical Analysis  

Statistical analysis was carried out using two-tailed t tests or two-way repeated measures 

ANOVAs where appropriate with Tukey’s multiple comparison post hoc tests.  All values 

compared were a calculation of percent control of non-running CFA animals using the following 

formula: (experimental raw value/average of total raw CFA value) x100. Significance was set at 

p < 0.05. All statistical analysis was performed with GraphPad Prism 6.0 software. 

 

3. 2 Results 

3.2.1 Neuroactive Steroid Synthesis 

All endogenous NASs originate from cholesterol. Figure 1 outlines the metabolic 

pathways involved in NAS synthesis and degradation. Those NASs that were detectable in the 
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collected brains are outlined in red (Fig. 1). Isopregnanolone, however, was only detectable in 

the brains of male mice (see Fig 2D). NAS levels were measured at a chronic timepoint (30 days 

post-induction), meaning that all mice were at a clinical score of at least 2 or higher on average.  

3.2.2 Effect of Voluntary Wheel Running on NAS levels 

A significant interaction for sex and exercise was found for pregnenalone, (two-way between 

subject ANOVA F1,15=5.090 P=0.0394, Fig 2A). Female mice with EAE who had daily access to 

a running wheel were found to have significantly increased levels of pregnenolone compared to 

male mice with EAE given the same access to exercise (Tukey’s multiple comparisons test, 

q=4.156, P < 0.05, Fig. 2A). A main effect of sex was also found for levels of allopregnanolone. 

Male mice with EAE had significantly higher levels of allopregnanolone compared to female 

mice with EAE (two-way between subject ANOVA F1,16=13.92 P=0.0018, Fig. 2B). Although 

levels of THDOC were detectable in both male and female mice, no significant effect of sex or 

exercise was found (two-way between subject ANOVA, F1,16=1.382, P=0.2569, Fig. 2C). 

Isopregnanolone (ISO) was only detectable in males, but running had no effect on the levels of 

ISO in male mice with the disease (two tailed t-test, T8=0.0958, Fig. 2D). 

 

3.3 Discussion 

The present study explored changes in the levels of NASs in the brains of male and 

female mice with EAE given access to a running wheel for 1hr/day. We found that EAE caused 

significant changes in levels of NASs, specifically ALLO, ISO, and PREG. Furthermore, levels 

of PREG were found to be significantly greater in female mice with EAE that were given daily 

access to a running wheel.  

In the current study, we observed a significant increase in ALLO levels in male mice with 

EAE. This is similar to a clinical report that described the levels of ALLO in male MS patients 

[4]. Compared to female MS patients whose levels of ALLO in the CSF were significantly 

reduced, the CSF from males with MS had stable levels of ALLO (Orefice et al., 2016). It should 

be noted however that a recent study examining levels of ALLO from the white matter of brains 

of patients with MS found decreased levels of ALLO (Noorbakhsh et al., 2011).  However, this 

report did not specifically examine sex differences or measure CSF levels, possibly accounting 

for the discrepancy between these two studies.  However, it is generally thought that ALLO is 

neuroprotective, and especially so in MS (see (Tuem and Atey, 2017) for a review). Thus, the 
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increased levels of ALLO in male mice with EAE observed here may reflect a neuroprotective 

mechanism in males during the chronic stages of EAE. This is further supported by the trend 

towards increased ALLO levels in the running cohort of male mice with EAE as we have 

previously shown that chronic running in males with EAE  reduces clinical signs of the disease 

(Mifflin et al., 2017). Additionally, it has been reported that  administration of ALLO or  ALLO 

ligands to mice post-EAE induction reduces neuroinflammation and disease severity (Wang et 

al., 2002; Daugherty et al., 2013). 

Interestingly, we found that ISO was only detectable in the male mice and these levels 

were independent of the running condition. This is in contrast to other studies examining sex 

differences in NASs in EAE. It was previously reported that ISO levels were higher in females 

with EAE in the cerebral cortex (Caruso et al., 2010; Giatti et al., 2010). While the results from    

(Caruso et al., 2010) were also from chronic EAE animals, it is important to note that their study 

was done in dark-agouti rats and not the C57BL/6 strain of mouse used in the present study.  

Importantly, a study examining changes in ISO in the CSF of patients with MS also found 

increased levels of ISO in males with RRMS (Caruso et al., 2014).  ISO is an isomer of ALLO, 

and can antagonize the effect of ALLO on the GABA-A receptor, despite not binding directly to 

it (Wang et al., 2002; Melcangi et al., 2011). The absence of ISO in our cohorts of female mice 

may be a response of the low levels of ALLO combined with the high levels of PREG we have 

detected in these mice. A similar disequilibrium of lower levels of ISO/ALLO combined with 

high levels of PREG has been reported in cases of clinical depression (Melcangi et al., 2011; 

Schüle et al., 2011). Interestingly, it is thought that some antidepressants exert their beneficial 

effects by abolishing this disequilibrium (Melcangi et al., 2011; Schüle et al., 2011). A similar 

pattern of disequilibrium could be occurring here. However more research would be needed to 

explore exactly how this would impact the disease state or possible secondary symptoms such as 

depression or anxiety associated with MS.  

The only NAS that was significantly changed with the voluntary running treatment was 

PREG. We found that female mice given access to the running wheels had significantly 

increased levels of PREG compared to male EAE mice who ran. While running did significantly 

elevate PREG levels in females, other studies have found that females with EAE often have 

higher levels of PREG in the cortex compared to males (Caruso et al., 2010; Giatti et al., 2010). 

To date, no study has explored the effects of exercise on PREG in MS and unfortunately there 
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are no other studies examining exercise and PREG in other disease states. However, it is 

important to note that in the clinical study examining CSF levels of NAS, increased levels of 

PREG were associated with active disease state in females and the presence of gadolinium 

enhancing lesions in male patients (Orefice et al., 2016). This suggests that increases in PREG 

may be promoting disease progression and/or severity. This potential effect of PREG is further 

supported by the fact that a previous study from our lab has shown that chronic voluntary wheel 

running does not improve disease scores in female mice, and may actually promote disease 

progression (Mifflin et al., 2017).  Additionally, the decrease in PREG in males with running 

may also contribute to the beneficial effects of voluntary wheel running in males with chronic 

EAE that we have reported (Mifflin et al., 2017).  

 

3.4 Conclusions 

Overall, we find that there are significant sex differences in the brain levels of NASs in mice 

with chronic EAE. Furthermore, we show that daily voluntary wheel running significantly 

altered levels of PREG in a sex-dependent way. This may be related to some of the chronic 

effects of running in male and female mice. This study also highlights the importance of 

considering sex as a variable in MS research, especially when looking for therapeutic targets or 

potential biomarkers. 

  



112 

 

3.5 Figures 

 

Figure 3.1 Synthesis pathways of neuroactive steroids. 

Cholesterol is the precursor of neuroactive steroids. The flowchart outlines the various pathways 

in synthesis of neuroactive steroids possible from cholesterol. Those steroids reliably detected in 

the present study are outlined in red. THDOC= 3α,5α-tetrahydrodeoxycorticosterone, 5α-

DHDOC= 5α-dihydrodeoxycorticosterone. 
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Figure 3.2. Effect of sex and exercise on neuroactive steroid levels.  

Pregnenolone, allopregnanolone, THDOC and isopregnanolone were detectable in mouse brains. 

Data are expressed as a percentage of control non-running CFA mice whose average has been set 

to 100% as indicated by the red dashed line (A-D). Pregnenolone levels were found to be 

significantly increased in female EAE mice who ran compared to male EAE mice who ran (A). 

Alloprenanolone levels were found to be increased in male EAE mice, and especially in those 

who ran compared to female EAE mice (B). No significant differences were seen for THDOC in 

any group (C). Isopregnanolone was only detectable in male mice and no differences were seen 

with treatment (D). All data are expressed as mean % change from CFA ± SEM. Two-way 

between subject ANOVA with appropriate post-hoc analysis, *p<0.05, THDOC= 3α,5α-

tetrahydrodeoxycorticosterone, N.S.= not significant, N.D.= not detectable. Sample size of n=5 

per group.  
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Chapter 4: Voluntary Wheel Running Reveals Sex Specific 

Nociceptive Factors in Murine Experimental Autoimmune 

Encephalomyelitis 

4.0 Introduction  

Multiple Sclerosis (MS) is a chronic, neurodegenerative, demyelinating autoimmune disease of 

the central nervous system. Approximately 2-3 million people are thought to live with MS 

globally, making this disease a worldwide health issue (Thompson et al., 2018). The primary 

symptom of MS is increasing motor dysfunction over time. However, in addition to motor 

dysfunction, many patients experience a host of secondary symptoms including cognitive 

disturbances, bladder dysfunction, fatigue and chronic pain (Crabtree-Hartman, 2018). While 

there are several disease-modifying therapies for MS, there are few therapies that directly 

address these secondary symptoms, especially chronic pain. Developing better strategies to 

manage chronic pain in MS is of clinical importance as approximately 50% of patients with MS 

will develop chronic pain at some point in their disease course and this can have a significant 

impact on the quality of life of these patients (Kalia and OConnor, 2005; O’Connor et al., 2008; 

Solaro and Messmer Uccelli, 2011; Murphy et al., 2017).  

Exercise has been shown both clinically and in multiple animal models of MS to have 

beneficial effects on disease progression (Le Page et al., 1994, 1996; Rossi et al., 2009; Patel and 

White, 2013; Bernardes et al., 2013, 2016, Klaren et al., 2014, 2016; Benson et al., 2015; Pryor 

et al., 2015; Bernardes and Oliveira, 2017; Mifflin et al., 2017; Souza et al., 2017; Kim and 

Sung, 2017; Reynolds et al., 2018; Venasse et al., 2018; Einstein et al., 2018). In the 

experimental autoimmune encephalomyelitis (EAE) model of MS, exercise has been shown to 

improve some secondary symptoms such as chronic pain, and cognitive dysfunction  (Benson et 

al., 2015; Kim and Sung, 2017). While these studies demonstrate the beneficial effects of 

exercise on the symptoms of MS/EAE and its progression, only one study has directly explored 

the role of sex in the benefits of exercise (Mifflin et al., 2017).  

Given the strong sex differences described in both clinical and animal studies exploring 

the pathobiology of MS/EAE, sex is an important variable to consider in MS research. For 

example, it is well known that there is a higher prevalence of MS in the females and this number 

is increasing (Orton et al., 2006; Thompson et al., 2018).  While it is established that MS affects 
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females more than males, the risk of long-term disability is higher in male patients with the 

disease (Shirani et al., 2012; Voskuhl et al., 2018). In addition, several studies have demonstrated 

significant sex differences in the immune response in the EAE model (Dunn et al., 2010, 2015, 

Zhang et al., 2012a, 2015).  

The present study was designed to explore whether the beneficial effects of voluntary 

wheel running on nociceptive behaviour in female mice with EAE could be extended to male 

mice with the disease (Benson et al., 2015). Surprisingly, we find that male mice with EAE who 

are given access to a running wheel for one hour per day did not show improvements in 

nociceptive behaviour. Here we describe assessments of various peripheral immune factors, 

inflammation in the CNS and sensory neuron responses to depolarizing stimuli between the 

sexes in our EAE-wheel running paradigm. We describe significant differences in many of these 

parameters, thus highlighting the importance of considering sex when exploring potential 

therapeutic interventions for MS.  

 

4.1 Materials & Methods 

4.1.1 EAE Induction & Assessment 

All animal studies were conducted in compliance with the Canadian Council on Animal Care 

Guidelines and Policies with approval from the Animal Care and Use Committee: Health 

Sciences for the University of Alberta. Male and female C57/Bl6J mice were ordered from 

Charles River Canada at age 6-8 weeks. After two weeks of habituation to the housing facility, 

handling and baseline testing, mice were induced with EAE.  EAE was generated 

with myelin oligodendrocytes glycoprotein (MOG35-55; Peptide Synthesis Facility, University of 

Calgary, n=24). Subcutaneous (50μg) injections of MOG35–55 emulsified in Complete Freund's 

Adjuvant (CFA) at a concentration of 1.5 mg/mL and an interaperitoneal injection of 300ng of 

pertussis toxin on the day of injection and two days later were given to mice to induce EAE. 

CFA control mice did not receive MOG injections, only injections of CFA and pertussis toxin 

(n=12). Naïve mice did not receive any MOG, CFA, or pertussis toxin injections (males, n=4; 

females, n=4). As per university regulations, mice were kept in quarantine for 72 hours after the 

induction of EAE.  After release from quarantine, mice were assessed daily and weight and 

clinical scores were recorded.  The clinical signs of EAE were graded on a four-point scale: 

grade 0, normal mouse; grade 1, flaccid tail (disease onset); grade 2, mild hindlimb weakness 
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with quick righting reflex; grade 3, severe hindlimb weakness with slow righting reflex; grade 4, 

hindlimb paralysis in one hindlimb or both. 

 

4.1.2 Daily Voluntary Wheel Running Paradigm 

Mice were given access to a cage with a running wheel for one hour a day for starting after the 

mandatory quarantine period (day 4 post-induction) until disease onset (EAE male n=6, EAE 

female n=6). Outside of the hour of daily running, all mice were conventionally housed, 5 

animals per cage, with free access to food and water. For the hour of daily running, mice were 

removed from their home cage and placed in a similar, standard cage with only bedding and a 

running wheel (Living World®-Deluxe Exercise Wheel, 5″/12.5 cm #61701). Distance traveled 

was recorded using a Schwinn ® 20 Function bike computer (model 04SW654C6PK) fitted to 

the running wheel. All running group animals underwent training one week prior to the induction 

of EAE. During this training period, each animal in the running group was given access to the 

running cage for 1 hour per day for 3 consecutive days to habituate to the running wheel and to 

gather baseline running data. Non-running EAE control mice were transferred in a standard cage 

with only bedding and a fixed running wheel for one hour a day to control for any environmental 

enrichment (EAE male n = 6, CFA male n=6, EAE female n=6, CFA female =6). All animals 

were placed within the same cage with either the running wheel/fixed wheel on consecutive days 

over the course of the study. 

 

4.1.3 Von Frey Hair Assessment 

To assess mechanical hypersensitivity at disease onset the von Frey hair assay was used. Mice 

were placed in transparent plexiglass boxes on an elevated mesh wire platform to allow access to 

the plantar hindpaw. Mice were allowed to habituate to these plexiglass boxes for ~15minutes 

prior to the start of testing. After the habituation period, the plantar surface of each hindpaw was 

stimulated 5 times each with an ascending series of weighted von Frey monofilaments (0.16-

2.0g). Behavioural responses where then observed and recorded by an experimenter blind to the 

conditions. Nociceptive behaviours were considered to be either lifting/guarding, rapid shaking, 

and/or licking of the hindpaw. If the bending force of the filaments elicited these types of 

behavior in 60% of more of the trails, it was considered the mechanical withdraw threshold for 

the mouse. Von Frey testing was conducted at baseline and at disease onset. Left and right paw 
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thresholds were averaged for analysis and compared to baseline levels. Baseline thresholds were 

assessed over 3 three testing periods in the week prior to EAE induction and averaged together. 

    

4.1.4 RotaRod 

 To assess gross locomotor ability a fixed rotarod assay was used. This ensured that any motor 

impairment did not interfere with mechanical sensitivity testing. Mice were first trained on a 12-

rpm fixed speed rotarod until they could stay on for 3 minutes in the week preceding EAE 

induction. On the day of disease onset, mice underwent fixed rotarod testing where they were 

placed on the 12-rpm speed rotarod for three, 1-minute trails. Time spent on the accelerating 

rotarod was averaged across the three trials.  

 

4.1.5 Western Blotting 

Mice from all experiments were euthanized via a euthansol injection and transcardiac perfusion 

with saline after testing. Lumbar spinal cord sections were dissected fresh and flash frozen in 

liquid nitrogen. The tissue was then used to prepare samples for western blot analysis for 

markers of spinal cord inflammation. Briefly, frozen whole spinal cord samples were 

homogenized in RIPA buffer (100µL NP40, 1.5mL 10% SDS, 1.5 mL 1M NaCl, 1.0mL 0.1M 

phosphate buffer, 40µL 0.5M EDTA, 4460µL 1x PBS, 400µL Protease Inhibitor, 1000µL 

PhosSTOP). Samples were then run for 1.5 hours at 100V using an SDS-page electrophoresis 

system from BioRAD and run on MINI-PROTEAN precast gradient 4-20% gels from BioRAD. 

After a 30-minute transfer at 0.35A at room temperature, the REVERTTM total protein analysis 

kit was used to determine total protein as a loading control for analysis using a Li-COR Odyssey 

imaging system. After total protein assessment, polyvinylidene difluoride (PVDF) membranes 

were blocked with 5% bovine serum albumin (BSA) in Tris-buffered saline solution (TBS) and 

then incubated with primary antibody diluted in 1% BSA overnight at 4 ֠C (Rabbit α pP65 1:500 

Millipore Cat# AB3375, RRID:AB_240665). After incubation, membranes were washed twice 

in TBS-Tween and one time in 1xTBS.  Blots were then incubated with horseradish peroxidase 

(HRP)-conjugated secondary antibodies for 45 minutes at room temperature (goat α rabbit HRP, 

1:25,000) and visualized using an ECL system (Western Lightning Chemiluminescence Reagent 

Plus, Perkin-Elmer). All blots were quantified using Image Studio Lite software and 2 log ratios 

were calculated to compare experimental groups to control non-running CFA groups for each 

sex. 



121 

 

 

4.1.6 Oxidative Stress Assay  

The introduction of carbonyl groups into proteins is due to side-chain reactions with oxygen free 

radicals and other reactive species. The measurement of carbonyl groups can therefore provide a 

measure of total protein oxidation. To determine differences in levels of oxidative stress between 

running and non-running male and female mice at disease onset, we used the Abcam Oxidized 

Protein Western Blot Detection Kit (Cat #:ab178020). This kit is designed to measure the free 

radical modification of side chains into carbonyl groups. Spinal cord tissue samples 

homogenized in RIPA buffer (see above) were used for analysis. Kit instructions were followed, 

but briefly, samples were denatured by adding 12% SDS to each aliquot, and carbonyl groups in 

the samples were derivatized by adding 1X DNPH Solution (or 1X Derivatization Control 

Solution for negative controls) to each aliquot. Samples were then incubated at room temperature 

for 15 minutes, then neutralized with the supplied solution to yield treated samples and controls. 

5 µg/µL aliquots of derivatized sample and the corresponding control, along with a molecular 

weight ladder and a 10µL DNP-BSA standard, were loaded onto MINI-PROTEAN precast 4-

20% SDS-PAGE gels from BioRad. Gels were run at 150V for one hour with a BioRad 

electrophoresis system, and transferred at 0.35A for one hour at 4oC onto polyvinylidene 

difluoride (PVDF) membranes. Membranes were blocked with 5% bovine serum albumin (BSA) 

in PBS-Tween for one hour at room temperature, then incubated in DNP primary antibody 

(Abcam Rb α-DNP, 1:5000, provided in the kit) overnight at 4oC. Membranes were then washed 

three times in 1X PBS-T for 5 minutes each, then incubated in HRP-conjugated secondary 

antibody (Gt α-Rb, 1:5000) for one hour at room temperature. Membranes were then washed an 

additional three times in 1X PBS-T for 5 minutes each, then rinsed in 1X PBS. Imaging was 

performed using a chemiluminescence (ECL) system and quantified with ImageStudioLite 

software. 

 

4.1.7 Splenocyte Cultures, Proliferation Assay, and Cytokine Analysis 

Mice were euthanized at disease onset via a euthansol injection and spleens were quickly 

removed and placed in 5ml media (RPMI 1640 supplemented with l2 mM L-glutamine, 1MM 

sodium pyruvate, 0.1mM nonessential amino acids, 100 U/ml penicillin, 0.1mg/ml streptomycin, 

0.5 μM 2-mercaptoethanol and 10% heat inactivated FCS) on ice. Spleens were then 
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homongenized and filtered through a 70 micron mesh filter with an additional 5ml media. The 

resulting cell suspension was then centrifuged (2500RPM for 5 minutes). The supernatant was 

then removed, the pellet was resuspended in ACK lysis buffer for 2 minutes to eliminate red 

blood cells, then 10ml RPMI was added to inactivate the buffer. The resulting cell suspension 

was then centrifuged two more times to wash the ACK lysis buffer from the cells. Cells were 

then counted with a hemocytometer and plated at 500,000 cells per well.  Wells were then 

stimulated with various concentrations of the MOG35-55 peptide in media (triplicate wells for 

each condition; 10μg/ml, 5μg/ml, 2.5μg/ml, 0μg/ml) and incubated for 48 or 72 hours. After 

incubation, plates were immediately frozen at -80֠C until supernatant was collected for cytokine 

analysis. Plates were then thawed and then centrifuged (2500 RPM for 5 minutes) and the 

resulting supernatant was collected for cytokine analysis. Cytokines were assessed using kits 

(Invitrogen Uncoated ELISA kits, Thermo Fisher Scientific) and were assessed at the time of 

peak production for each cytokine (48hrs- INFγ, IL-17a, 72hrs- TNFα).  An additional plate, 

which was incubated for 48 hours, was prepared for the proliferation assay. To measure 

proliferation rate, separate cultures were incubated for 48 hours with MOG35-55 stimulation and 

then pulsed with [3H]thymidine (1μCi/well). After 20h, cells were harvested onto filter paper and 

the counts per minute of incorporated [3H] were then read using a scintillation counter.  

 

4.1.8 Dissociated Dorsal Root Ganglia Cultures  

Prior to dorsal root ganglia (DRG) culturing, 15mm coverslips (Fisher, cat no. 12-545-83) were 

individually placed in a 12-well plate and were coated with 25 µg/mL poly-D lysine (PDL; 

Sigma, cat no. P6407) overnight at 4℃. The following morning, PDL was removed and the 

coverslips were washed five times with tissue culture water (Hyclone, cat no. SH30529.02). The 

coverslips were then allowed to dry in a tissue culture hood. Just prior to dissection, the 

coverslips were coated with laminin (Invitrogen, cat no. 23017-015) diluted in modified Hank’s 

Balanced Salt Solution (mHBSS; Hyclone, cat no. SH30031.02) to a final concentration of 

10µg/mL. The coverslips were then placed in an incubator (37℃ and 5% CO2) until needed. 

After the removal of spleens for splenocyte cultures, mice were intracardially perfused 

with ice-cold 0.9% saline. The lumbar 4,5, and 6 DRGs were dissected, placed in Hank’s 

Balanced Salt Solution (HBSS; Hyclone cat no. SH30030.02) and transferred to a sterile conical 

tube. The DRGs were then washed three times with HBSS (1 mL/wash). After the final wash, the 
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HBSS was replaced with 3 mL of HBSS containing 2 mg/mL collagenase type IV (Worthington, 

cat no. LS002132) and 0.1 mg/mL DNase (Worthington, cat no. LS004188). The DRG-

containing conical tube was then placed in a water bath heated to 37℃ with gentle shaking. After 

45 minutes in the enzyme solution, the tissue was gently triturated with a p1000 pipette 40 - 50 

times and the conical tube was returned to the water bath for an additional 10-15 minutes. The 

tissue was then triturated again with a p1000 pipette (20-30 times) followed by a p200 pipette 

(20-30 times). Once the tissue was digested, the conical tube was centrifuged (5 minutes at 500 

relative centrifugal field (RCF)) and 2 mL of the enzyme solution was removed. The cell pellet 

was then resuspended in the remaining enzyme solution, which was subsequently passed through 

a 70 µM filter and then placed onto 2 mL of 150 mg/mL bovine serum albumin (BSA; dissolved 

in HBSS). The conical tube was centrifuged again (5 minutes at 900 RCF) and the supernatant 

was aspirated. The cell pellet was then resuspended in 2mL of DMEM/F12 (Gibco, cat no. 

10565018) and centrifuged again (5 minutes at 500 RCF). The DMEM/F12 was aspirated and 

the pellet was resuspended in 300 µL of cell media (DMEM/F12 containing 1% N2 (Gibco, cat 

no. 17502048) and 1% penicillin/streptomycin (Gibco, cat no. 1570063)). The cell suspension 

was then spread across three coverslips which were then transferred to an incubator (37℃, 5% 

CO2). One hour after plating, wells with coverslips were flooded with 1 mL of warm cell media.  

 

4.1.9 Ca2+ Imaging of Dorsal Root Ganglia Cultures 

Cytosolic calcium imaging was carried out 24 h after the dissociated DRG neurons were placed 

on the coverslips. Prior to imaging, each coverslip was incubated at 37℃ and 5% CO2 in HBSS 

(Gibco, 14025092) containing 10 µM Fluo-4 AM (Invitrogen, F14201) for 30 minutes. After the 

incubation period, each coverslip was then transferred to a chamber that was continually 

perfused (4 mL/min) with a physiological solution (PS; 120 mM NaCl, 3 mM KCl, 1 mM CaCl2, 

2 mM MgSO4, 20 mM glucose). After 5-10-minute perfusion, a 5-minute recording was initiated 

which consisted of: 30 second perfusion with PS, 30 second perfusion with PS containing 20 

mM caffeine, 4 minute perfusion with PS. A second recording was initiated 1-2 minutes after the 

first recording and consisted of: 30 second perfusion with PS, 30second perfusion with PS 

containing 30mM KCl, 4-minute perfusion with PS. The imaging was carried out on an Olympus 

FV1000 confocal laser scanning microscope. Images were captured at 1 frame/second and all 

image acquisition settings were kept constant throughout the experiment.  
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Ca2+ imaging data were extracted using Olympus FV10-ASW software. The first 30 

seconds of recording was treated as baseline and averaged. The rest of the recording was divided 

by that average to obtain at a ratio of change from the baseline (Fluo-4/F). The diameter of a cell 

was estimated using a modified scale bar on the analysis software. Only fully dissociated cells 

were used for analysis. The area under the curve was obtained for each cell’s individual response 

pattern using GraphPad Prism 6.    

 

4.1.10 Conditioned Media DRG Culture and Calcium Imaging Experiments 

To determine if circulating peripheral cytokines could alter DRG activity, DRGs were cultured 

from naïve mice as described above, with STEMzyme I (Worthington, cat no. LS004106) 

replacing collagenase IV. After dissociation, these cells exposed to media from the previously 

described spleneocyte cultures. Briefly, after dissociated DRGs were placed on coated glass 

coverslips, they were incubated with conditioned splenocyte media from the 10 μg/ml MOG35-55 

stimulated conditions for at least 4 hours prior to calcium imaging.  Calcium imaging was 

conducted as described and analyzed as above.  

 

4.1.11 Experimental Design and Statistical Analysis section  

Statistical analysis was carried out using two tailed unpaired t tests, one-way ANOVAs or two-

way ANOVAs with appropriate post hoc tests.  For non-parametric data, an ANOVA on ranks 

was used or a Mann-Whitey U test, where appropriate. Significance was set at p < 0.05. All 

statistical analysis was performed with GraphPad Prism 6. 

 

4.2 Results 

4.2.1 The Effect of Voluntary Wheel Running on Nociceptive Behaviour 

Starting at day 4 post-induction, mice were either given access to a running wheel for 1 hour per 

day until disease onset, or were given access to a cage with a locked wheel as a non-running 

control. At the first clinical sign of EAE (a flaccid tail), hind paw mechanical hypersensitivity 

was assessed using von Frey monofilaments. Mice immunized only with the CFA adjuvant were 

used as controls for EAE. We observed no significant change in the mechanical sensitivity of 

CFA control mice of either sex (females t(4)=1.369, p=0.2427; Fig. 1ai, males t(4)= 0.5096, 

p=0.6372; Fig. 1bi). As expected, both male and female mice with EAE given access only to 

locked running wheels developed hind paw mechanical hypersensitivity (females t(3)=35.00, 
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p=0.0001; Fig 1.aii, males t(3)=3.390, p=0.0428; Fig. 1bii). Having access to a functioning 

running wheel did however, prevent mechanical hypersensitivity from developing in female mice 

with EAE (t(4)=0.2968, p=0.7814; Fig. 1aiii).  Male mice with EAE given the same access to a 

running wheel for 1 hour per day continued to exhibit tactile hypersensitivity  (t(4)=3.469, 

p=0.0256; Fig. 1biii).    

The sex differences in mechanical hypersensitivity did not appear to be due to differences 

in running parameters. Both male and female mice ran an equivalent total distance over the 

testing period (t(10)=1.206, p=0.2557, Fig. 2a). There was also no difference in the day to onset 

between running and non-running mice of either sex (females t(9)=0.8243, p=0.4311, males 

t(8)=0.2227; Fig. 2b). Furthermore, there were no differences in gross locomotor function 

between groups at this early stage of the disease as measured by the rotarod test, (one way 

ANOVA F(2,12)=0.2996, p=0.7465, Fig. 2ci) or males (one way ANOVA F(2,11)=0.2286, 

p=0.7993, Fig. 2cii). Taken together, these observations suggest that the differences in the 

response to wheel running on mechanical hypersensitivity were not due to effects on locomotor 

ability or running parameters.  

 

4.2.2 The Effect of Voluntary Wheel Running on Peripheral Immune Responses 

Splenocyte cultures were used to assess proliferation and peripheral immune responses to 

MOG35-55 antigen between the sexes in the different conditions. Analysis of splenocyte 

proliferation revealed that splenocytes from EAE mice from both sexes proliferated more than 

splenocytes from non-disease controls immunized with CFA alone (two way ANOVA, main 

effect of group, females F(2,47)=17.355, p<0.001, males F(2,48)= 18.629, P<0.001, Fig. 3Ai).  

Interestingly, proliferation was increased further in male mice with EAE in the voluntary wheel 

running condition compared to CFA and non-running groups (Holm-Sidak multiple 

comparisons, CFA vs Run t(48)=6.100, p<0.001, No Run vs Run t(48)=2.860, p<0.006, Fig. 

3Aii). 

 Voluntary wheel running also influenced peripheral cytokine production. The levels of 

INFγ were increased with EAE in both female (two way ANOVA, main effect of group 

F(2,48)=7.875, p=0.011, Fig. 3bi) and male mice (two way ANOVA, main effect of group 

F(2.47)=11.21, p=0.0001; Fig. 3bii). Voluntary wheel running in male and female mice also 
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increased INFγ levels compared to non-running mice (Tukey’s multiple comparison test, 

females: q(48)=5.571, P<0.05 Fig. 3bi, males: q(47)=4.546, p <0.05; Fig, 3bii).  

Two cytokines associated with the development and maintenance of chronic pain were 

also analyzed: TNFα and IL-17a. TNFα levels were found to be elevated in non-running EAE 

groups in both females (two way ANOVA, main effect of group F(2,48)=4.455, P=0.0168, 

Tukey’s multiple comparison test CFA vs NR q(48)= 4.003 p<0.05; Fig. 3ci) and males (two 

way ANOVA, main effect of group F(2, 28)= 17.60, P<0.0001; Tukey’s multiple comparison 

test CFA vs NR q(48)=3.965, p<0.05; Fig. 3cii). Voluntary wheel running prevented the increase 

in TNFα in female mice (Tukey’s multiple comparison test CFA vs Run q(48)=0.8420, P>0.05; 

Fig. 3ci), but interestingly, exacerbated this increase in male mice (Tukey’s multiple comparison 

test CFA vs RUN q(48)=8.385, p<0.05 and NR vs RUN q(48)= 4.420, p<0.05, Fig. 3cii).  A 

similar pattern was observed when we assessed the levels of IL-17a.  EAE increased IL-17a 

levels in both non-running female (two way ANOVA main effect of group F(2,48)= 10.15, 

p=0.002, Tukey’s multiple comparisons CFA vs NR q(48)=4.661 P<0.05, CFA vs RUN 

q(48)=6.094, p<0.05; Fig. 3di) and male mice (two way ANOVA main effect of group F(2,47)= 

16.325, p<0.0001, Tukey’s multiple comparisons CFA vs NR q(47)=4.074 P<0.05, CFA vs RUN 

q(47)=8.077, p<0.05; Fig. 3dii). However, this increase in IL-17a was exacerbated in male mice 

with EAE who had access to the running wheels (Tukey’s multiple comparisons NR vs Run 

q(47)=3.898, P<0.05; Fig. 3dii). Overall these results suggest that the sustained nociceptive 

behaviour in male mice who ran may be related to an increased inflammatory peripheral immune 

profile.  

 

4.2.3 The Effect of Voluntary Wheel Running on Inflammatory Events in the Spinal Cord  

We next assessed the level of pP65 in the spinal cord from the different groups of mice. pP65 has 

been used previously as an indicator of activated NF-B and a measure of spinal cord 

inflammatory signaling (Han et al., 2014; Cimpean et al., 2015). Surprisingly, having access to a 

running wheel increased the levels of pP65 in both male (one way ANVOVA, F(2.12)=4.086, 

P=0.0443 Tukey’s multiple comparisons CFA vs Run q(12)= 3.945, p=0.0.403; Fig. 4a) and 

female mice with EAE (one way ANOVA, F(2,12)=4.354, P=0.0379, Tukey’s multiple 

comparisons CFA vs Run q(12)= 4.125, p=0.0322; Fig .4a). As a secondary measure of spinal 

inflammatory processes, we also assessed the levels of oxidative stress in the spinal cord. We 
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measured total protein carbonylation as an indicator of oxidative stress and observed that female 

mice with EAE had increased amounts of carbonylated proteins in the spinal cord at disease 

onset (one-way ANOVA (F(2,12)= 5.906,  p = 0.0164; Fig. 4b). These levels are further 

enhanced in female mice with EAE from the wheel running group compared to non-disease, 

CFA controls (Tukey’s multiple comparison post-hoc test (q(12)=4.856, p<0.05; Fig. 4b). 

Interestingly, there is no significant difference in the levels of protein carbonylation/oxidative 

stress between any of the male groups of mice (one-way ANOVA test F(2,12) = 1.895; p = 

0.1926; Fig. 4b). Overall, these results suggest that there are distinct inflammatory processes at 

the spinal level between the sexes and that wheel running can potentiate indicators of oxidative 

stress in the spinal cord of female mice. 

.  

4.2.4 Effect of Voluntary Wheel Running on DRG Hyperexcitability 

Given that the wheel running paradigm was not exerting any major effects on inflammatory 

processes in the spinal cord, we next wanted to determine if the effects of wheel running on 

nociceptive sensitivity were being mediated at the level of the sensory neurons in the DRG. We 

therefore used calcium imaging on cultures of sensory neurons from CFA controls and mice with 

EAE in the different conditions and monitored the responses to depolarization with 30mM KCL. 

Representative traces from small (Fig. 5Ai, 5Bi) and large (Fig. 5Aiii, 5Biii) diameter neurons in 

the cultures demonstrate the significant differences in Ca2+ responses between female and male 

sensory neurons with EAE. There is a significant increase in the amplitude of the response to 

KCL depolarization from small diameter neurons from female mice with EAE who did not have 

access to a running wheel (one way ANOVA F(2,395)=3.024, P=0.0497, Tukey’s multiple 

comparison test CFA vs NR q(395)=3.335, p=0.0493; Fig. 5Aii). Large diameter neurons from 

these mice also exhibited heightened Ca2+ responses to KCl depolarization (one way ANOVA 

F(2,94)=4.708, P=0.0113, Tukey’s multiple comparison test CFA vs NR q(94)=3.724, p=0.0265, 

NR vs Run q(94)=3.828, p=0.0218; Fig. 5Aiv). Interestingly, there were no significant 

differences in Ca2+ transients between female non-disease, CFA controls and female EAE mice 

who had access to the running wheels. This was true for both small (Tukey’s multiple 

comparison test CFA vs Run q(395)=0.8994, p=0.1849; Fig. 5Ai,ii) or large diameter DRG 

neurons (Tukey’s multiple comparison test CFA vs Run q(94)=0.0494, p=0.9993; Fig. 5Aiii,iv). 
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We also observed significant changes in the Ca2+ responses to KCL depolarization from 

the sensory neurons of male mice with EAE. In contrast to female sensory neurons, we observed 

a slight reduction in the amplitude of the Ca2+ transients in small diameter neurons from male 

mice with EAE who did not run (Kruskal-Wallis test statistic=12.46, P=0.002, Dunn’s multiple 

comparison test CFA vs NR mean rank diff. =44.61, p=0.0017; Fig. 5Bi,ii). More strikingly, we 

found that there is a dramatic increase in the amplitude of Ca2+ transients from large diameter 

neurons in male mice with EAE given daily access to a running wheel (one way ANOVA 

F(2,102)=3.593, p=0.0310, Tukey’s multiple comparison test NR vs Run q(102)=3.628, 

p=0.0313; Fig. 5Biii,iv).  

 

4.2.5 Conditioned Media from EAE mice can Affect the Excitability of DRG Neurons from Naïve 

Mice 

To determine if the changes in DRG excitability in mice with EAE were due to the changes in 

peripheral cytokine levels in response to the disease or to an intrinsic property of the diseased 

neurons, we used the conditioned media (CM) from the splenocyte cultures of non-running and 

running mice with EAE of both sexes and challenged sensory neurons from the DRGs of naïve 

mice. Media from 0 g/ml or 10 g/ml MOG35-55 stimulation from both 48h and 72h cultures 

were used to stimulate naïve DRG neurons. Both the 48h and 72h time points were used to 

capture the different cytokine profiles that are released over these time points (see methods for 

details).  

Small diameter neurons from naïve female mice incubated with the 48 or 72h media (10 

g) had increased Ca2+ responses to KCl depolarization (two way ANOVA significant 

interaction of treatment and media, F(2,323)=7.850 P=0.0005,  Tukey’s multiple comparison test  

0 vs 48 q(323)= 3.682, p=0.0261, 0 vs 72 q(323)=7.335, p<0.0001, 48 vs 72 q(323)=4.852, 

p=0.002; Fig 6Ai, iii).  We observed the largest increases with the 72h non-running media 

(Tukey’s multiple comparison test 48 vs 72 q(323)=4.852, p=0.002; Fig 6Ai -iii). There were no 

changes in the Ca2+ responses of small diameter neurons that were treated with the CM from 

female running mice with EAE (Tukey’s multiple comparison test 0 vs 48 q(323)=0.5474, 

p=0.9208, 0 vs 72 q(323)=7.335, p=0.9074, 48 vs 72 q(323)=0.0922, p=0.9977; Fig. 6Aii, Aiii). 

The Ca2+ responses of large diameter neurons from naïve female mice were also affected in 

response to 48h and 72h CM from non-running female mice with EAE. These effects were not 
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seen when the CM from running mice was used (two way ANOVA main effect of running 

F(2,152)=, p=11.80, p=0.0008; Fig. 6Bi, Biii).  

 Ca2+ responses of DRG neurons from naïve male mice were also affected by incubation 

with the CM from male mice with EAE. The 48h CM from non-running male mice with EAE 

increased the Ca2+ responses of small diameter DRG neurons (two way ANOVA, significant 

interaction of running and media F(2,292)= 3.029 , p<0.0499, Tukey’s multiple comparison test 

NS 0 vs 48 q(292)=3.931, p=0.0159; Fig. 6Ci, Ciii). There was no change in Ca2+ responses from 

small diameter neurons from naïve male mice when they were incubated with the CM from 

running male mice with EAE (Tukey’s multiple comparisons test running 0 vs 48 q(292)=1.088, 

p=0.7223, 0 vs 72 q(292)=1.844, p=0.3566, 48 vs 72 q(292)=2.297 p=0.8017, Fig. 6Cii, Ciii). 

The 72h CM from running male mice with EAE did however, significantly increase the Ca2+ 

responses of large diameter neurons (two way ANOVA, significant interaction of running and 

media F(2, 238)= 4.455, p=0.0126, Tukey’s multiple comparison test 0 vs 72 q(238)=0.9568, 

p=0.0035, 48 vs 72 q(238)=4.397, p=0.0059; Fig. 6Dii, Diii). Again, these results suggest that 

the peripheral cytokines can directly sensitize DRG neurons. 

 

4.3 Discussion  

In recent years, there has been a number of studies describing the benefits of exercise in patients 

with MS. The specific cellular mechanisms of how exercise exerts these benefits however, 

remains poorly understood. In addition, variables such as sex may influence the effects of 

exercise. In the present study, we addressed how sex might influence pain in response to an 

exercise regimen and elucidated the mediators of these effects in an animal model of MS.  

 A previous study by our group examining the effect of sex on disease outcomes in 

response to exercise in the EAE model was the first to address this issue (Mifflin et al., 2017). 

We demonstrated that daily access to a running wheel reduced disease severity in male mice with 

EAE but not females with the disease. This is a significant sex difference that had not been 

previously reported (Mifflin et al., 2017). In the present study, we also find a significant effect of 

sex: we find that exercise modulates the tactile hypersensitivity commonly observed in mice with 

EAE at disease onset in a sex-specific way. This replicates the findings of Benson et al. who 

reported that voluntary wheel running reduces tactile hypersensitivity in female mice with EAE 

at disease onset (Benson et al., 2015). Surprisingly, voluntary wheel running did not alter 
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nociceptive hypersensitivity in male mice with EAE. To understand this behavioural difference, 

we first asked whether differences in running behaviour between the sexes might mediate these 

different responses to exercise. However, we found no differences in the average total distance 

run or gross locomotor function as assessed by performance on the rotorod between the different 

groups of mice.  

 We next examined whether there are sex differences in the immune response to wheel 

running in the disease as it is well established that there are significant sex differences in the 

immune response to MS/EAE and in the development of chronic pain (Dunn et al., 2007; 

Greenspan et al., 2007; Zhang et al., 2012a, 2015; Sorge et al., 2015). Our analysis of the 

proliferation and cytokine production in response to MOG35-55 stimulation of splenocyte cultures 

revealed that male mice with EAE who had access to a running wheel had a more pro-

inflammatory peripheral immune profile compared to female mice with EAE who ran. We 

observed increased levels of TNFα and IL-17a in male mice with EAE mice given 1hr/day 

access to the running wheels. In contrast, female mice who ran did not have elevated levels of 

IL-17a and exhibited a significant reversal in TNFα levels. Changes in these two pro-

inflammatory cytokines are significant as it is known that increased levels of TNF and IL-17a 

are associated with chronic pain in various animal models and patient populations (Kim and 

Moalem-Taylor, 2011; Berta et al., 2014; Day et al., 2014; Liu et al., 2015; Yao et al., 2016; 

Giacoppo et al., 2017; Sun et al., 2017; Chen et al., 2018; Wen et al., 2018; Langjahr et al., 2018; 

Tian et al., 2018; Wang et al., 2018). These results provide evidence of a sustained and 

potentiated pro-inflammatory profile in male mice with EAE who ran.  

 Given these differences in the peripheral immune response, we next wanted to determine 

if wheel running or sex had an influence on the inflammatory environment of the spinal cord 

associated with EAE. Interestingly, we found that inflammatory signalling, as assessed by 

western blots of p-P65 expression, was elevated in all groups of mice with EAE and these levels 

were augmented in both the male and female cohorts given access to the running wheels. We 

also observed increased indices of oxidative stress in the spinal cords of female mice with EAE 

that was again potentiated by wheel running. This enhancement of NF-B activation and 

oxidative stress was surprising given that previous studies have reported general reductions in 

spinal cord inflammatory markers with exercise (Benson et al., 2015; Pryor et al., 2015; 

Bernardes et al., 2016; Souza et al., 2017). It is important to note however, that these studies 
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were examining inflammation at more chronic time points in the disease course and not at the 

onset of disease (Pryor et al., 2015; Bernardes et al., 2016; Souza et al., 2017). Additionally, two 

recent studies found that it was changes in peripheral immunomodulation in EAE that were 

responsible for the benefit of exercise, rather than direct neuroprotection in the CNS (Souza et 

al., 2017; Einstein et al., 2018).  

  Changes in the excitability of peripheral sensory neurons of the DRG have been 

implicated in the development and maintenance of chronic pain in multiple models (see (Krames, 

2015; Berta et al., 2017) for review of the role of DRG in chronic pain). Furthermore, a study by 

Lopez-Alvarez and colleagues found that early treadmill exercise after sciatic nerve injury 

prevented the development of neuropathic pain by altering the expression of chloride co-

transporters in the DRG (López-Álvarez et al., 2015). While this study did not directly look at 

DRG hyperexcitability, it provides evidence that exercise can elicit changes in the DRG to alter 

nociception (López-Álvarez et al., 2015). In line with this, we found significant changes in the 

intracellular Ca2+ responses to depolarizing stimuli in the sensory neurons of mice with EAE. 

The Ca2+ responses from both small and large diameter DRG sensory neurons were increased in 

non-running females with EAE. Interestingly, the intracellular Ca2+ response after KCl 

depolarization was unchanged in those female mice who had access to a running wheel 

compared to non-diseased, CFA controls. This suggests that the reduction in nociceptive 

behavior we have observed in female mice with EAE given access to the running wheels is due 

to a reduction in the responsiveness of sensory neurons to depolarization. In contrast, we find 

that male mice in the wheel running cohort had increased DRG Ca2+ responses to KCl 

depolarization and sustained nociceptive behaviour. Interestingly, we did not find any significant 

change in the excitability of sensory neurons from male mice with EAE who did not run. In fact, 

we found slight but statistically significant reductions in the Ca2+ responses to KCl 

depolarization in small diameter neurons, despite those mice still demonstrating tactile 

hypersensitivity at disease onset. This suggests that tactile hypersensitivity in male mice with 

EAE may be independent of small diameter nociceptors. Given that EAE is a demyelinating 

disease, myelinated sensory neurons likely sustain more damage than smaller, unmyelinated 

ones. Furthermore, a previous study found that injury in sensory neurons in EAE is detectable 

prior to disease onset (Frezel et al., 2016). This study also found that the MOG induced T-cell 

infiltration into the DRG was from the CNS, rather than the PNS, suggesting that changes in the 
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male DRG may be due to changes that occur in the CNS (Frezel et al., 2016). We observed a 

significant enhancement of the responsiveness of large diameter sensory neurons in wheel 

running male mice with EAE. This may be due to an exacerbation of damage to myelinated 

fibers because of the increased levels of peripheral cytokines, T-cell proliferation, and spinal 

cord inflammation that we have noted in male mice given access to the running wheels.  

 To determine if these observed changes in Ca2+ responses to depolarizing stimuli are a 

response to secreted factors from inflammatory cells, we used DRG sensory neurons from naïve 

mice that were incubated with the CM from splenocyte cultures of running and non-running EAE 

mice. We predicted that the CM from splenocytes from those groups that demonstrated enhanced 

nociceptive behaviours would sensitize naïve neurons due to the elevated levels of pro-

inflammatory cytokines in the CM. Indeed, we found that the media from both the 48 and 72h 

splenocyte cultures from non-running female mice increased the Ca2+ signal in response to KCl 

depolarization from small and large diameter neurons in a manner analogous to what we 

observed from the sensory neurons of non-running female mice with EAE. We observed no 

significant differences in the Ca2+ responses when naïve sensory neurons were incubated with 

the CM from splenocytes of female mice with EAE given access to running wheels. In DRG 

cultures from naïve male mice, we found that both small and large diameters neurons were 

sensitized by the CM. The greatest changes occurred in large diameter neurons incubated with 

the CM from 72h splenocyte cultures from the wheel running male mice with EAE. This reflects 

the increased Ca2+ responses we observed in large diameter neurons from male mice with EAE 

who ran 1hr/day. Interestingly, the 48h CM from non-running male mice was also able to 

sensitize small diameter neurons from naïve male mice. This is in contrast with the changes we 

observed in small diameter neurons from the DRG of non-running male mice with EAE. These 

differences likely come from the origin of the cultured neurons being stimulated with KCl: naïve 

vs EAE. As mentioned above, it is likely that the large diameter neurons from mice with EAE 

sustain some damage prior to disease onset, whereas this damage would not be present in the 

DRG cultures from naïve mice. As a result, the small diameter neurons, more traditionally 

involved in nociception, would be sensitized by the CM in the naïve cultures compared to the 

large diameter neurons.   
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4.4 Conclusions 

The present study is the first to demonstrate a sex dependent effect of voluntary wheel running in 

the modulation of nociceptive behaviour in mice with EAE. We demonstrate that this sex 

difference is dependent on the different immunological profiles of male and female mice with the 

disease. Overall, male mice with EAE who had access to the running wheel have an elevated 

pro-inflammatory profile compared to female EAE mice who ran. The present study also 

demonstrates that it is changes in the responsiveness of sensory neurons in the DRG in response 

to peripheral cytokine levels that contribute to the observed changes in nociceptive sensitivity. 

Ultimately, our results highlight the importance of sex as a critical variable underlying the 

pathophysiological outcomes of EAE and MS.  
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4.5 Figures  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Voluntary wheel running reduced nociceptive behaviour in female mice but not male 

mice with EAE.  CFA mice did not display any change in nociceptive behaviour from baseline to 

onset as measured by von Frey monofilaments (Ai & Bi). Both male and female mice who did 

not have access to a running wheel (no run mice) displayed reduced mechanical thresholds at 

disease onset compared to baseline (Aii & Bii). Having access to a running wheel for an hour a 

day did reverse the nociceptive behaviour seen in female mice (Aiii), but did not do so in male 

mice (Biii). Bars indicate mean ± standard error of mean (SEM). *p < 0.05, two tailed unpaired 

t-tests. 
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Figure 4.2. No differences seen in running parameters seen between the sexes. No significant 

difference was seen in the average distance ran between male and female mice (A). In addition, 

daily voluntary wheel running did not significantly delay disease onset in either sex (B). Finally, 

motor function was equivalent between CFA and both disease groups at the day of onset in both 

sexes (C). Bars indicate mean ± standard error of mean (SEM). *p < 0.05, two tailed unpaired t-

tests (A & B) of one- way ANOVA (C). 
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Figure 4.3. Effect of voluntary wheel running on peripheral immunity. Proliferation analysis 

revealed that splenocytes from EAE mice had increased proliferation compared to CFA animals 

in both sexes (A & B). Running in the male EAE mice further increased proliferation (B). 

Running also affected peripheral cytokine levels. Levels of INFγ were increased with EAE in 

both female (Bi) and male mice (Bii). Voluntary wheel running in male mice also increased INFγ 

compared to non-running mice (Bii). TNFα levels were found to be elevated in non-running EAE 

mice in both female (Ci)and male mice (Cii). Voluntary wheel running prevented this increase in 

TNFα levels in female mice (Ci), but exacerbated this increase in male mice who ran (Cii). EAE 

also increased IL-17a levels in both female (Di) and male mice (Dii). This increase in IL-17a 

was further increased in male mice who ran (Dii). Bars indicate mean ± standard error of mean 

(SEM). *p < 0.05, two-way ANOVAs with tukey’s multiple comparisons. 
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Figure 4.4. Voluntary wheel running did not alleviate the inflammatory spinal cord environment 

in EAE. pP65, a marker of activated macrophages, was used as a measure of spinal cord 

inflammation. Running was found to increase levels of activated macrophages in both female 

and male mice (Ai & Aii). Oxidative stress in the spinal cord was assessed by measuring protein 

carbonylation (B). Female EAE mice showed increased oxidative stress at disease onset, 

especially in female mice who ran (Bi). No significant differences were found between the male 

experimental groups (Bii). Bars indicate mean ± standard error of mean (SEM). *p < 0.05, one 

way with tukey’s multiple comparisons. 
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Figure 4.5. Voluntary wheel running increases male DRG hyperexcitability. Dorsal root ganglia 

neuronal cultures were stimulated with KCl to measures potential changes in neuronal 

excitability associated with running in male and female mice using calcium imaging. 

Representative traces of response from large (Ai, Bi) and small (Aiii, Biii) diameter neurons are 

shown. Analysis of amplitude found that non-running EAE female mice had increased activity, 

as measured by increased change in florescence (Aii,vi). This was especially seen in large 

diameter neurons (Aiv). Additionally, it was found that the increased in amplitude of large 

diameter neurons with EAE, as revered by having access to a running wheel (Aiv). Changes 

were also seen in male small (Bi) and large (Biii) diameter neurons who ran and didn’t run. A 

slight decrease was seen in the amplitude (Bii) in small diameter neurons in EAE mice who did 

not run. No change was seen in small diameter neurons with running (Bii). Running in EAE male 

mice also dramatically increased activity of large diameter neurons as measured by amplitude 

(Biv), which likely is contributing to the nociceptive behaviour seen in male EAE mice. Bars 

indicate mean ± standard error of mean (SEM). *, # p < 0.05, one way ANOVAs with tukey’s 

multiple comparisons. 
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Figure 4.6. Effect of CM on DRG hyperexcitability on naïve mice. Media from the splenocyte 

cultures of non-running and running EAE mice of both sexes was used to stimulate DRG 

cultures from naïve mice. Representative traces from the calcium imaging are seen in Ai, Aii, Bi, 

Bii, Ci, Cii, Di, and Dii. Naïve female DRG neurons incubated with the 48h and 72h splenocyte 

media from non-running EAE mice demonstrated an increase in activity in small diameter 

neurons (Ai, Aiii).. This increase was greatest with the 72h media (Aiii). No differences were 

seen in small diameter activity with exposure to media from running female EAE mice (Aii, 

Aiii). Non-running media also increased the activity of large diameter neurons in  naïve female 

mice compared to running media (Bi-Biii). The 48h splenocyte media from non-running mice 

also increased the activity of small diameter neurons (Ci, Ciii). No effect of running media was 

seen in small diameter neurons in male naive mice (Cii, Ciii). However, the 72h running media 

increased the activity of large diameter neurons in male naïve mice (Dii, Diii). No effect of non-

running media was seen in the large diameter neurons of male naïve mice (Di, Diii).  
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Conclusions 

Chronic pain is a condition that affects millions world-wide and one that is experienced 

differently by each person affected.  Given the unique nature of each chronic pain condition, an 

effective treatment for many of types of chronic pain remain elusive. One of the reasons that 

treatment options remain ineffective may be the lack of study of variables, such as sex, that have 

a large effect on the development of chronic pain. The work in this thesis explored how sex may 

influence chronic pain in two different models: the formalin model of inflammatory pain and in 

MS related pain. Large sex effects were seen in the studies conducted in this thesis, 

demonstrating how sex can dramatically affect potential treatment options. This was first seen in 

the formalin model where certain drugs were only found to work in one sex to reduce 

nociceptive behaviour. A similar result was found with the voluntary wheel running paradigm 

used in the EAE. Voluntary wheel running only significantly reduced pain behavior in female 

mice, and sex differences were also seen in how exercise modulated the disease course itself. 

Interestingly the sex difference was the reverse here, where males benefited from voluntary 

wheel running over time but females did not. In both formalin and MS, the behavioural sex 

differences were associated with unique biological mechanisms in the sexes. This further 

highlights the need to study sex when testing potential therapeutics as two different pathways 

may need to be targeted to treat males and females. 

In Chapter 1 of the thesis I found that despite the fact that male and female mice 

demonstrated similar nociceptive behaviour in the formalin model, they responded differently to 

treatment with the monoamine oxidase inhibitor phenelzine, and its metabolite PEH. In this 

study, both drugs reduced nociceptive behaviour in male mice, while only PEH was effective at 

significantly reducing nociceptive behavior in female mice. I then demonstrated that this was due 

to a serotonergic dependent nociceptive pathway in male mice and a GABAergic dependent 

pathway in female mice. While this study demonstrates that different neurotransmitters should be 

targeted for tonic inflammatory pain, it is not yet known if this difference applies to other models 

of pain. Studies using models of peripheral pain, cancer pain, or disease related pain could be 

used to see if the same sex specific pathways apply.  Given that the first line therapies for 

chronic pain conditions are often antidepressants that alter the availability of 5-HT, NA, and 

GABA, understanding how they might work differently in the sexes in different pain states could 

have value when developing new therapeutics. Furthermore, while the drugs used in the present 
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study were effective at reducing nociceptive behavior, other drugs that can manipulate 

neurotransmitters would need to be used for translational purposes. This is due to the fact that 

irreversible MAO-inhibitors are associated with several undesirable side effects and not 

generally tolerated well by patients (Wimbiscus et al., 2010). Finally, it would be interesting to 

explore potential sex differences in changes in neurotransmitter levels in other areas of the CNS 

in this study. This would be especially relevant as pain processing is not limited to the spinal 

cord, and changes in the brainstem or brain could also be relevant to how nociceptive behavior is 

modulated in this paradigm.  

In Chapters 2-4 of the current thesis, sex differences were explored in a model of MS. In 

the second chapter of the thesis, I was interested in determining if the benefits of voluntary wheel 

running on disease course and nociceptive behavior in female mice with EAE previously 

reported by our laboratory (Benson et al., 2015) could be replicated in male mice with EAE. An 

initial study was designed to explore the effect of voluntary wheel running on disease course and 

disease parameters in chronic EAE mice. In this study, I found that male mice had reduced 

clinical scores over time and that this was associated with improvements in axonal damage and 

oxidative stress when compared to male mice who did not. Interestingly, a benefit of voluntary 

wheel running on disease outcomes was not seen in female mice at the chronic stage of disease. 

Instead, I observed increases in clinical score and oxidative stress with prolonged running in 

female mice with EAE. This study highlights how different exercise regimes are probably 

needed not only for male and female patients with MS, but potentially also for different types of 

MS. It would be interesting to compare different types of exercise interventions (e.g. running vs 

strength training) between the sexes to see if the benefits are different. Furthermore, given that 

voluntary wheel running showed benefits at the onset of disease in a previous study from our 

laboratory, it would be interesting to repeat the study and look at markers of inflammation and 

oxidative stress at different time points (e.g. pre-onset, onset, peak and chronic). This could 

provide insight into when the negative long-term effects of running in female mice develop. The 

current study also only explored the effect of long-term voluntary wheel running on one 

behavioural outcome: clinical score, but it would be interesting to see if sex affected other 

behavioral variables known to change with MS such as anxiety, depressive behaviors, and 

cognitive function. Given the research demonstrating that males with MS have increased 
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cognitive dysfunction, it is likely that sex differences may also be seen in other behavioral 

parameters (Bove and Chitnis, 2013).  

In Chapter 3 I explored whether or not voluntary wheel running had effects in the brains 

of mice with EAE who ran. I demonstrated that voluntary wheel running could modulate levels 

of neuroactive steroids associated with the EAE. Specially, female mice with EAE who ran had 

significantly increased levels of brain pregnenolone compared to males. In contrast, male mice 

with EAE were found to have significantly higher levels of brain allopregnanolone, a 

neuroprotective NAS, compared to female mice with EAE regardless of exercise. While this 

study demonstrates that voluntary wheel running can exert changes in the brain in a sex specific 

way, it only begins to address how these changes may affect behaviour. Additional studies would 

be needed to explore a larger range of NASs/NAS metabolites and their effects in more detail. In 

addition, it would be interesting to pharmacologically manipulate the levels of NASs in the brain 

to see if the effects of running could be altered. Also, the current analysis used the entire 

cerebrum for NASs analysis; conducting a similar analysis on more specific areas of the brain, 

such as the motor cortex, sensory cortex, thalamus, or hippocampus could answer whether 

changes in NASs are affected by running in a regionally specific manner. Overall, much more 

work is needed to better understand the effect of exercise in the brain and on NAS levels in EAE 

and MS.  

In the final chapter, Chapter 4, the effect of sex and voluntary wheel running on 

nociceptive behavior associated with EAE was explored. In this chapter I replicated the finding 

that voluntary wheel running reduced nociceptive behavior in female mice at the onset of EAE 

(Benson et al., 2015). This effect was not observed in male mice with the disease who ran. In this 

study I found that these differences in behavior were associated with the activation of different 

immune factors in male and female mice who had access to a running wheel. Overall, I 

demonstrated that male mice who ran had a more pro-inflammatory profile with potentiated 

levels of TNFα and IL-17 and increased DRG excitability. Female EAE mice who ran however 

had a reduced pro-inflammatory profile that was associated with a reduction in DRG excitability.  

To determine whether the altered DRG excitability in male and female mice with EAE 

was due to sensitization from circulating cytokines or innate changes in the DRG neurons, I 

performed a series of experiments using conditioned media from EAE splenocyte cultures. 

Splenocyte media from EAE mice of both sexes who ran or did not run was collected at the 48-
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hour and 72-hour time points and applied to sex-matched DRG cultures from naïve mice. Two 

timepoints were used as levels of IL-17 are best measured at 48 hours and TNFα at 72 hours.   

Calcium imaging was then used to assess changes in DRG excitability after application of media.  

Interestingly, I found that the greatest effects of the CM experiments in both sexes were seen 

with the 72h CM, suggesting that it is likely TNFα is driving the changes in sensory neuron 

hyperexcitability. Importantly, I show that in the wheel running condition, it is the female mice 

who exhibit a striking reduction in the levels of TNF but significant increases were observed in 

the males. Taken together, these results indicate that TNFα is a critical cytokine responsible for 

the nociceptive behaviour observed in the present study. However further studies would be 

needed to fully validate this hypothesis. One approach to further elucidate the role of TNFα in 

these processes would be to sequester circulating TNFα using function blocking antibodies in the 

DRG cultures. Ideally, sequestration of TNFα using this method would reduce the development 

of DRG hyperexcitability. Anti-TNFα therapies have been effective in the treatment of pain in 

diseases such as rheumatoid arthritis, suggesting that they may be effect in the pain associated 

with MS (Mikuls and Weaver, 2003).  Unfortunately the use of these therapies in rheumatoid 

arthritis has recently been associated with many adverse side effects, such as the development of 

malignant tumors (Mikuls and Weaver, 2003; Berghen et al., 2015). Adverse effects of anti-

TNFα have also been reported in MS, where antagonism of TNFα was associated with 

worsening of disease symptoms in patients, leading to a failed clinical trial (Anon, 1999). While 

it appears as though direct sequestration of TNFα might not be the best approach for translation, 

there are promising new drugs that block the actions of TNFα through alternative mechanisms. 

One such drug is XPro1595, which is a dominant negative protein of TNF that prevents the 

actions of soluble TNFα without interfering with TNFα receptor function, giving better side 

effect profiles (Steed et al., 2003; Brambilla et al., 2011). In fact, Xpro1595 has been shown to 

have beneficial effects on EAE outcomes, meaning that it may be beneficial in pain in MS as 

well (Brambilla et al., 2011; Murphy et al., 2017) 

It would also be interesting to explore changes in pain processing areas in the brain (e.g. 

thalamus, sensory cortex, periaqueductal gray, rostral ventromedial medulla) as it has been 

shown that exercise can modulate descending inhibitory pain pathways in the brain (Sluka et al., 

2013; Lima et al., 2017). This might be especially relevant in male mice given the observation 

that increases were observed in the DRG only in the wheel running condition. I found no 
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significant changes in the excitability of DRG sensory neurons in non-running male mice with 

EAE despite both male and females exhibiting a similar nociceptive behavioural profile. This 

suggests that other areas of pain processing, such as the spinal cord or brain, are likely more 

involved in male EAE pain processing compared to females with EAE. Alternatively, differences 

in anti-inflammatory cytokines such as IL-10 could be explored in both splenocyte cultures and 

in the spinal cord to see if this could account for some of the differences observed.  

The overall goal of this thesis was to demonstrate the value of including sex as a variable 

in research, and chronic pain research specifically. I was able to accomplish this by 

demonstrating significant sex differences in two different models of chronic pain and two 

different potential treatments. Overall, the inclusion of variables such as sex in pre-clinical 

studies will ultimately lead to better translation of research and treatment for patients. 
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