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Abstract 

Inflammatory pain can occur following tissue insult, bacterial infection, arthritis and various 

autoimmune diseases and is initiated and maintained by a well-orchestrated response of recruited and 

tissue-resident immune cells. When activated, these immune cells secrete inflammatory factors that have 

the capability to modulate pain through excitation of nociceptive primary afferent sensory neurons 

(nociceptors). Current treatments for inflammatory pain include NSAIDs and opioids, which provide 

modest, short-term benefits, but adverse side effects. Thus, there is a need for novel, safe and efficacious 

treatments for inflammatory pain.  

It is increasingly clear in the literature that interactions between nociceptors and immune cells 

regulate pain. The use of cell depletion strategies is necessary in order to assess the involvement of 

immune cells in inflammatory pain in pre-clinical studies. Previous work has considered the contribution 

of mast cells, ab T cells, neutrophils, monocytes and macrophages to inflammatory pain outcomes, and 

only a subset of myeloid cells were necessary contributors to mechanical hypersensitivity outcomes, but 

not thermal hypersensitivity.  

We sought to understand the contribution of skin-resident gd T cells in nociception and 

inflammatory pain. To achieve this, we used wild-type (TCRδ+/+), heterozygous (TCRδ+/-) and knock-out 

(TCRδ-/-) mice to determine if there is a link between gd T cells and pain outcomes. Mouse 

responsiveness to pain was assessed using behavioural tests to measure mechanical and thermal 

sensitivity in both male and female TCRd mice, before and after injury. The characterization of these cells 

in naïve animals demonstrated that gd T cells are not necessary for modulating mechanical and thermal 

sensitivity in male or female mice, excluding the female response to high heat stimuli (55°C). Using three 

inflammatory pain models (formalin, incisional wound and Complete Freund’s adjuvant), hypersensitivity 

outcomes between TCRδ strains did not differ in their responses to mechanical and thermal stimuli after 

injury. Together, these results suggest that gd T cells do not contribute directly to peripheral nociception 
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and inflammatory pain in mice. Future studies should consider other skin-resident immune cells and their 

secreted factors as they may provide alternative results and potentially novel therapeutic targets for 

inflammatory pain.  
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Chapter 1 

Introduction 

 

In the first century AD, Roman physician Celsus described the four cardinal signs of 

inflammation: redness, swelling, heat and pain. This definition of inflammation is now recognized as an 

acute inflammatory response, triggered by tissue injury and infection. Inflammatory pain is the term used 

to describe that pain that exists during an inflammatory response as a result of complex and dynamic 

interactions between the immune and nervous systems [1]. Furthermore, inflammatory pain is a major 

outcome of patients suffering from surgical procedures, arthritis and some autoimmune diseases. The 

Canadian Pain Society states that acute post-surgical pain is followed by persistent pain in 10-50% of 

individuals after common surgical procedures, and this pain is severe in 2-10% of cases [2]. In the clinical 

population, treatment of inflammatory pain is often limited to nonsteroidal anti-inflammatory drugs 

(NSAIDs) and opioids, which can cause many unwanted side effects, such as increased risk of 

cardiovascular and gastrointestinal events [3, 4]. In order to achieve safer and more efficacious 

therapeutics, we need to identify what aspects of the inflammatory response modulate pain at the site of 

injury, which is largely unknown at the cellular level.  

A crucial first step in understanding the underlying cellular mechanisms of inflammatory pain has 

been the development of cell depletion strategies which allow researchers to study the direct contribution 

of immune cells in various pre-clinical animal models. Thus far, studies have focused on the role of 

circulating immune cells (e.g., neutrophils, monocytes, T cells), which arrive hours later to the site of 

injury [5]. Together, the results demonstrated that tissue-resident cells likely modulate mechanical 

inflammatory pain, although the exact population remains unknown [5]. This past year, one study 

considered the contribution of a tissue-resident immune cells, mast cells, however the findings suggest 

that mast cells likely do not have a direct contribution to inflammatory pain outcomes. Therefore, the 

purpose of this thesis was to investigate the role of another tissue-resident immune cell, gd T cells, which 
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rapidly activated during an inflammatory response. Details of these findings should provide insights as to 

whether this immune cell should be considered a key target for future therapeutics of inflammatory pain.  
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Chapter 2 

Literature Review 

 

2.1  Defining Pain    

Pain is a ubiquitous human experience, impacting not only individuals, but society as a whole due to 

its high economic burden [6, 7]. In North America, pain is the most common reason individuals seek 

health care, accounting for up to 78% of complaints in emergency departments [8]. In recent decades, our 

understanding of the initiation and maintenance of pain as well as its pathophysiology has improved 

greatly, however, many of the molecular and cellular mechanisms underlying pain development are still 

unknown.  

Pain is defined by the International Association for the Study of Pain (IASP) as “an unpleasant 

sensory and emotional experience associated with actual or potential tissue damage, or described in terms 

of such damage” [9]. Pain is recognized to serve a vital, evolutionarily protective role by providing the 

body with a warning signal of potential or actual injury. From a young age, an understanding of pain is 

typically learned through injury-related experiences. For example, if a child were to spill boiling water on 

their hand, there would be three main behavioural consequences that would occur as a direct result of the 

child’s perception of pain: 1) the child would immediately move their hand away from the boiling water, 

2) the child would learn to avoid the water because it is too hot, and 3) the child would avoid using the 

hand where the tissue damage has occurred until it has healed. Therefore, pain is an essential tool to avoid 

noxious stimuli, to minimize tissue damage, and to prolong survival [10].  

Specifically, pain provoked by noxious stimuli or disease that resolves with tissue healing and 

regeneration is referred to as acute pain. On the other hand, pain that is persistent after tissue healing has 

occurred is termed chronic pain, and is recognized as a disease in and of itself [9]. Generally speaking, 

the transition from acute to chronic pain has not yet been fully elucidated, but research has come a long 

way in identifying the underlying mechanisms that contribute to pain initiation and progression. 
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2.1.1   The Pain Pathway  

The “pain pathway” is a term used to describe the intricate ways in which our nervous system 

carries information regarding a painful stimulus from the periphery to our brains, thus resulting in the 

perception of pain. In brief, damage to the body, either centrally or peripherally, as a result of endogenous 

or exogenous noxious stimuli, generates an acute pain response. Under normal conditions, when this 

stimulus is detected, it activates first-order, primary afferent neurons that are classified as either Ab-, Aδ- 

or C-fibres (these classifications are based on properties of the nerve fibres) [11]. These afferent fibres 

then synapse onto second-order nociceptive neurons in the spinal dorsal horn, which then carry the signal 

to the thalamus [12]. The signal is then sent to the somatosensory cortex where it will be perceived as 

pain.  

In detail, components of the pain pathway begin with the activation, then sensitization of 

nociceptive neurons (also referred to as nociceptors). Following activation of the nociceptor, sensitization 

occurs as a result of the lowering of the nociceptor threshold. In turn, sensitization increases the 

responsiveness of nociceptors to noxious stimuli as a result of tissue injury, damage to the nervous 

system, inflammation or disease, among other things. Furthermore, the term nociception is used to 

described the capability of neurons to process noxious stimuli [9], which results in the sensation of pain.  

There is a multitude of endogenous (e.g., growth factors, interleukins, and neurotransmitters) and 

exogenous (hot, cold, mechanical, and chemical) stimuli that can cause the increased responsiveness of 

nociceptors both centrally and peripherally. Mechanistically, first-order, primary afferent nociceptors in 

the periphery can be classified based on their transduction mechanisms: slowly conducting, unmyelinated 

axons (C-fibre nociceptors) have a slower conduction velocity than myelinated A-fibre nociceptors, the 

latter of which are known for their mediation of initial fast onset pain [13]. Similarly, exogenous stimuli 

can cause increased responsiveness from tissue injury (e.g., surgical wound), acute and chronic 

inflammation (e.g., tissue insult and rheumatoid arthritis), or damage to the nervous system (e.g., seen in 

multiple sclerosis). Whether a stimulus is adequate enough to activate a nociceptor depends on the 

stimulus modality and the local environment. Conversely, desensitization of a nociceptor can occur with 



 5 

prolonged or repeated stimulus application as is the case with long-term exposure to opioids like 

morphine, a phenomenon which leads to drug tolerance [14]. The sensitization or desensitization of 

nociceptors through exogenous and endogenous stimuli is how pain is regulated.  

 The channels and receptors located on nociceptors are transducers for the pain signals our brains 

receive. These primary afferent transducers are heterogeneous in nature based on their anatomical 

location, physiology and function. Focusing on an acute pain response generated by exogenous stimuli, 

the key channels and receptors found on nociceptors are differentiated based on their ability to transduce 

thermal (hot or cold), mechanical, and/or chemical stimuli. Some cell surface proteins responsible for 

sensory transduction are ion channels (e.g., Nav1.8 channels [15]), metabotropic G protein-coupled 

receptors (e.g., gamma-aminobutyric acid B receptors; GABAB [16]), and receptors for neurotrophins 

(e.g., nerve growth factor; NGF [17]). Furthermore, receptors for different cytokines are also found on the 

surface of nociceptors and play a role in sensory transduction, for example, interleukin 1 beta (IL-1b) and 

tumour necrosis factor alpha (TNFα) (discussed in Section 1.5) [18-20]. Currently, the most compelling 

evidence for the modulation of thermal, mechanical, and chemical modalities is by transient receptor 

potential (TRP) channels, voltage-gated channel Nav1.8; and the peptidergic P2X3 receptor, respectively 

[15, 21-26]. As reviewed by Basbaum et al., there are several other cellular and molecular components 

that contribute to how pain is sensed and transmitted [27]. Nociceptors and their associated receptors are 

ideally placed to sense endogenous and exogenous stimuli in the local environment. The skin is more 

densely innervated by nociceptors than any other tissue, and the most common nociceptors in the skin are 

polymodal, meaning that they can respond to multiple stimulus modalities. For the purpose of this thesis, 

TRP channels involved in mechanical and thermal nociception are the most important to consider. TRP 

channels are located on the surface of nociceptors and have been shown to transduce heat, cold and 

mechanical stimuli. For instance, transient receptor potential ankyrin 1 (TRPA1) has the ability to 

modulate mechanical hypersensitivity in cutaneous afferents [28, 29] but is also known to be activated by 

cold stimuli [28, 30, 31]. To this end, TRP channels, among other channels and receptors, are important 

for regulating of pain transmission.  
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The central aspect of pain processing is initiated in much the same way as in the periphery. In 

brief, nociceptors will, upon activation, release neurotransmitters to central sensory neurons [32]. These 

neurotransmitters can cause a reduction in the activation threshold of nociceptors, causing an electrical 

signalling cascade that travels through the afferent pathway to the dorsal horn of the spinal cord [27]. This 

is where the primary afferent nerve fibres will synapse with spinal dorsal horn neurons, transmitting the 

nociceptive signal towards the thalamus [33, 34]. The thalamus, a small structure located in the forebrain, 

serves as a relay hub for the nociceptive inputs and these inputs (or signals) are then transmitted and 

processed in the primary somatosensory cortex [34]. This is where the encoded nociceptive input is 

perceived as pain together with its emotional component.      

 

2.1.2   Nociceptive, Pathological and Inflammatory Pain    

Pain can be broadly divided into three classifications: nociceptive, pathological, and 

inflammatory (Figure 1) [35]. The consequence of all three is the sensation of pain, however, the 

mechanisms driving the manifestation of each is different. Nociceptive pain is defined as pain that arises 

from damage to non-neural tissue due to the activation of nociceptors and is typically transduced through 

Ab, Ad or high-threshold C primary sensory nerve fibres [9, 33]. This type of pain acts as an alarm 

system to detect and minimize contact with noxious stimuli and elicits a withdrawal reflex when contact 

with such a stimulus occurs. Nociceptive pain serves an evolutionary protective role by discouraging 

repeated exposure to noxious stimuli when an area has already been stimulated, whereby pain persists 

only until the noxious stimuli is no longer present [35]. Nociceptive pain is one way in which acute pain 

can be manifested, however, in the case of inflammation or nerve damage, other forms of acute pain can 

arise.  

Similar to nociceptive pain, inflammatory pain also serves a protective role and results in 

heightened sensitivity in an affected area. Inflammatory pain is caused by the activation of immune cells 

in response to tissue injury or infection, which may be caused by trauma or disease [35]. Many 

individuals suffering from post-surgical wounds, inflammatory bowel disease and autoimmune diseases, 
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among other conditions, experience inflammatory pain, which can be debilitating and persistent [36]. 

During inflammatory states, it has been established that inflammatory mediators can cause peripheral 

sensitization [36]; however, it is still unclear the identity of immune cell(s) involved in modulating 

peripheral sensitization and pain outcomes.  

Finally, there is pathological pain, which is defined as pain due to abnormal central nervous 

system functioning and is maladaptive [35]. Pathological pain can be bifurcated into two types of pain: 

neuropathic and dysfunctional. Damage to the nervous system (e.g., nerve lesions) can alter the structure 

and function of peripheral nervous tissue and can lead to neuropathic pain. As discussed by Costigan et 

al., peripheral nerve injury can result from mechanical trauma, metabolic diseases, neurotoxic chemicals, 

infection, and tumor invasion [37]. The resulting pain is typically described as the sensation of pins and 

needles, crushing, and/or burning or searing pain [37]. For both nociceptive and neuropathic pain, the 

response to noxious stimuli is amplified due to the increased responsiveness of nociceptors. However, 

nociceptive pain implies a functioning nervous system, whereas neuropathic pain is triggered by damage 

to the nervous system. The other type of pathological pain is dysfunctional pain. Dysfunctional pain refers 

to conditions of where there no neural damage or inflammation, therefore the sensation of pain occurs as a 

result of abnormal pain processing [35]. Although much is still unknown, dysfunctional pain is largely 

believed to be a consequence of amplified nociceptive inputs in the central nervous system [35]. In the 

literature, both neuropathic and dysfunctional pain are considered disease states of the nervous system 

and are difficult to treat.  
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Figure 1. Pain classification.  
Pain can be divided into three classes: nociceptive, inflammatory and pathological pain. (A) Nociceptive 
pain is defined as pain that arises from damage to non-neural tissue due to the activation of nociceptors. 
(B) Inflammatory pain is defined as pain that is associated with the activation of immune cells in response 
to tissue injury or infection. (C) Pathological pain is defined as pain caused by damage to the neural tissue 
or dysfunction of the nervous system, which is considered a disease state by IASP. Image from C.J. Woolf 
(2010) [35].  
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2.2 Studying Inflammatory Pain Hypersensitivity 

Studying pain in a human population is complex as pain is comprised of both an emotional and a 

sensory component, which is subjective and dependent on an individual’s previous experiences, genetics, 

etc. Therefore, in order to determine the underlying mechanisms of acute and chronic inflammatory pain, 

several rodent models have been developed [38]. Since animals cannot communicate their pain states, we 

must rely on inferences based on their behavioural responses to noxious stimuli. Hypersensitivity 

responses to mechanical, thermal or chemical stimuli are used to infer pain behaviours in pre-clinical 

animal studies [39]. Since the 1980s, these models have been refined and used to study nociception and 

hypersensitivity [38].  

Rodent models of inflammatory pain hypersensitivity often consist of tissue injury or the 

injection of chemical agents and cytokines to elicit an inflammatory response. These models are 

appropriate to use since they induce inflammation, hyperalgesia, and evoke observable pain-like 

behaviours (e.g., withdrawal behaviours) [40]. These chemical irritants can be injected into the skin, 

muscle, joints, and visceral organs and include capsaicin, carrageenan, Complete Freund’s adjuvant 

(CFA), formalin, and mustard oil [40]. All of the aforementioned agents have been associated with 

increased thermal and mechanical sensitivity at the site of injury [41], making them reliable indicators for 

the study of peripheral inflammatory pain hypersensitivity. Many studies inject these chemical irritants 

into the hind paw of the rodent at various dosages and experimenters will observe mechanical and thermal 

hypersensitivity outcomes. Furthermore, all, with the exception of CFA, can be used to study acute 

inflammatory pain hypersensitivity because the pain has been observed to resolve itself as the agent is 

cleared from the area. CFA on the other hand, can leak into the lymph nodes and induce an inflammatory 

response in other areas the body, resulting in chronic inflammation [42].  

 

2.2.1 Formalin Model 

The formalin test in mice is a well-characterized model of nociception and short-term, acute 

inflammatory pain hypersensitivity. Formalin is a diluted solution of formaldehyde (the active ingredient), 
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mixed with saline. Formaldehyde is a fixative that covalently cross-links proteins leading to tissue 

damage and ultimately, causing pain [43]. After formalin injection into the plantar surface of the hind 

paw, the cross-linking of proteins produces a biphasic pain response which is determined by measuring 

the time the mouse spends licking and biting the affected paw [44]. The first phase of formalin (the acute 

phase; 0-5 minutes following treatment) is thought to occur as a result of the activation of sensory 

neurons, and therefore peripheral sensitization [45]. When the formalin test was first introduced as a 

model of acute pain, it was suggested that substance P and bradykinin, two peptides involved in 

inflammation, participated in the manifestation of the first phase response [46]. More recently, it was also 

demonstrated that formalin directly activates the TRPA1 channel, thereby causing the firing of a 

subpopulation of C-fibres [47]. On the other hand, the second phase of the formalin-induced pain 

response (the tonic phase; beginning 15-20 minutes following treatment) is believed to be a result of the 

combined effects of immune cell mediators causing sensitization in the periphery and in the dorsal horn 

located in the central nervous system [45]. Thus far, studies have demonstrated that nonsteroidal anti-

inflammatory drugs (NSAIDs) seem to suppress only the tonic phase of the formalin pain response, both 

peripherally and centrally [46, 48-50]. Furthermore, a critical role for histamine and 5-hydroxytryptamine 

receptors found on mast cells have been shown to significantly reduce chemically-induced pain during the 

formalin test in both phases [51, 52]. Although the tonic phase remains to be fully characterized, the 

formalin test is a commonly used short-term, acute inflammatory pain hypersensitivity model and is often 

used in pre-clinical studies of inflammatory pain.  

 

2.2.2 Plantar Incisional Wound Model 

Another inflammatory pain hypersensitivity model is a surgical model of sterile-tissue based 

inflammation (also known as the post-operative pain model). Post-operative pain is a common symptom 

after surgery, but in 10-50% of individuals undergoing common surgical procedures, the pain is persistent 

[53]. Alleviating post-operative pain is necessary to reduce patient suffering, encourage wound healing, 

and prevent the development of chronic pain.  



 11 

The plantar incisional wound model (IW) was first developed in 1996 by Brennan and colleagues 

using rats [54], and was translated to the mouse with some modifications in 2003 [55]. This mouse model 

consists of a 5-mm longitudinal incision of the glabrous skin, fascia and plantar muscle of the hind paw 

[55]. IW mimics surgical procedures involving tissue damage that induce the development of heat and 

mechanical hyperalgesia, as well as spontaneous pain behaviours [55]. The underlying mechanisms of IW 

have been investigated at length. In brief, the peripheral sensitization of nerve fibres occur and different 

channels on nociceptors seem to be responsible for heat or mechanical hyperalgesia early after incision 

[56]. Additionally, infiltrating neutrophils have been suggested to be critical for mechanical hyperalgesia 

24-hours or later following surgery [5, 57]. Furthermore, another study demonstrated that IW causes 

mechanical and thermal hyperalgesia from 30-minutes to 3-5 days after the incision [58], where peak pain 

hypersensitivity behaviours are observed around days 1-2 [5, 59, 60]. During the latter phase of the 

inflammatory response, hyperalgesia subsides and pain hypersensitivity behaviour thresholds return to 

baseline levels by seven days following incision [5, 55]. Overall, the IW model is a physiologically 

relevant means of studying the underlying mechanisms of acute inflammatory pain hypersensitivity.   

 

2.2.3 Complete Freund’s Adjuvant Model  

In the field of pain research, CFA injection is a commonly used model to study chronic 

inflammatory pain hypersensitivity. CFA is a solution of heat-killed Mycobacterium tuberculosis 

suspended in a mineral oil immersion. It is commonly used to produce arthritic conditions in rodents; this 

can be accomplished by injecting the compound intra-articularly [61]. Following CFA injection into skin 

tissue, an inflammatory response is triggered and immune cells infiltrate the epidermis, dermis and 

hypodermis. CFA can be used to study chronic inflammatory pain hypersensitivity in the mice as 

hypersensitivity responses are seen past the normal time of healing [5, 61].  
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2.2.4   Nociceptive Tests 

As previously mentioned, only inferred pain-like behaviours can be measures in animals. Instead, 

behavioural responses to mechanical, thermal and chemical stimuli can be measured [62]. For this reason, 

various nociception tests have been developed to measure evoked and non-evoked sensitivity in naïve 

animals, as well as hypersensitivity outcomes following tissue injury or chemical irritant treatment [40]. 

Reflexive or “evoked” pain sensitivity tests are also observer-dependent tests since the researcher 

provides the application of heat, cold, mechanical or chemical stimuli and observes the animal’s response 

[40]. These stimuli are often applied at the site of the injury or just outside the site of injury. Once the 

stimulus is applied, changes in threshold sensitivity or hypersensitivity are used to evaluate pain-like 

behaviours [40]. Observer-dependent tests to study peripheral nociception and inflammatory pain 

hypersensitivity include (but are not limited to): the von Frey assay, the acetone test, the Hargreaves 

radiant heat test, and the hot/cold plate test [40].  

Mechanical sensitivity can be assessed using dynamic (triggered by brushing), punctate (triggered 

by touch) and static (triggered by pressure) observer-dependent tests [62]. One of these tests is the von 

Frey test, which uses calibrated, weighted monofilaments applied to the paw of a subject in order to elicit 

a withdrawal response. One at a time, subjects are gently stimulated with the monofilament to determine 

the weight at which the mouse responds at least 50% of the time (³ 5 out of a maximum of 10 

stimulations). A withdrawal response is determined by the researcher who observes the rodent for 

behaviours such as licking, shaking, or biting of the paw. The lowest weighted monofilament required to 

cause a response at least 50% of the time is called the 50% threshold response [63].   

The Hargreaves radiant heat test is used to assess behavioural responses to heat sensitivity in 

rodent models. Developed in 1988, the Hargreaves radiant heat test involves placing the rodent onto a 

glass surface in clear plastic boxes, then shining a radiant light source onto the hind paw from underneath 

[64]. The researcher observes how long it takes for the animal to withdraw its paw from the stimulus, 

which is measured as the latency to response.  
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The acetone test is commonly used to assess cold sensitivity in inflammatory and neuropathic 

pain [65-68]. In this test, a drop of acetone is gently placed on the glabrous surface of the hind paw. The 

observer then measures how long the animal spends displaying licking and biting behaviours following 

the application [66]. It should be noted that although the acetone test has provided much insight within 

the pain field regarding cold sensitivity, it does not measure the cold response threshold, but instead the 

magnitude of response [69]. Therefore, more recent studies have opted to use the cold plate test as another 

measure of cold sensitivity [62].  

As mentioned, another way in which thermal sensitivity is measured is through the hot/cold plate 

test. In the conventional hot/cold plate test, the apparatus can be set to a specific temperature where the 

unrestrained animal is placed onto a metal surface maintained at the set temperature [70]. The time it 

takes for the animal to demonstrate a flinch response (e.g., rapidly paw withdrawal, shaking, 

licking/biting) or a jump response (e.g., all four paws lifted off the plate) is observed and recorded. 

Compared to the acetone test and Hargreaves radiant heat test previously described, the hot/cold plate 

apparatus is beneficial as it provides less chance of temperature variability because of the specificity of 

the set temperature. The previous tests are advantageous, however, since the opportunity to assess a 

control and experimental paw can be tested within the same animal. Additionally, it is important to 

observe the mice for learning behaviours when multiple temperatures are measured using the same group 

of animals. Subjects can learn that premature withdrawal will result in less human interaction and 

stimulation, therefore they may respond more quickly than expected [62]. To prevent this, experimenters 

must allow ample time between tests.  

The opportunity to measure spontaneous pain hypersensitivity behaviour through observer-

independent behavioural testing is important to eliminate observer bias. There are some non-reflexive, 

spontaneous behaviour tests that are observer-independent; including the dynamic weight bearing system 

(DWB), the use of running wheels, and several commercial automated gait systems for motor 

coordination [40]. The benefit of these systems is that the animal is unrestrained and put under less stress 

by the researcher. However, these tests do not capture pain-like withdrawal behaviours, and it has not yet 
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been demonstrated (or validated) that these tests can be used to reliably assess sensitivity and nociception 

[40]. In summary, the aforementioned pre-clinical, evoked reflexive tests can be used to measure 

sensitivity and infer pain in animals.  

 

2.3 Current Treatment for Inflammatory Pain  

Current treatments for inflammatory pain primarily consist of non-steroidal anti-inflammatory 

drugs (NSAIDs), such as aspirin and cyclooxygenase-2 (COX-2) inhibitors. Additionally, when pain is 

not alleviated by NSAIDs it is often treated using opioids like morphine, which provide modest relief and 

are associated with a high risk of abuse, depressed respiration, and tolerance [3].  

The use of NSAIDs is ubiquitous, but these drugs also possess adverse effects. NSAIDs inhibit 

the biosynthesis of prostaglandins, a cyclic fatty acid compound, through the COX-2 enzyme [71]. 

Furthermore, some prostaglandins have been shown to act on sensory neurons and contribute to pain 

hypersensitivity [72, 73]. In rheumatic diseases, such as rheumatoid arthritis and osteoarthritis, studies 

have demonstrated that the inhibition of prostaglandin can lead to adverse renal effects such as decreased 

sodium excretion, increased susceptibility for GI mucosal bleeding, as well as an increased risk of 

cardiovascular events [4]. It is thus evident that more specific therapeutics are necessary to achieve 

optimal pain treatment, the development of which requires an understanding of the underlying 

mechanism(s) responsible for different types of pain. Although the introduction of ion channel blockers 

and selective COX-2 inhibitors have provided a more favourable side-effect profile than other pain 

treatments [4], the development of new therapeutics that target specific immune cell mediators for 

inflammatory pain is critical.   

 

2.4 Sexual Dimorphism in Pain Pathways  

In recent years, mounting evidence has demonstrated that sex differences are important in pain 

modulation [74]. Historically, researchers have mainly used male animals to study pain, suggesting that 
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the estrous cycle in females acts as a confounding variable. This notion led to the underrepresentation of 

females in preclinical studies, which consequently limited the knowledge of female pathophysiology for 

the clinical population [74].  

 Sex differences in neurobiology have been highlighted for years [75-79]. These studies 

demonstrate that sex differences in pain outcomes arise partly due to genes and chromosome effects [80], 

sex-dependent levels of pain-related cytokines [81], and steroid hormones [80, 82-84]. Moreover, 

previous studies have demonstrated that male rodents process pain through a microglia-neuronal 

signalling pathway in the central nervous system [85]. However, a recent study by Sorge et al. (2015) 

looked for sex differences in pain pathways and pain hypersensitivity responses following peripheral 

nerve injury (a model of neuropathic pain) and found that female rodent pain processing is not mediated 

by microglia, but instead is mediated through the adaptive immune response, likely by T cells [74]. This 

work is pivotal for two reasons: 1) it suggested that researching pain should no longer be limited to the 

use of only male rodents, and 2) it demonstrated the importance of the immune response in modulating 

pain processes and pain hypersensitivity.  

 

2.5   Molecular Contributors of Inflammatory Pain   

Pain can be regulated by inflammation, which is broadly termed neuroinflammation. 

Neuroinflammation is a term used to describe the effects that the inflammatory response can have on 

nociceptors, which typically leads to inflammatory pain [86]. During an inflammatory response, damaged 

or activated leukocytes cause a flood of mediators that can act as “sensitizers” for nociceptors. These 

sensitizers form what is known in the literature as the inflammatory soup [32]. These sensitizers include 

cytokines (e.g., IL-6, IL-1b, IL-8, TNFa), chemokines (e.g., CCL3), growth factors (e.g., NGF), lipids 

(e.g., prostaglandins PGE2 and PGI2), nucleotide ATP, small molecules (e.g., histamine), protons (e.g., 

H+), and reactive compounds like hydroxynonenals, among others [12, 87-93]. Unsurprisingly, 

nociceptors in the periphery have receptors for these ligands, which elicits the nociceptive signalling 
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cascade [32]. The presence of “inflammatory soup” mediators excites nociceptors, lowering their 

activation thresholds and causing peripheral sensitization and pain [32].  

 Cross-talk between activated immune cells during the inflammatory response and the pain 

pathway is not one-sided. Nociceptors can regulate the inflammatory response, which is known as 

neurogenic inflammation. Many studies have revealed that nociception and peripheral sensitization 

produce signalling molecules of their own that can directly modulate immune cell function [94-97]. A 

classic example of neurogenic inflammation is through the action of calcitonin gene-related peptide 

(CGRP) and Substance P, neuropeptides which has been reported to modulate dendritic cell populations 

by inhibiting cell maturation [95], induce mast cell degranulation [98-100], and regulating lymphocyte 

function [99-101]. Together, these studies demonstrate that there is evidence for bi-directional 

communication between nociceptors and immune cells, among other cell types, but much is still unknown 

about the key contributing immune cell type for inflammatory pain.  

 

2.6   Cell Depletion Strategies to Study Inflammatory Pain   

Much of the contribution of non-neuronal cells to pain modulation has been demonstrated in 

studies of neuropathic pain [102], but less so in inflammatory pain. As discussed, many studies have 

defined the role of several inflammatory mediators during the inflammatory response. However, only a 

few research groups have resolved the contribution of specific immune cell types in inflammatory pain 

using immune cell depletion strategies.  

Well-known circulating immune cells involved in blood-borne inflammation are neutrophils, 

monocytes and ab T cells. The contribution of these cells in inflammatory pain was assessed in 2015 by 

our research group using cell depletion strategies in mice and pain behaviour assays of thermal and 

mechanical hypersensitivity [5]. Using an antibody that differentiates neutrophils from other non-

neutrophilic myeloid cells (anti-Gr1), mice depleted of neutrophils did not result any significant changes 

in mechanical or thermal hypersensitivity when compared to a vehicle group that received saline 
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injections [5]. This finding was surprising given that previous studies have suggested that neutrophils 

could be involved in the modulation of post-operative pain [103] and CFA-induced inflammatory 

hypersensitivity in rats [104], which were the inflammatory pain models used in this study. This study 

also used another method to induce cell depletion. To deplete a subset of monocytes and macrophages, a 

mutant kinase gene found in the transgenic mouse strain of interest was targeted by a drug called 

ganciclovir, which caused an inhibition of DNA synthesis of these cells. When treated with ganciclovir, 

the transgenic mice lost all proliferating monocytes and macrophages. When compared to transgenic mice 

that were not treated with ganciclovir, the results demonstrated that a subset of monocytes and 

macrophages were necessary contributors for mechanical hypersensitivity, but not thermal 

hypersensitivity. In this same study, transgenic mice that were deficient in ab T cells were found to have 

no significant changes in mechanical or thermal pain hypersensitivity in both inflammatory pain models 

considered. Together, the significant findings for a subset of monocytes/macrophages provided a piece of 

the puzzle for elucidating what immune cells are directly involved in mechanical pain hypersensitivity.  

 In the literature, it was thought that mast cells potentially had an important role in inflammatory 

pain based on associations between pain outcomes and histamine, an important inflammatory mediator of 

mast cells [105]. This past year, Lopes et al. assessed the contribution of skin-resident mast cells in 

inflammatory pain and peripheral sensitization using a transgenic mouse line in which mast cell depletion 

could be induced through Cre-loxP recombination [106]. Lopes and colleagues assessed mechanical and 

thermal hypersensitivity in two models of inflammatory pain, and ultimately this research group revealed 

that mast cell involvement in inflammatory pain states was negligible. Therefore, despite positive findings 

for an inflammatory mediator, its associated immune cell type(s) may not be directly implicated in 

inflammatory pain.  

 
 
 
 
 
 



 18 

2.7   Epithelial γδ T cells  

2.7.1 Introduction to γδ T cells  

Epithelial tissue (skin) represents the primary barrier between an organism and its environment. 

In order to protect an organism from pathogens, skin is equipped with a complex network of immune cells 

which provide the first line of defense against infection and injury. In general, the immune response is 

separated into two parts: the innate and adaptive immune responses. Immune cells involved in innate 

immunity are primarily responsible for recognizing an infection and releasing cytokines and chemokines 

(signalling proteins) to recruit other immune cells to the site of infection [107]. On the other hand, 

adaptive immunity consists of two classes of immune cells that have evolved to recognize specific 

antigens as well as create antigen-specific effector molecules and memory cells to enable our immune 

system to respond more quickly and effectively [107].  

Adaptive immune responses are carried out by B cells and T cells. B cells are primarily 

responsible for producing antibodies, each with a different amino acid sequence and different antigen-

binding site. Collectively, these antibodies, called immunoglobulins (abbreviated as Ig), are pivotal for 

fighting against foreign molecules by binding to them. In terms of T cells, two lineages of T cells are 

known: αβ and gd T cells. Conventionally, T cells were thought to be responsible for acting directly 

against foreign molecules (antigens) presented to them on the surface of a host cell [108]. In reality, 

however, this is only true for one population of T cells – αβ T cells. αβ T cell lineages are those 

expressing an αβ T cell receptor (TCR). Unlike gd T cells, these cells express either the cluster of 

differentiation 4 (CD4+; also known as ‘helper T cells’) or CD8+ (‘killer T cells’) co-receptors and can 

interact with Major Histocompatibility Complex (MHC) molecules, which present foreign peptide 

molecules to the T cell [109]. gd T cells are differentiated from their αβ counterparts through the 

formation of their TCR. The gd TCR is composed of two glycoprotein chains: one γ-chain and one δ-

chain created through gene rearrangement during thymic development [110]. In contrast to the αβ TCR, 

the gd TCR can respond to a wide range of foreign molecules, which allows gd T cells to participate in 
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tissue immune surveillance since their activation does not require processed antigens to be presented to 

them by MHC molecules [109]. Together, both B and T cells can also perform effector functions and 

form memory cells which allows for these cells to rapidly act against subsequent infection during an 

inflammatory response.  

 

2.7.2 Populations of γδ T cells in Epithelial Tissue   

In both humans and mice, γδ T cells are found in epithelial tissue such as the skin, the 

gastrointestinal tract, the lung and the uterus (in females). In the tissues in which they are found, γδ T 

cells make up approximately 10-100% of tissue-resident T cells in both humans and mice, while also 

making up a minor part (1-5%) of circulating T cells in peripheral blood and secondary lymphoid organs 

[111]. Human γδ T cells are less abundant epithelial tissue, consisting of approximately 10-50% of all T 

cells, whereas murine epithelial tissue strikingly shows that γδ T cells can consist of up to 98% of T cells 

(as shown in the ear) [112].  

γδ T cells have developed tissue-associated TCR γ- and δ-chains, forming subclasses of γδ T cells 

whose TCR expresses little to no diversity within their specific tissue [113]. Through V(D)J 

recombination, both the γ- and δ-chain are formed to make up the subunits for the TCR. Interestingly, 

human γδ T cell subtypes are often distinguished by their variable (V)δ chain in tissue, whereas the mouse 

subtypes are distinguished by the Vγ chain. To make matters more complex, there are several different 

nomenclatures used in the literature for both humans and mice [110, 114-120]. Using the nomenclature of 

Heilig & Tonegawa [110], two subpopulations of γδ T cells in the murine epithelial layers have been 

identified: dendritic epidermal T cells (expressing invariant Vγ5+Vδ1+ TCR) and dermal γδ T cells 

(Vγ5−Vγ4+ TCR). Both subpopulations of murine epithelial γδ T cells are considered in this study.  

 

2.7.3 Morphology of γδ T cells and their Secreted Factors  

γδ T cells in murine skin are known for their dendritic-like projections that allow them to 

intimately interact with their local environment and neighbouring cells, such as keratinocytes, Langerhans 
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cells and melanocytes. γδ T cells are sessile under homeostatic conditions [121, 122] and their dendritic 

projections allow them to conduct tissue surveillance in their local area. γδ T cells are capable of 

recognizing molecules that are rapidly displayed after tissue injury or stress and thereby participate in the 

early stages of innate immune responses.  

Upon activation, γδ T cells can produce and express high levels of effector cytokines, 

chemokines, and regulatory factors. Effector cytokines such as interferon (IFN)-γ, IL-17, TNF-α, and 

granzymes produced by these cells are important because they lead to the activation of the innate immune 

response and the recruitment of circulating immune cells to the damaged area [123]. Chemokines and 

regulatory factors that are produced in abundance from γδ T cells include, but are not limited to, IL-13, 

insulin-like growth factor 1 (IGF-1), and keratinocyte growth factors (KGF)-1 and 7 [113]. These 

molecules provide a mechanism through which γδ T cells can interact with other immune cells (such as B 

cells and αβ T cells) during an inflammatory response.   

 

2.7.4 Role of γδ T cells in Inflammation 

gd T cells are a unique population of T lymphocytes that possess both innate and adaptive 

immune cell qualities. Studies have demonstrated that skin-resident γδ T cells can interact with 

neighbouring immune cells like B cells, other T cells, as well as non-immune cells either through direct 

cell-to-cell contact or through signalling cascades. These relationships allow γδ T cells to carry out many 

functions, such as detecting pathogens and stress in the local environment, maintaining epithelial 

homeostasis after tissue damage from injury and infection, promoting wound healing, as well as 

defending against tumour malignancy, allergy and asthma.  

γδ T cells have been called the first line of defense against viral and bacterial pathogens due to 

the fact that they are capable of recognizing lipid-ligand antigens, unprocessed proteins and 

phosphoantigens without MHC-restricted presentation [113, 124-126]. These cells have demonstrated a 

protective effect against viral infection in studies of West Nile Virus [127], Herpes Complex Virus Type-

1 [128], and Chikungunya Virus-Induced Disease [129], to name a few. γδ T cells and their secreted 
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mediators also act as early responders to bacterial infection. An example of this is from a study in 1995 

which discovered that IFN-γ and IL-4 were rapidly secreted from γδ T cells following infection with 

Listeria monocytogenes and Nippostrongylus, respectively [130]. Yet another example is the role of γδ T 

cells against the cutaneous infection of Staphylococcus [131]. In response to this infection, and through 

neutrophil recruitment, γδ T cells play an important role in the production of IL-17 as part of the innate 

immune response. Overall, γδ T cells play an important role in enhancing the immune response against 

foreign invasion.  

In addition to modulating the inflammatory response, γδ T cells have also received considerable 

attention with respect to cancer immunotherapy, where recent findings have demonstrated that these cells 

have both pro- and anti-tumour properties [132]. These seemingly contradictory properties, however, 

make it difficult to determine their exact role. For instance, IL-17-secreting γδ T cells have been reported 

to enhance cancer progression and growth primarily in gallbladder and ovarian cancers [133-136]. In 

contrast, epithelial γδ T cells are known to be an important source of IFN-γ and TNF-a, both of which are 

known to inhibit cancer growth and angiogenesis [137, 138]. As well, another study demonstrated that 

epidermal γδ T cells have the capability of limiting carcinogenesis [139]. Given these findings, scientists 

have considered γδ T cell-based immunotherapies and recent studies have shown some moderate clinical 

benefits and promising potential [132].  

 Among other effector functions, γδ T cells play an important role in allergy and asthma, mainly 

through the production of IL-4 and IL-13 [140-142], which are interleukins involved allergic immunity. 

Furthermore, in a model of pulmonary allergic asthma, γδ T cells demonstrated that their secreted 

cytokines were able to modulate IgE levels through their interactions with B cells in the lungs [143].  

Skin-resident γδ T cells are well positioned to survey the local environment with their apical, 

dendritic-like projections under homeostatic conditions. Following tissue insult, keratinocytes display a 

ligand (that has yet to be identified) to nearby γδ T cells, and cause activation in a TCR-dependent 

fashion. This was demonstrated in a knock-out model of γδ T cells where mice that were completely 

deficient in epithelial γδ T cells (the same strain used in the present study) showed a slight delay (2-3 day) 
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in wound closure and re-epithelization [144]. Furthermore, these activated γδ T cells contributed to the 

healing process by secreting numerous cytokines, chemokines, and growth factors such as KGF1 (as 

known as FGF7) and KGF2 (as known as FGF10) [145-148].  

 Importantly, a recent study showed that skin-resident γδ T cells are activated quickly following 

tissue insult, which provides a mechanistic explanation for their role in wound healing. A study in 2012 

demonstrated that a ligand, plexin B2 (found on keratinocytes) and its receptor, CD100 (found on 

epidermal γδ T cells) are necessary for triggering rapid γδ T cell response following tissue injury [149]. 

γδ T cells in the skin will monitor keratinocytes for signs of tissue damage or stress through this 

interaction, and once activated, will retract their projections displaying a change in morphology from 

dendritic-like projections with apical ends to a rounder cell type. This research group demonstrated that 

this rounding morphology change is seen two hours following tissue injury [149].  

 In summary, the intimate contact between γδ T cells and their local environment allows for their 

rapid response to tissue injury, infection and disease. Already known are the important roles that these 

cells play in the immune response, and following injury, during the inflammatory response. However, 

their specific role in inflammatory pain remains to be elucidated. Given their location, effective cytokine 

production, and unique innate-like properties in the skin, γδ T cells could play a critical role in 

modulating the inflammatory pain hypersensitivity outcomes.  

 

2.8 Rationale   

2.8.1 Objective  

Inflammatory pain is a result of the body’s biological response to inflammation that is induced by 

foreign or harmful stimuli such as pathogen (e.g., bacterial) invasion or tissue injury (e.g., post-operative 

wound). Inflammatory pain is thought to be the consequence of nociceptor activation and sensitization as 

a result of the action of immune cells and their secreted factors during the inflammatory response. 

Furthermore, dysregulation of the inflammatory response or its resolution can result in persistent 
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inflammation and chronic pain. Understanding the cellular mechanisms which modulate the development 

and maintenance of inflammatory pain is important, as it might provide insight into novel therapeutic 

targets for pain alleviation as well as prevent the transition from acute to chronic pain.  

It is currently unclear as to which immune cells are modulators of inflammatory pain, therefore 

the main objective of this thesis was to determine whether a skin-resident immune cell (γδ T cell) is 

directly or indirectly involved in peripheral nociception and inflammatory pain hypersensitivity outcomes 

in both naïve and injured mice, respectively.  

 

2.8.2 Hypothesis   

 My hypothesis is that γδ T cells contribute, either directly or indirectly, to peripheral nociception 

and inflammatory pain hypersensitivity.  

 

2.8.3 Specific Aims  

   To answer this hypothesis, I designed three specific aims:  

1. To characterize the histology of TCRδ mice for the presence of naïve γδ T cells in the foot pad.   

2. To determine the behavioural pain sensitivity outcomes of naïve TCRδ mice using nociceptive 

tests.  

3. To determine the behavioural pain hypersensitivity of tissue-injured and chemically-treated 

TCRδ mice in three models of inflammatory pain using nociceptive tests.  
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Chapter 3 

Methods 

 

3.1 Animals 

Female B6.129P2-Tcrdtm1Mom/J mice were purchased from The Jackson Laboratory (Bar Harbor, 

ME), and were backcrossed to male C57BL/6J mice (Jackson Laboratory) to create heterozygous progeny 

(F1 generation). The B6.129P2-Tcrdtm1Mom/J mice are completely deficient in gd T cells in all epithelial 

and lymphoid organs [150], and arrived at the Ghasemlou Laboratory after having been backcrossed to 

the C57BL/6J line 13 times at Jackson Laboratory. The resulting F1 generation of heterozygous mice 

(hereafter labeled TCRδ+/-) were bred to generate an F2 generation of wild-type (TCRδ+/+), heterozygous 

(TCRδ+/-), and knock-out (TCRδ-/-) littermates, which were used for all experiments. All strains of TCRδ 

mice were used in this study because each of their contributions to peripheral nociception and 

inflammatory pain had not been considered. While the B6.129P2-Tcrdtm1Mom/J mice had already been 

sufficiently backcrossed to the C57BL/6J strain when purchased, this breeding strategy was used to 

ensure that any observed effects are due to loss of γδ T cells and not genetic background. All experiments 

were carried out using female and male TCRd mice (5-12 weeks old), housed at a maximum of four per 

cage on a 12-hour light/dark cycle in a room with the temperature at 21°C (±1°C) with food provided ad 

libitum. The colony was maintained and genotyped by the in-house animal care technician to ensure 

blinding during all experiments. All protocols were approved by the Queen’s University Animal Care 

Committee in accordance with the policies and guidelines set forth by the Canadian Council on Animal 

Care.  

 

3.2 Immunohistochemistry 

Immunohistochemistry was performed to identify the presence or lack of γδ T cells in TCRδ+/+ 

and TCRδ-/- mice. Mice were anesthetized and sacrificed by transcardial perfusion with ice-cold 2% 
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paraformaldehyde (PFA) in 1X phosphate buffer. The left hindlimbs were removed and post-fixed for one 

hour in 2% PFA solution and cryoprotected in 30% sucrose. The skin tissue from the plantar surface of 

the footpad was removed from the ankle joint to the base of the toes and separated from muscle and 

subcutaneous fat. Using a Leica CM1860 UVA cyrostat machine, the tissue was cut 15µm thick at -20°C. 

Then, samples were washed in 1X phosphate-buffered saline (PBS) for 20 minutes at 4°C. Next, the 

samples were washed in a solution of StartingBlockTM pre-made blocking buffer (Thermo Fisher 

Scientific, Waltham, MA) with 2% TritonX (BioShop Canada Inc., Burlington, ON) and 0.1% sodium 

azide overnight (a maximum of 12 hours; BioShop Canada Inc.). Samples were incubated in Image-iT™ 

FX Signal Enhancer (Thermo Fisher Scientific, Waltham, MA) for 3 hours on glass slides, then incubated 

overnight at room temperature in the primary antibody (hamster anti-mouse TCRδ; Invitrogen, Carlsbad, 

CA), which was diluted 1:100 in the StartingBlock/TritonX/sodium azide solution.  

Following the overnight incubation, samples were washed in PBS containing 0.1% sodium azide 

3 times for one hour each time at room temperature. Next, the samples were incubated overnight in goat 

anti-hamster IgG conjugated to FITC (1:200; Biolegend, San Diego, CA), which was diluted 1:200 in the 

StartingBlock/TritonX/sodium azide solution. Samples were then washed twice for one hour and once 

overnight in 0.1% sodium azide in 0.1M PBS solution. Lastly, the tissue was mounted on glass slide using 

Vectashield antifade mounting medium with DAPI (Vector Labs, Burlingame, CA) using 2-4 drops per 

slide for 2 hours. The slides were covered with glass coverslips and stored at 4°C until it was time was 

imaging. Slides were visualized using a Zeiss AxioSkop2 fluorescence microscope (Leica Microsystems, 

Wetzlar, Germany) using Zeiss AxioVision software.   

 

3.3 Behavioural Sensitivity and Hypersensitivity Tests 

All assessments of mouse behaviour were carried out by JP to maintain consistency between 

trials, in accordance with the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines 

for pre-clinical research [151]. Mice were habituated for five consecutive days prior to behavioural testing 
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for 30 minutes in each experimental apparatus. Baselines measurements were taken on three separate days 

and the average responses were used in subsequent analyses. Withdrawal responses could include a clear 

movement away from the stimulus (paw withdrawal), shaking, licking or biting of the paw, or jumping. 

All behavioural tests were carried out using at least two independent cohorts of mice. Every cohort of 

mice was assessed between 9:00AM and 4:00PM (EST) at the same time each day, with male and female 

mice assessed separately.  

 

3.3.1 Measurement of Mechanical Sensitivity  

Mechanical sensitivity was assessed using the modified von Frey test [63], which uses weight-

calibrated von Frey monofilaments applied to paw in order to elicit a response. Mice were placed in 

polycarbonate boxes on a wire mesh with black dividers, to reduce interaction between animals. Gentle 

stimulation with graded von Frey monofilaments ranging from 0.07g to 1.4g were applied to the lateral 

plantar surface of the left hind paw (North Coast Medical, Gilroy, CA). Beginning with the 0.6g weighted 

monofilament, 10 stimulations to the left hind paw were given, and the number of responses evaluated. 

Mice that respond to the 0.6g filament less than five times were then assessed using the 1.0g and 1.4g 

filaments, in that order, to determine the weight at which each mouse responds at least 50% of the time 

(³5 out of a maximum of 10 stimulations). The lowest weight at which a mouse responds at least 50% of 

the time is recorded as the 50% threshold response (in grams). Mice that do not respond to the 1.4g 

filament four or fewer times out of ten are recorded as having a 50% threshold of 2.0g, a weight which 

applies enough pressure to the paw to lift it off the mesh involuntarily. However, mice that responded five 

or more times to the 0.6g monofilament are tested using the 0.07g, 0.16g, and 0.4g filaments, 

respectively. If a mouse did not respond at least five out of ten times to the 0.4g filament, the 50% 

threshold response is recorded as 0.6g. Baseline measurements were taken once per mouse on three 

separate days prior to injury. Following the acquisition of baseline measurements, mice that underwent 

incisional wound surgery, CFA or formalin treatment were assessed for hypersensitivity at each of the 

time points described in Section 3.4.  
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3.3.2 Measurement of Thermal Sensitivity  

Mice were assessed for thermal heat sensitivity by performing the Hargraves radiant heat test 

[64]. Mice were placed in individual transparent polycarbonate compartments on a heated glass base set 

to a constant temperature of 29°C (±1°C; IITC Life Science, Woodland Hills, CA). A radiant heat source 

was focused onto the lateral plantar surface of the left hind paw, creating a 4x6 mm area for stimulation.  

The latency to response was measured, in seconds, and a maximum cut-off for heat stimulation was set at 

30 seconds to prevent tissue damage. Three baseline measurements were taken, then averaged.  

 Alternatively, an Air Cooled Thermoelectric plate (TECA, Chicago, IL) can be used to assess 

thermal heat sensitivity as it can be heated or cooled to specific temperatures. One at a time, mice were 

placed onto the heated plate, which was set to either 50°C, 52°C or 55°C. The time to first response (e.g., 

fast paw withdrawal, shaking, licking/biting) and jump (all four paws lifted off the plate) was recorded, in 

seconds. Consistent with the Hargreaves radiant heat test, a maximum cut-off of 30 seconds was used to 

prevent tissue damage. Also, if a mouse did not respond during the 30-second test, their latency to first 

response and/or jump were recorded as 30 seconds. Naïve mice were assessed at 50°C, 52°C and 55°C, in 

that order, on three separate days. Only one measurement was taken at each temperature per day to 

prevent learning behaviours [152, 153]. Any mice that exhibited learning behaviours (e.g., scaling the 

enclosure) were excluded from analysis. Furthermore, the dual hot/cold plate apparatus was used to assess 

thermal cold sensitivity at 0°C. With the exception of the set temperature, the procedure for the cold plate 

test was the same as the hot plate test.   

A follow-up assessment of cold sensitivity was performed using the acetone test, whereby mice 

were placed on the same wire mesh apparatus as in the von Frey test. A small drop of acetone was gently 

applied to the plantar left hind paw using a 1cc syringe (Becton Dickinson, Franklin Lakes, NJ). The 

amount of time (in seconds) the mouse spent licking and biting the affected paw was measured. At least 

two measurements were recorded and averaged per time point, with a minimum of five minutes between 

each stimulation.  
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3.4 Inflammatory Pain Models 

Models of acute and chronic inflammatory pain were used to investigate differences in 

mechanical, thermal and spontaneous hypersensitivity outcomes in all TCRd strains. The models used 

included formalin, plantar incisional wound (IW) and Complete Freund’s Adjuvant (CFA). All three 

models are well-known to cause inflammation and induce pain-like behaviours in rodents. Spontaneous 

hypersensitivity outcomes were assessed during the formalin test in the first 60 minutes following an 

intraplantar injection, and mechanical and thermal hypersensitivity outcomes were considered following 

IW surgery or CFA treatment. Mechanical and thermal hypersensitivity was measured at 3 and 6 hours, 1, 

2, 3, 4 and 7 days following insult in both pain models. Two or more separate cohorts of mice were used 

for each behavioural test in all three inflammatory pain models. All mice were handled in accordance to 

Protocol 2015-1562, approved by the Queen's University Animal Care Committee.  

 

3.4.1 Formalin Procedure 

The formalin test was used as a short-term, acute inflammatory pain model, which consists of an 

intraplantar injection of 0.5-5% formalin solution to evoke hypersensitivity in rodents [47]. A 5% 

formalin solution was made by resuspending 37% formaldehyde solution (Sigma-Aldrich, St. Louis, MO) 

in 0.9% NaCl solution (Hospira, Saint-Laurent, QC). Both male and female TCRd littermates received 

intraplantar injections of 20µl of a 5% formalin solution into the left hind paw using a Hamilton syringe 

with a 27-gauge needle [45]. Nociceptive behaviour (licking and biting) was observed for 60 minutes, and 

the data was recorded in 5-minute intervals. The average time spent licking and biting for each strain was 

further divided into two phases, an acute phase lasting 0-10 minutes and a tonic phase from 10-60 

minutes.  
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3.4.2 Plantar Incisional Wound Procedure  

Plantar incisional wound (IW) is a model of tissue-based inflammation and post-surgical pain. IW 

was performed using a modified methods for the mouse based on the rat model first developed by 

Brennan et al. [54]. After baselines sensitivity measurements were taken, every cohort of mice underwent 

IW surgery between 9:00AM and 11:00AM. All mice were anesthetized with 2% (v/v1) isoflurane USP 

(Fresenius Kabi Canada, Toronto, ON) and the left hind paw sterilized with 10% (w/v2) ProviodineÒ 

Povidone Iodine Solution (Rougier Pharma, Mirabel, QC) and 70% ethanol. Once sedated, an 5-8mm 

incision was made using a #11 scalpel from the base of the heel to the first walking pad, cutting through 

the skin and underlying muscle along the midline of the plantar surface of the left hind paw. The wound 

was closed at the first and third quarter of the 5-8mm incision with 6-O silk sutures (Ethicon, Cincinnati, 

OH). Once surgery was complete, mice were placed into a separate cage that was warmed by a heating 

pad disk for recovery. Mice remained in this cage until they demonstrated mobility (approximately 5 

minutes following surgery) and were then transferred back to their home cage. Mechanical and thermal 

hypersensitivity outcomes were evaluated following surgery. If mice removed their sutures in the first 24 

hours following surgery, they would be placed under anesthetic to re-suture the wound as before. These 

mice were noted during data collection and analysis. All surgeries were conducted by either NG or JP.   

 

3.4.3 Complete Freund’s Adjuvant Procedure  

Complete Freund’s adjuvant (CFA) was used to assess the role of gd T cells in a chronic 

inflammatory pain model. Following the acquisition of baseline measurements, mice received a 20µl 

intraplantar injection of CFASigma-Aldrich, St. Louis, MO) into the plantar left hind paw, which consists 

of a mixture of heat-killed Mycobacteria tuberculosis (1 mg/mL), paraffin oil (85% v/v), and mannide 

                                                
1 Volume by volume  
2 Weight by volume  
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monooleate (15% v/v). Once mice received the injection, they were immediately placed back in their 

home cage until it was time to assess mechanical and thermal hypersensitivity outcomes.  

 

3.5 Statistical Analyses  

All statistical analyses were carried out by using SigmaPlot version 11.0 software package (Systat 

Software). Data are expressed as mean ± standard error of the mean (SEM) throughout the text and in 

figures. One-way analysis of variance (ANOVA) was used for a direct comparison between two or more 

groups, while a two-way repeated-measures ANOVA was used for time-course comparisons between two 

or more groups. Post-hoc Tukey tests were used where appropriate with significance set at p≤0.05. 
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Chapter 4 

Results 

 

4.1 Histological Characterization for the Presence of Naïve γδ T cells  

Immunohistochemistry was used to ensure the absence of γδ T cells in the foot pad of TCRδ-/- 

mice. Analysis of glabrous skin tissue from the left hind paw of male naïve TCRδ+/+ and TCRδ-/- was 

carried out by a member of our laboratory, Abigail Marshall. As expected, γδ T cells were present in the 

epidermal layer of male TCRδ+/+ mice and completely absent in TCRδ-/- mice (Figure 2). These results 

demonstrate that gd T cells are in fact depleted in the TCRδ-/- strain generated for use in subsequent 

behavioural studies, similar to the depletion of gd T cells in the original B6.129P2-Tcrdtm1Mom/J mice used 

to generate the mouse colony (described in Section 3.1) [150]. Furthermore, preliminary experiments 

from our laboratory have found that 1) there are fewer gd T cells in footpad of TCRδ+/+ and TCRδ+/- mice 

than there are in back or ear epithelial tissue; 2) the gd T cells found in the back and the ear display lower 

expression of the activation marker CD69 than cells in the paw; and 3) gd T cells in the mouse footpad 

most closely resembles human skin in terms of their morphology and activation states [111].  
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Figure 2. Histology of γδ T cells found in the skin.  
The presence of γδ T cells in naïve TCRδ+/+ male mice was assessed by immunostaining for the TCRδ 
receptor. Immunopositive cells at the dermis/epidermis interface are highlighted by red arrows in TCRδ+/+ 
(A) but are absent in TCRδ-/- male mice (B). Scale bar = 100µm. Images courtesy of Abigail Marshall.  
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4.2 Characterization of Basal Mechanical and Thermal Sensitivity in TCRδ Mice 

Having confirmed the absence of γδ T cells in the TCRδ-/- strain created in our laboratory, 

mechanical and thermal sensitivity were assessed in naïve male and female TCRδ+/+, TCRδ+/- and TCRδ-/- 

mice (hereafter referred to as TCRδ mice). To account for any genetic background effects, four different 

behavioural paradigms were used: the von Frey assay, Hargreaves radiant heat test, acetone test, cold and 

hot plate test.  

Mechanical sensitivity in male and female mice was assessed using von Frey monofilament 

stimulations. This von Frey measurement identifies the lowest calibrated weight applied to the footpad of 

the mouse that elicits a response to at least 5 out of 10 stimulations (responses are specified in Section 

2.3). The 50% threshold response did not show any significant difference between TCRδ+/+, TCRδ+/- and 

TCRδ-/- mice in either male mice (Figure 3A; n=17-22 per genotype; one-way ANOVA, p=0.402) or in 

females (Figure 3B; n=15-18 per genotype; one-way ANOVA, p=0.276). There was a slight change in 

males, with somewhat greater mechanical thresholds measured in TCRδ-/- mice relative to TCRδ+/+ 

(1.393±0.121g vs. 1.205±0.085g, respectively), but female mice did not exhibit such an effect. These 

results suggest that gd T cells are not necessary for modulating mechanical sensitivity in naïve mice.  

Next, responses to thermal stimuli in naïve mice were assessed. First, heat sensitivity was 

assessed using the Hargreaves radiant heat test. A beam of light was shone onto the left hind paw of the 

mouse and the latency to response measured; a maximum of 30 seconds for thermal stimulation was set to 

avoid tissue damage. Although the latency to withdrawal was slightly lower in TCRδ-/- male mice relative 

to TCRδ+/+ (13.554±0.996s vs. 16.549±0.707s, respectively), the average latency to response did not show 

a significant difference between all strains in males (Figure 4A; n=17-19 per genotype; one-way 

ANOVA, p=0.086) or females (Figure 4B; n=15-18 per genotype; one-way ANOVA, p=0.679). This 

suggests that gd T cells are not important for modulating thermal heat sensitivity baseline responses.  

To further investigate the role of thermal sensitivity in naïve TCRδ mice, the acetone test was 

performed to assess sensitivity to cold. A drop of acetone was applied onto the plantar surface of the hind 
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paw and the response time (e.g., licking/biting) was measured. This test also demonstrated no significant 

differences between strains in both male (Figure 5A; n=14-16 per genotype; one-way ANOVA, p=0.669) 

and female mice (Figure 5B; n=10-15 per genotype; one-way ANOVA, p=0.758). There was, however, a 

slight difference between male and female mice. Interestingly, when the two sexes were compared, 

TCRδ+/+ females spend more time licking and biting their paw than TCRδ+/+ males (Figure 5A and B; 

1.473±0.301s vs. 0.576±0. 091s, respectively; n=14-15 per genotype; student’s t-test, p=0.010), 

suggesting sexual dimorphism in cold sensitivity responses between TCRδ+/+ mice.  

In addition to the previous behavioural tests used to measure thermal responses, the cold and hot 

plate tests were performed to assess cold and heat responses at specific temperatures. In this test, mice are 

placed onto a platform set at a specific temperature and the time to response measured. Many ion 

channels, particularly those sensitized by inflammatory mediators (e.g. transient receptor potential 

[TRP]A1, TRPV1, and TRPM8) are temperature sensitive [90]. Therefore, sensitivity to thermal stimuli 

over a range of temperatures was assessed for cold (0°C) and heat (50°C, 52°C or 55°C). Male TCRδ+/+ 

(n=7-11), TCRδ+/- (n=8-15), and TCRδ-/- (n=6-12) mice did not show any significant differences at 0°C, 

50°C, 52°C or 55°C in the time to first response (Figure 6A; one-way ANOVA, p³0.193 for all 

temperatures) nor the time to first jump (Supplemental Figure 1A; one-way ANOVA, p³0.444). Female 

TCRδ+/+ (n=12-17), TCRδ+/- (n=6-13), and TCRδ-/- (n=6-13) mice did not show any differences in 

response time to flinch or jump at 0°C for cold sensitivity (Figures 6B and Supplemental Figure 1B; 

one-way ANOVA, p³0.099) nor at 50°C or 52°C for heat sensitivity (Figures 6B and Supplemental 

Figure 1B; one-way ANOVA, p³0.436). However, there was a significant group effect between the three 

groups of female TCRδ mice at 55°C for the time to first response (Figure 6B; one-way ANOVA, 

p=0.039). A longer response time was observed in TCRδ-/- relative to both TCRδ+/+ and TCRδ+/- female 

mice (21.426±2.282s vs. 17.056±1.607s and 14.968±2.683s, respectively). Additionally, the time to first 

jump was not significantly different in female mice at 55°C (Supplemental Figure 1B; one-way 

ANOVA, p=0.129).  
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Figure 3. Mechanical sensitivity of naïve TCRδ mice.  
Mechanical sensitivity was measured in naïve TCRδ mice, assessed using the von Frey assay. (A) Male 
TCRδ mice did not show a significant difference in their average threshold responses (F(2,52)=0.928, 
p=0.402; n=17-22 per genotype). (B) Female TCRδ mice did not show a significant difference in their 
average threshold responses (F(2,46)=1.325, p=0.276; n=15-18 per genotype). Data is represented as the 
mean ± standard error of the mean; all data was analyzed using one-way ANOVA. 
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Figure 4. Thermal (heat) sensitivity of naïve TCRδ mice.  
Thermal (heat) sensitivity responses of naïve TCRδ mice, assessed using the Hargreaves radiant heat test. 
(A) Male TCRδ mice did not show a significant difference in their average latency to response 
(F(2,52)=2.569, p=0.086; n=17-19 per genotype). (B) Female TCRδ mice did not show a significant 
difference in their average latency to response (F(2,46)=0.390, p=0.679; n=15-18 per genotype). Data is 
represented as the mean ± standard error of the mean; all data was analyzed using one-way ANOVA. 
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Figure 5. Thermal (cold) sensitivity of naïve TCRδ mice.  
Thermal (cold) sensitivity responses of naïve TCRδ mice, assessed using the acetone test. (A) Male TCRδ 
mice did not show a significant difference in their time spent licking and biting (in seconds; 
F(2,43)=0.406, p=0.669; n=14-16 per genotype). (B) Female TCRδ mice did not show a significant 
difference in their time spent licking and biting the hind paw after application of acetone (F(2,33)=0.279, 
p=0.758; n=10-15 per genotype). Data is represented as the mean ± standard error of the mean; all data 
was analyzed using one-way ANOVA.  
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Figure 6. Time to first response to thermal cold and heat sensitivity of naïve TCRδ mice using the 
hot/cold plate test.  
Thermal cold (0°C) and heat (50°C, 52°C and 55°C) sensitivity responses of naïve TCRδ mice were 
assessed using the cold and hot plate test. (A) Male TCRδ mice did not show a significant difference in 
their time to first response (n=6-15 per genotype; p³0.193 for all temperatures). (B) Female TCRδ mice 
did not show a significant difference in their time to first response at 0°C, 50°C and 52°C (n=6-17 per 
genotype; p³0.099 for all temperatures). Female mice did however show a significant effect at 55°C 
(F(2,37)= 3.541l, p=0.039; n=11-17 per genotype). Data is represented as the mean ± standard error of the 
mean; data was analyzed using one-way ANOVA. TCRδ+/+ are shown in black, TCRδ+/- are shown in blue 
and TCRδ-/- are shown in red.  
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4.3 Formalin-induced Inflammatory Pain Hypersensitivity in TCRδ Mice 

To investigate the role of gd T cells in modulating acute inflammatory pain hypersensitivity, the 

formalin test was used in TCRδ male and female mice. This pain test uses the intraplantar injection of a 

5% formalin solution to assess time to response during the acute phase (0-10min) and tonic phase (10-

60min). The average time spent licking and biting the ipsilateral hind paw was assessed for each genotype 

and sex over 5-minute intervals for a total of 60 minutes (see Figure 7A). The first timepoint, denoted 

“5”, represents the average response time from the time of injection 0:00 to 4:59; “10” represents the 

response time from 5:00 minutes to 9:59; and so on. 

An average licking/biting response of male TCRδ mice was calculated every five minutes, as 

shown on the time-course graph in Figure 6. The difference in mean values between male TCRδ+/+, 

TCRδ+/- and TCRδ-/- was not statistically different over the 60 minute duration of the test (Figure 7A; 

n=6-9 per genotype; two-way repeated measures (RM)-ANOVA, p(group)=0.390)1; the difference 

between groups over time also did not show a significant interaction (p(group x time)=0.476)2. The acute 

phase responses did not exhibit a difference in between female TCRδ strains (Figure 8A; n=6-9 per 

genotype; one-way ANOVA, p=0.843). While male TCRδ-/- showed a lower response time than TCRδ+/+ 

and TCRδ+/- mice in the tonic phase (42.604±5.069s vs. 53.170±6.428s and 58.851±5.534s, respectively), 

this effect was not significant (Figure 8A; n=6-9 per genotype; one-way ANOVA, p=0.148).  

The assessment of hypersensitivity in female TCRδ mice after formalin treatment revealed a 

similar pattern as that observed in males. There was no significant effect between either strain over the 60 

minutes after intraplantar injection of formalin (Figure 7B; n=8-13 per genotype; two-way RM ANOVA, 

p(group)=0.532 and p(group vs. time)=0.353). The time spent licking and biting the injected hindpaw in 

the acute (0-9:59 minutes) and tonic phase (10-60 minutes) also did not show a significant difference in 

                                                
1 p(group) stands for the statistical difference in mean values among the different levels of groups 
(TCRδ+/+, TCRδ+/- and TCRδ-/-).  
2 p(group x time) stands for the statistical difference in the mean values among the different levels of 
groups with the dependent variable of time.  
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female TCRδ mice (Figure 8B; n=8-13 per genotype; one-way ANOVA, acute phase p=0.805 and tonic 

phase p=0.556). Together, these results once again indicate that γδ T cells do not play a role in formalin-

induced, acute inflammatory pain.  
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Figure 7. Time-course of hypersensitivity responses in TCRδ mice following formalin treatment.  
Formalin-induced hypersensitivity was assessed by measuring the time spent licking and biting (in 
seconds) in male and female TCRδ+/+ (•), TCRδ+/- (•) and TCRδ-/- (•) mice. (A) Male TCRδ mice did not 
exhibit a significant difference in their time spent licking and biting (in seconds) in response to 5% 
formalin treatment (F(2,19)=0.989, p(group)=0.390; F(2,209)=0.992, p(group x time)=0.476; n=6-9 per 
genotype). (B) Female TCRδ mice also did not exhibit a significant difference in their time spent licking 
and biting (in seconds) in response to 5% formalin treatment (F(2,29)=0.646, p(group)=0.532; 
F(22,319)=1.093, p(group x time)=0.353; n=8-13 per genotype). Data is represented as the mean ± 
standard error of the mean; all data was analyzed using two-way RM ANOVA.  
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Figure 8. Acute and tonic hypersensitivity responses in TCRδ mice following formalin treatment.  
Formalin-induced hypersensitivity was assessed by measuring average time spent licking and biting (in 
seconds) within the acute (0-10min) and tonic (10-60min) phases of the test. (A) Male TCRδ mice did not 
exhibit a significant difference in total time spent licking and biting the affected footpad during the acute 
(F(2,41)=0.171, p=0.843) or tonic phase (F(2,217)=1.931, p=0.148; n=6-9 per genotype). (B) Female 
TCRδ mice also did not exhibit a significant difference in total time spent licking and biting the affected 
footpad during the acute (F(2,59)=0.218, p=0.805) or tonic phase (F(2,307)=0.589, p=0.556; n=8-13 per 
genotype). Data is represented as the mean ± standard error of the mean; all data analyzed using one-way 
ANOVA. TCRδ+/+ are shown in black, TCRδ+/- are shown in blue and TCRδ-/- are shown in red.  
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4.4 Post-incisional Pain Hypersensitivity in TCRδ Mice 

Plantar incisional wound (IW) is a commonly used and physiologically-relevant model of acute 

(< 7 days) inflammatory pain [54]. Following plantar IW surgery, measurements were taken to assess 

mechanical and thermal hypersensitivity using the von Frey assay and the Hargreaves radiant heat at 3 

and 6 hours, and 1, 2, 3, 4 and 7 days post-surgery.  

The assessment of mechanical hypersensitivity in male TCRδ mice showed no significant 

difference in the average threshold response over 7 days following surgery (Figure 9A; n=7-10 per 

genotype; two-way RM ANOVA, p(group)=0.613 and p(group x time)=0.064). The same is observed in 

female mice, who do not show a significant effect for mechanical hypersensitivity following incisional 

wound (Figure 9B; n=8-12 per genotype; two-way RM ANOVA; p(group)=0.644 and p(group x 

time)=0.942).  

Similarly, the average latency to response was assessed in TCRδ mice after IW using the 

Hargreaves radiant heat test. Male mice did not show a significant difference in the average latency to 

response following tissue injury (Figure 10A; n=7-10 per genotype; two-way RM ANOVA; 

p(group)=0.082 and p(group x time)=0.215). Furthermore, female mice also did not show an effect for 

thermal heat hypersensitivity after IW surgery (Figure 10B; n=8-12 per genotype; two-way RM 

ANOVA; p(group)=0.198 and p(group x time)=0.675). These results suggest that gd T cells are not 

necessary for modulating mechanical or thermal hypersensitivity in tissue-injured mice.  
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Figure 9. Time-course of mechanical hypersensitivity responses in TCRδ mice following IW.  
Mechanical hypersensitivity was assessed following incisional wound by measuring the 50% threshold 
response in male and female TCRδ+/+ (•), TCRδ+/- (•) and TCRδ-/- (•) mice. (A) Male TCRδ mice did not 
exhibit a significant difference in their threshold response following incisional wound over 7 days 
(F(2,22)=0.500, p(group)=0.613; F(14,154)=0.163, p(group x time)=0.064; n=7-10 per genotype). (B) 
Female TCRδ mice also did not exhibit a significant difference in their threshold response following 
incisional wound (F(2,27)=0.447, p(group)=0.644; F(14,189)=0.480, p(group x time)=0.942; n=8-12 per 
genotype). Data is represented as the mean ± standard error of the mean; all data were analyzed using 
two-way RM-ANOVA. 
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Figure 10. Time-course of thermal heat hypersensitivity responses in TCRδ mice following IW.  
Thermal heat hypersensitivity was assessed by measuring the average latency to response in male and 
female TCRδ+/+ (•), TCRδ+/- (•) and TCRδ-/- (•) mice using the Hargreaves radiant heat test. (A) Male 
TCRδ mice did not exhibit a significant difference in their latency to response following incisional wound 
over 7 days (F(2,22)=2.807, p(group)=0.082; F(14,154)=1.297, p(group x time)=0.215; n=7-10 per 
genotype). (B) Female TCRδ mice also did not exhibit a significant difference in their latency to response 
following incisional wound (F(2,27)=1.723, p(group)=0.198; F(14,189)=0.794, p(group x time)=0.675, 
n=8-12 per genotype). Data is represented as the mean ± standard error of the mean; all data were 
analyzed using two-way RM-ANOVA. 
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4.5 Complete Freund’s adjuvant pain hypersensitivity in TCRδ male mice  

Intraplantar injection of complete Freund’s adjuvant (CFA) is a commonly used model of chronic 

inflammatory pain. Unlike the IW model, CFA injection can cause a pain response that lasts greater than 

7 days. It is therefore thought to model a chronic form of inflammatory pain. Mechanical and thermal heat 

responses were measured at 3 and 6 hours, and 1, 2, 3, 4 and 7 days post-injection using the von Frey 

assay and Hargreaves radiant heat test, respectively.   

Assessment of mechanical hypersensitivity following CFA treatment in male mice identified no 

significant differences between TCRδ strains (Figure 11A; n=9-12 per genotype; two-way RM ANOVA; 

p(group)=0.833 and p(group x time)=0.226). Similarly, the assessment of thermal heat hypersensitivity 

following CFA treatment was examined. As with the mechanical response, the average latency to 

response did not differ significantly between strains (Figure 11B; n=9-12 per genotype; two-way RM 

ANOVA; p(group)=0.103 and p(group x time)=0.939). Overall, these results show that γδ T cells do not 

modulate inflammatory pain hypersensitivity in male mice following CFA treatment.  
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Figure 11. Time-course of mechanical and thermal heat hypersensitivity responses in TCRδ mice 
following intraplantar CFA injection.  
Mechanical and thermal heat hypersensitivity were assessed using the von Frey assay and Hargreaves 
radiant heat test in male TCRδ+/+ (•), TCRδ+/- (•) and TCRδ-/- (•) mice. (A) Male TCRδ mice did not 
exhibit a significant difference in their 50% threshold following CFA injection over 7 days 
(F(2,30)=0.183, p(group)=0.833; F(14,210)=1.274, p(group x time)=0.226; n=9-12 per genotype). (B) 
Male TCRδ mice also did not exhibit a significant difference in their latency to response to a heat 
stimulus (F(2,31)=2.423, p(group)=0.103; F(14,209)=0.487, p(group x time)=0.939; n=9-12 per 
genotype). Data is represented as the mean ± standard error of the mean; all data were analyzed using 
two-way RM ANOVA.  
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Chapter 5 

Discussion 

 

Previous studies have considered the role of various immune cell types in pre-clinical models of 

inflammatory pain hypersensitivity [5, 106], however, this study is the first to consider the role of gd T 

cells. This study assessed the role of gd T cells in three mouse models of inflammatory pain: formalin, 

plantar IW and CFA. In male TCRd mice, the results demonstrated that gd T cells are not necessary for 

the modulation of mechanical, thermal or spontaneous hypersensitivity in any of the three models of 

inflammatory pain examined. Similar results were seen in female TCRd mice assessed after formalin 

treatment and IW surgery. Due to challenges with breeding as well as time constraints, female mice were 

not examined using the CFA model. Future experiments in female mice using this model, however, are 

necessary to fully establish whether gd T cells play a role in chronic inflammatory pain conditions. 

Furthermore, behavioural nociception assays for mechanical and thermal sensitivity revealed that these 

cells are not important for modulating pain sensitivity in naïve mice, with the exception of female mice at 

55°C using the hot plate test.  

 

5.1 Variable Responses to Specific, Noxious Heat Stimuli by Female Naïve TCRδ Mice  

 gd T cells did not demonstrate an important role in thermal heat sensitivity during the Hargreaves 

radiant heat test (48°C±1°C) or at 50°C and 52°C (±0.5°C) during the hot plate test in naïve female mice. 

Unexpectedly, female TCRd-/- mice did have a greater latency to the first response than TCRd+/+ and 

TCRd+/- mice when stimulated at 55°C using the hot plate test (Figure 6B). As previously described, 

noxious thermal stimuli are sensed through TRP channels. TRP channels are primarily known for their 

involvement in thermal heat sensitivity and are each activated over a range of temperatures [154]. 

Initially, we believed that gd T cells may be modulating the activation of thermal heat sensitivity through 
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TRPV1 and TRPV2, which are activated at approximately 42°C and 52°C, respectively [22, 155]. 

Therefore, if thermal heat sensitivity in TCRd female mice is dependent on the activation of TRPV1, then 

we would expect to see a difference in nociceptive behaviours with other hot plate temperatures tested 

(e.g., 50°C and 52°C) as well as with the Hargreaves radiant heat (~48°C). Thus, the difference between 

female TCRd strains at 55°C is likely not due to TRPV1 activation. Studies have demonstrated that 

TRPV2 is activated at temperatures greater than 52°C [156], thereby lending strength to the possibility 

that thermal heat sensitivity in female TCRd mice is dependent on TRPV2. There is contradictory 

information in the literature regarding the role of TRPV2 in heat mediation, however, as a study from 

2011 demonstrated, using TRPV2 knock-out mice, that TRPV2 is not a thermal heat or mechanical sensor 

[157]. Thus, the evidence for TRPV2 activation is contradictory and warrants further investigation.   

Another possibility may be that gd T cells are acting directly or indirectly on nociceptors through a TRP-

independent pathway to modulate thermal heat sensitivity under homeostatic conditions. For instance, 

mediators involved in the “inflammatory soup” may be underlying these effects. Many neuropeptides 

have been linked to the function and activation of primary afferent nociceptors, one of which is calcitonin 

gene-related peptide (CGRP). Previous studies have shown that CGRP is not necessary for an acute 

sensitizing effect on peripheral nociceptors in the skin [158-161]. However, a study by Mogil and 

colleagues in 2011 demonstrated that CGRP is important for differences between several different 

commonly studied laboratory strains of mice in their response to noxious thermal stimuli [162]. 

Specifically, this study showed that strain differences in behavioral response to noxious heat could be 

abolished by peripheral injection of CGRP, blockade of cutaneous and spinal CGRP receptors, or long-

term inactivation of CGRP. It should be noted that these studies did not assess for this effect in TCRd 

mice. To this end, reproducing this experiment is necessary before any definitive conclusions can be 

made  
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5.2 Male and female TCRδ mice differ in response to cold stimuli during the acetone test  

In terms of sensitivity to cold stimuli, a difference in licking/biting response times between 

TCRd+/+ male and female strains is seen during the acetone test. Although a difference in cold sensitivity 

at 0°C using the cold plate test was not observed, male and female mice did differ significantly in their 

response to an acetone stimulus. A possible reasoning for this differences in TCRd+/+ response to acetone 

may be linked to the findings from Sorge and colleagues (2015). This study suggested that T lymphocytes 

may be a critical component of the microglia-independent pain pathway seen in female mice after 

peripheral nerve injury [74]. Specifically, they proposed that T lymphocytes modulate pain 

hypersensitivity in females using peroxisome proliferator-activated receptors (PPARs), a nuclear receptor 

family. Studies have shown that PPARa and PPARg, subtypes of this receptor population, are 

differentially expressed in male and female mice, respectively [163] and they are capable of interacting 

with inflammatory cytokines [164]. Importantly, PPARg agonists have been shown to attenuate pain 

hypersensitivity in female mice only [74]. Additionally, they have demonstrated a role in inflammatory 

pain through non-genomic transcription-independent mechanisms [165]. For these reasons, it could be 

postulated that the difference in female and male TCRd+/+ mice may be due to the activation of a T cell-

PPARg mediated pathway. While the relationship between PPARg and gd T cells has not yet been 

considered, the difference seen between TCRd+/+ mice warrants further investigation of the sexual 

dimorphism of the mechanism underlying cold sensitivity.  

 

5.3 Limitations of the Study  

The results of this study present clear evidence that gd T cells are likely not involved in 

modulating inflammatory pain responses in mice. Although measures were taken to minimize any 

confounding variables from this study, there are a number of limitations that must be considered. An 

important limitation that may have contributed to the behavioural pain sensitivity responses observed was 

the construction of the animal facility and building as a whole from July to October of 2017. The noise 
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and vibration from construction work (e.g., drilling) resulted in a noticeable increase in stress of the mice 

within the animal care facility. Heightened stress levels were inferred by the increased self-grooming in 

all mice and the increased cannibalistic behaviour in breeder mice during these months. Although 

measures were taken to reschedule the experiments for times during which construction was not taking 

place, the overall stress levels of the mice were augmented during these months, which may have altered 

the results. Lending strength to this, it has been demonstrated that stress can induce allodynia in mice 

[166-168]. To control for variability in the responses observed during periods of construction, notes were 

taken on each day of construction. Time, duration, intensity, noise level and any unusual behaviours from 

the mice were recorded. Many of the pain models were conducted around this time, therefore 

comparisons of baseline sensitivity were conducted to detect significant variability between cohorts of 

mice before and during construction of the building, and none were found. However, it is not possible to 

guarantee that the behavioural hypersensitivity responses after tissue injury or treatment of male and 

female TCRd mice were only due to the applied stimulus and not heightened due to stress. It is plausible 

that TCRd mice may have been more responsive to the mechanical or thermal stimuli because their stress 

levels were heightened.  

 The behavioural nociception tests used in this study are observer-dependent, which makes them 

to some degree, subjective measures of hypersensitivity. While consistency between individual 

measurements and cohorts of mice were sustained to the best of our ability, the observed behaviours 

recorded and analyzed are inherently variable between individual mice. For instance, we cannot guarantee 

that the reaction time of the experimenter for the Hargreaves and hot/cold plate tests was precisely the 

same for every measure taken.  

Furthermore, experimental error was introduced with respect to licking and biting reaction times 

during the acetone test and hot/cold plate test. To maintain consistency, the same stop watch was used to 

obtain the measured response times, however it is possible that it took longer to push down on the 

stopwatch buttons than other times. To eliminate human bias and experimental errors in future studies, 
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more observer-independent methods should be developed and introduced for studies which assess thermal 

and mechanical sensitivity in mice.  

  Yet another potential source of error in the naïve acetone test experiments was the smell from the 

acetone. It is possible that some mice displayed an increased response (licking and biting the affected 

paw) to the application of acetone due to a learned behaviour based on the smell of previous applications. 

For this reason, the test may be less specific if both olfaction and cold sensitivity are included in the 

behavioural response. 

 Another limitation during behavioural testing was that the behavioural room was used by multiple 

experimenters with various other strains of male and female mice. Individuals sharing the space were 

instructed to thoroughly clean the equipment after use and to refrain from using perfumed smells on days 

they would be in the animal care facility. Nonetheless, it was difficult to remedy any lingering smells 

from the mice and/or experimenter that previously used the behavioural room besides cleaning the 

equipment once more before use. Therefore, sharing the behavioural room with other experimenters may 

have caused the mice to respond differently due to olfactory stimulation. A solution for part of this issue 

would be to designate male and female behavioural rooms for all of the studies in our laboratory.  

 A final behavioural limitation was the absence of a vehicle group to compare to the mice injected 

with formalin and CFA. A group of control animals injected with saline could have been used to 

strengthen the results presented. A vehicle group was not included in these experiments due to the fact 

that formalin and CFA have been previously shown to induce pain-like behaviours in mice [40], and our 

study was simply interested in assessing differences in hypersensitivity responses between strains of 

TCRd mice. Therefore, control animals injected with saline should have been included to account for 

responses observed due to the pain-inducing compound versus pain from the injection itself.  

Notably, there is an important translational limitation for this study that must be discussed. The 

literature characterizes gd T cells as the dominating immune cell type found in the skin of mice (98% of T 

cells), but this is not the case in humans [112]. In contrast to mouse skin, gd T cells are rarely found in 
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healthy human skin and the dense distribution of epidermal gd T cells that is seen in mouse tissue does not 

exist in human epithelial tissue. gd T cells consists of approximately 1-10% of all epidermal and 2-9% of 

all dermal T cells (CD3+) in human tissue [169-173]. Therefore, if the results had shown a positive 

correlation between gd T cells and inflammatory pain hypersensitivity, it would be difficult to directly 

translate these hypothetical results to a clinical population. Still, the role of gd T cells in inflammatory 

pain is important to consider in order to elucidate the mechanisms modulating inflammatory pain 

processing.  

Lastly, while this study focused on the cellular aspect of inflammatory pain, it is imperative to 

mention that we do not propose deletion of a cell type entirely as a therapeutic to diminish the sensation 

of pain. Cell-depletion strategies used to study inflammatory pain hypersensitivity in pre-clinical rodent 

models are simply a robust way to determine the key players involved. Undoubtedly, inhibiting an entire 

population of immune cells could have detrimental effects on normal tissue homeostasis and would have 

downstream effects in the event of inflammation. Studies have shown in the absence of epidermal gd T 

cells, such as in the TCRd-/- strain, the epidermal layer is populated by ab T cells [174]. Therefore, it is 

likely that compensatory effects occurred in the TCRd-/- strain that may explain the results seen. As 

discussed in Section 4.1, preliminary studies from our laboratory show that gd T cells are not found in the 

same abundance in paw epithelial tissue as previously discussed in the literature for the ear. Collectively, 

the results from this study may be explained by the relatively low numbers of gd T cells observed in 

TCRd+/+ paw tissue. As well, any compensatory effects from ab T cells in the TCRd-/- strain we suspect 

would not change the inflammatory pain outcome based on previous findings from our research group [5]. 

In conclusion, we propose that future studies should continue to strategically target immune cells and 

their secreted factors to provide novel therapeutics for the maintenance of inflammatory pain and to 

prevent the transition from acute pain to chronic pain diseases.  
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5.4 Future Directions   

5.4.1 Further Characterization of gd T cells in Inflammatory Pain Hypersensitivity  

The data presented in this thesis are the first to characterize the role of gd T cells in peripheral 

nociception and inflammatory pain hypersensitivity following tissue insult. Taken together, the results 

demonstrate that the potential of gd T cells as modulators of inflammatory pain hypersensitivity is limited 

at best. To provide a complete characterization of these immune cells in pain, however, there are 

additional experiments which should be conducted.  

To complete the current study, characterization of gd T cells following CFA treatment in female 

mice remains to be done using the same protocol described in Chapter 3, Section 3.4.3. Given the results 

from the other pain models used, we would expect that female TCRd strains do not differ in their 

response to mechanical and thermal heat stimuli following CFA treatment. The results from this 

experiment will determine whether gd T cells contribute to chronic inflammatory pain outcomes in female 

mice.  

Another experiment that could be used to strengthen the current findings would be to assess the 

role of certain key secreted mediators from gd T cells in inflammatory pain conditions. As previously 

mentioned, KGF1/FGF7 and KGF2/FGF10 are secreted by gd T cells following tissue injury and have 

been shown to be necessary for wound healing [146, 148]. Previous studies have used electroporative 

transfection of recombinant KGF/FGF to restore normal wound healing in gd T cell-deficient mice in the 

skin [144]. A future in vivo study could be to transfect recombinant KGF/FGF to wild-type mice and 

compare mechanical and thermal sensitivity responses to a vehicle group (injected with saline) prior to, 

and after, tissue. Based on a study from 2015, it is possible that KGF/FGFs may alter pain outcomes in 

wild-type mice [175]. Using electrophysiological recordings in the spinal cord and intrathecal injections 

for FGF7, this study found that applied FGF7 potentiated formalin-induced nociceptive responses in 

mice, and furthermore they observed significantly reduced acute inflammatory nociceptive responses in 

FGF7-deficient mice [175]. While this study focused on the central effects of FGF7 and ours examined 
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peripheral effects, the inflammatory mediators secreted from gd T cells may still contribute to 

inflammatory pain. Given the complete depletion of gd T cells in our current study, we would postulate 

that other secreted mediators from gd T cells may contribute to peripheral nociception and inflammatory 

pain hypersensitivity, however their contribution may be limited based on our findings.  

Ideally, behavioural sensitivity tests would exclude observer bias and minimize confounding 

variables. Although it is standard in the field to use observer-dependent tests assessing stimulus-evoked 

pain behaviours, there are observer-independent tests that could have been incorporated to make these 

results more robust. The dynamic weight bearing (DWB) system and the use of running wheels can also 

be used as an indication of pain in rodents. DWB is an apparatus that uses an overhead camera and a 

special plate with sensors to measure the amount of weight a mouse places onto each paw as it moves 

around the plate. A change in the amount of weight placed on an affected paw (e.g. by the injection of a 

pain-inducing chemical agent) compared to the contralateral paw or weight of the affected paw prior to 

injury can be used to infer protective, pain-like behaviours in rodents. Running wheels are often used to 

characterize motor function and coordination in rodents. Comparing motor activity before and after tissue 

insult is another way in which observer-independent tests can be used to infer pain sensitivity in the 

affected paw [176], and should be conducted to strengthen the results of this study.  

 Our study focused on the role of gd T cells in the paw for the purpose of studying peripheral 

nociception and inflammatory pain hypersensitivity. However, the role of gd T cells can also be 

considered in other areas of the body where these cells are found, such as the gut. An intraperitoneal 

injection of a pain-inducing compound is one method used in visceral pain models [40]. Following 

injection, rodents will display writhing and guarding pain-like behaviours which can be used as a measure 

of spontaneous pain. gd T cells make up ~20-40% of intestinal intraepithelial T cells [177], which 

warrants a reason to consider the role of gd T cells in visceral pain hypersensitivity. A significant 

contribution in support of this study would be to characterize the role of gd T cells in other types of pain, 

such as visceral pain.  
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5.4.2 Suggested Next Steps for Studying Inflammatory Pain  

While a number of attempts have been made to discover the key players involved in regulating 

peripheral inflammatory pain there is still much work to be done. On a cellular level, studies have mainly 

considered the role of circulating immune cells (monocytes, neutrophils and ab T cells) as key players of 

peripheral inflammatory pain, finding that a specific population of myeloid cells (CD11b+Ly6Clo) regulate 

mechanical hypersensitivity in IW and less so in the CFA model [5]. Additionally, a recent study 

examined the role of skin-resident mast cells and their role in peripheral sensitization and inflammatory 

pain, determining that their role is negligible [106].  

There are, however, several other immune cells that are tissue-resident and activated in the 

inflammatory response, including Langerhans cells, dermal dendritic cells (dDCs), innate lymphoid cells 

(ILCs), B cells, natural killer (NK) cells and gd T cells. Our study has established that gd T cells are not 

necessary for modulating nociceptive behaviours or pain hypersensitivity in naïve mice or following 

injury. It is possible that any of the aforementioned skin-resident immune cells could potentially be 

involved in the inflammatory pain response, but some promising candidates are epidermal Langerhans 

cells (LCs) and dermal dendritic cells. Both populations of dendritic cells are pivotal for initiating the 

innate immune response and have demonstrated a role in wound healing. The evidence is observed in cell 

depletion studies of dendritic cell populations whereby both cells are demonstrated to promote wound 

repair [178-181]. Based on the rationale that wound healing and acute pain resolution are linked, these 

cells may be important in the development and/or maintenance of the pain response during inflammation. 

It should be noted, however, that wound healing is not the only indicator of potential modulators of 

inflammatory pain. Any immune cells that can directly or indirectly act on nociceptors are contenders, 

and therefore should be considered as potential modulators of peripheral inflammatory pain.  

  

 

 



 57 

Chapter 6 

Conclusion  

 

The goal of this study was to characterize peripheral nociception and inflammatory pain 

hypersensitivity in TCRd mice to evaluate whether gd T cells contribute to inflammatory pain. Using 

behavioural nociceptive tests, this study has demonstrated that gd T cells are not necessary modulators of 

peripheral nociception and inflammatory pain hypersensitivity in naïve and injured mice, respectively.  

The nociceptive tests used in this research consisted of exposure to noxious mechanical and 

thermal (hot and cold) stimuli prior to, and after, tissue insult. Peripheral nociception to mechanical and 

thermal stimuli was first assessed in naïve mice TCRd to determine if any differences exist across 

genotypes (i.e., TCRd+/+ versus TCRd+/- versus TCRd-/-). Subsequently, pain hypersensitivity responses 

were assessed across the various genotypes using short-term acute (formalin), acute (IW) and chronic 

(CFA) inflammatory pain models. Naïve and injured male mice displayed no significant differences in 

response times between TCRd strains when noxious, mechanical, or thermal stimuli was applied. 

Likewise, naïve female mice did not differ in their responses to mechanical or thermal cold stimuli, with 

the exception of female TCRd-/- mice, which showed a greater latency to response than the two other 

strains during the hot plate test at 55°C. Furthermore, analysis between sexes showed that TCRd+/+ males 

respond to cold stimuli during the acetone test more quickly than female mice.  

Overall, significant work still remains to be done in order to determine the key players involved 

in modulating inflammatory pain at the cellular level, and many skin-resident immune cells have yet to be 

considered. Future studies should consider the role of other skin-resident immune cells that are known to 

play an important role in the inflammatory response. An understanding of the key players involved has 

the potential to provide insight into novel therapeutic targets.  
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Appendix 

Supplemental Figure 

 

Figure 1. Time to jump to thermal cold and heat sensitivity of naïve TCRδ mice using the cold and 
hot plate test.  
Thermal cold (0°C) and heat (50°C, 52°C and 55°C) sensitivity responses of naïve TCRδ mice were 
assessed using the cold and hot plate test. (A) Male Tδ mice did not show a significant difference in their 
time to jump (n=6-15 per genotype; p³0.444 for all temperatures). (B) Female TCRδ mice did not show a 
significant difference in their time to jump at 0°C, 50°C and 52°C (n=6-17 per genotype; p³0.099 for all 
temperatures). Data is represented as the mean ± standard error of the mean; data was analyzed using one-
way ANOVA. TCRδ+/+ are shown in black, TCRδ+/- are shown in blue and TCRδ-/- are shown in red.  
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