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Abstract 

Neuropathic pain is defined as “pain caused by a lesion or disease of the nervous system”. 

Neuropathic pain conditions are estimated to affect up to 8% of the population worldwide and presently, 

the most common treatment strategies are often ineffective. Opioids, for example, are a “last effort” 

treatment which, when used properly, are only effective at reducing pain, on average, by 20-30%. 

Treatment with opioids however, is problematic not only because of the large number of side effects but 

also because of the high risk of developing tolerance and/or addiction. Thus, new therapeutic options are 

required to treat neuropathic and other chronic pain conditions.  

Clinical studies have recently demonstrated that patients with chronic neuropathic pain often 

exhibit circadian fluctuations in pain intensity, with patients reporting significantly higher levels of pain 

in the evening than during the day. We therefore sought to understand whether a link exists between 

circadian rhythms and somatosensory activity using a mouse model. 

To this end, we used standard behavioural assays to measure mechanical and thermal sensitivity 

in both male and female, naïve and nerve-injured C57BL/6J mice at different times of the day. We found 

a circadian pattern only in the heat sensitivity of naïve animals, with mice displaying a higher sensitivity 

at 9am than at 9pm. Pharmacological characterization of this pattern by intraplantar injection of capsaicin 

suggests that the observed rhythm may be modulated by the transient receptor potential vanilloid 1 

(TRPV1) ion channel, as mice displayed a higher level of sensitivity when injected at 9am than at 9pm. 

Nerve-injured males were found to display a circadian rhythm in mechanical sensitivity (they were more 

sensitive at 9am than at 9pm), while the female data remains inconclusive.   

These results provide evidence that mice display a modality-specific circadian rhythm of pain. 

Future studies will be required to expand on these findings and to elucidate the mechanisms underlying 

the circadian control of pain, both naïve and after injury. The robust rhythm observed, however, does 

provide a foundation upon which future studies can build, with the hope of translating this research from 

bench to bedside.  
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Chapter 1 

Introduction 

1.1 Statement of the Research Problem 

The current treatment options for neuropathic pain are inadequate, leaving many afflicted patients 

with a wide range of unpleasant side effects and/or ineffective pain relief. Clinical studies have 

demonstrated that patients with neuropathic pain report a higher pain intensity in the evening than in the 

morning. The dose of analgesic medication provided to these patients, however, is generally standardized 

regardless of time of day. With the knowledge that pain intensity fluctuates over the course of the day, it 

is reasonable that treatment should vary depending on when pain is known to be greatest (i.e., higher 

doses in the evening) compared to when it is known to be lowest (i.e., reduced doses in the morning). 

Chronotherapy is defined as the treatment of an illness or disorder by taking into account the body’s 

natural rhythms and cycles. A crucial first step in the clinical implementation of chronotherapeutics is the 

demonstration that there is a circadian fluctuation in pain intensity in pre-clinical animal models. 

Furthermore, the elucidation of the mechanism(s) underlying the circadian rhythm in pre-clinical models 

and clinical populations may provide a novel avenue for therapeutic development. In the future, 

chronotherapy, in addition to new therapeutics, will hopefully be able to provide more effective treatment 

for an otherwise devastating condition. The ultimate goal of this thesis and future research is to 

characterize the circadian pain phenotype of naïve and nerve-injured animals, as well as to investigate 

how this rhythm is maintained.  

1.2 Introduction to Pain  

Pain is a ubiquitous sensation dating back thousands of years and across numerous species. The 

International Association for the Study of Pain (IASP) defines pain as “an unpleasant sensory and 
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emotional experience associated with actual or potential tissue damage, or described in terms of such 

damage” [1]. It is important to note that pain is a subjective experience; no two individuals experience it 

in the same way. Furthermore, there are many factors which contribute to pain perception and these can 

vary greatly from person to person.  

In general, individuals learn what pain is through injury-related experiences early in life. 

Evolutionarily, pain serves as a protective mechanism within the environment by allowing one to 

distinguish between safe and potentially harmful situations and behaviours. For example, when a child 

puts his or her hand on a hot stove, the pain experienced causes him or her to remove the hand before 

tissue damage occurs. This experience teaches the child that a hot stove will cause injury and as a result, 

he or she avoids this behaviour in the future. Pain is thus equally unpleasant and essential; it is a 

mechanism for minimizing tissue damage and prolonging survival [2].  

1.2.1 Types of Pain and Etiology 

Under normal circumstances, pain lasts only long enough to allow the individual to remove him- 

or herself from a potentially harmful or dangerous situation. Under abnormal circumstances, however, 

pain lasts longer. Pain can thus be classified into different types based on its duration and the source of 

pain production. In terms of duration, pain can either be acute (lasting less than three months) or chronic 

(lasting greater than three months) [3-4]. Acute pain lasts just long enough for healing to occur and 

normal function to return, thus serving an important purpose because it promotes safe behaviour and 

enables tissue repair [2].  

Chronic pain, in contrast, is considered a disease state, and serves no biological purpose. Chronic 

pain is recognized and defined by IASP as “pain that persists beyond the normal tissue healing time” [5-

6]. Chronic pain presents in a variety of forms and can be caused by innumerable events, including, but 

not limited to, damage to or dysfunction of the nervous system, peripheral tissue damage or inflammation, 
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tumour invasion (i.e., cancer), surgery, and disease (e.g., multiple sclerosis, human immunodeficiency 

virus, etc.) [7].  

Chronic pain can be broken down into several different types (Figure 1) [3]. Nociceptive pain 

occurs due to actual or threatened damage to non-neuronal tissue [1]. This pain is caused by noxious 

stimuli and is transmitted to the brain via pain receptors (nociceptors) from the site of injury. Common 

examples of nociceptive pain include osteoarthritis (OA) and rheumatoid arthritis (RA) [3]. Inflammatory 

pain, by contrast, is pain resulting from tissue injury and inflammation. Tissue injury, which may be 

caused by trauma or disease, typically results in the release of inflammatory mediators that activate cells 

at the site of injury. Nociceptors are among the cells activated by these mediators, and upon activation, 

they subsequently send the pain signal to the brain [8]. In a normally functioning system, inflammatory 

mediators dissipate over time and the pain lessens, which is indicative of healing. Another division of 

chronic pain is neuropathic pain, which is pain caused by a lesion or dysfunction of the nervous system. 

Neuropathic pain can result from a variety of nervous system insults, including multiple sclerosis, spinal 

cord injury, post-herpetic neuralgia, and diabetes [3]. Visceral pain is pain arising from the internal 

organs, such as the pain associated with irritable bowel syndrome or pancreatitis [3]. The final division of 

chronic pain is mixed or dysfunctional pain. The source of this type of pain is usually unknown, or mixed 

in origin. This type of chronic pain includes conditions such as fibromyalgia, complex regional pain 

syndrome, and cancer [3]. 

The various types of pain and the sizeable number of causes for each type makes distinguishing 

between them critical for proper treatment. Proper treatment, however, also depends on the consideration 

of several other factors such as age, sex, and comorbid conditions, among others, which can further 

complicate the diagnosis. Currently, there is no single treatment available for all pain types, and because  
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Nociceptive Inflammatory Neuropathic
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Figure 1. Types of Pain. 

This schematic shows the categorization and breakdown of the different types of pain. Pain is typically 

categorized according to its duration and the source of the pain.  
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of the many variable factors, treating chronic pain generally involves a trial-and-error approach. As such, 

new specialized and individualized therapeutic approaches to treat chronic pain are needed.  

1.2.2 Epidemiology of Chronic Pain 

Pain is the most common reason for emergency department visits [3, 9]. Recent studies have 

estimated that chronic pain affects about 20% of people worldwide [10-13] and about 18.9% of Canadians 

over the age of 18 [14]. The significant proportion of individuals afflicted both nation- and worldwide 

highlights the severity of chronic pain as a societal burden, and urges both the scientific and medical 

communities to fundamentally change the way this disease is treated and managed. Chronic pain is a 

multifaceted disorder that is not only associated with patient disability, but also places considerable strain 

on the health care system and society overall [3, 7, 14].  

Chronic pain is often associated with conditions of aging (i.e., diabetes, cardiovascular disorders, 

arthritis, cancer, etc.) [15]. Therefore, as populations age, the prevalence of chronic pain increases. 

Additionally, the rising rates of obesity contributes to the rise in chronic pain rates, as obesity is 

oftentimes comorbid with chronic pain states [16-17]. Despite the rising prevalence of chronic pain, 

however, there is a critical lack of clinically efficacious therapeutics. With such a large proportion of the 

population affected by chronic pain, novel methods of treatment are imperative. The hope is to alleviate 

suffering and allow individuals to once again become functional and productive members of society.  

1.2.3 Pathophysiology of Neuropathic Pain  

Neuropathic pain is defined by IASP as “pain caused by a lesion or disease of the nervous 

system” [1, 18-20]. The most common causes of neuropathic pain are traumatic, inflammatory or 

dysmetabolic lesions of the nervous system [21]. Damage to the nervous system, either centrally or 

peripherally, generally leads to an acute response characterized by nociceptive pain. This initial phase 

involves inflammation and a restriction in the normal function of the affected area. In most patients, the 
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tissue then heals and normal function returns. In approximately 7-18% of the population, however, pain 

persists despite proper healing; the result is chronic neuropathic pain [23-25].  

Neuropathic pain presents a problem at a number of different levels. At the level of the patient, 

neuropathic pain is an extremely debilitating condition. It is generally severe and unremitting, and 

characterized by symptoms such as allodynia (pain in response to non-painful stimuli), hyperalgesia (an 

increased response to painful stimuli), spontaneous pain, and behavioural disabilities [20-22, 26-28]. 

Neuropathic pain is also largely resistant to over-the-counter analgesics [20, 29]. At the level of society, 

neuropathic pain is problematic because of its profound cost to the healthcare system. The estimated cost 

to the United States is over $100 billion per year [7] in direct healthcare costs and lost work time [3].  

While the external cause of neuropathic pain can, in many cases, be determined, the cellular 

mechanisms underlying neuropathic pain have yet to be fully elucidated. Two of the most widely 

proposed mechanisms for the development and maintenance of neuropathic pain include both central and 

peripheral sensitization. Briefly, these mechanisms lead to abnormal signaling from both intact and 

injured nociceptors, resulting in an amplified response to both painful and non-painful stimuli [22, 29]. 

Unfortunately, while sensitization provides an explanation for the development and maintenance of 

neuropathic pain, it does not clearly point towards a therapeutic target. 

Central sensitization refers to the phenomenon whereby there is an increase in excitatory 

signaling within the dorsal horn neurons of the spinal cord in combination with decreased inhibitory 

signaling [28]. This results in spinal sensitization, leading to increased facilitation of the perception of 

painful stimuli. This generally manifests as an expansion of the affected area, hyperalgesia, and allodynia 

[29]. Peripheral sensitization, in contrast, occurs when, after nerve injury, various inflammatory mediators 

are released from the injured nerve and adjacent immune cells. These mediators have been demonstrated 

to act directly on both dorsal root ganglia (DRG) neuronal cell bodies and axons to reduce the threshold 
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for activation and increase the excitability of the peripheral nerve terminals of nociceptors [28], resulting 

in allodynia and hyperalgesia [25].  

1.2.4 Treatments for Neuropathic Pain 

In general, the drugs currently available for the treatment of neuropathic pain are those which are 

used to treat other disorders and conditions and which have also been demonstrated to be efficacious in 

neuropathic pain patients. These drugs tend to involve the suppression of neuronal activity, and include 

antidepressants, anticonvulsants, opioids, topical agents, receptor antagonists, and various non-drug, 

alternative therapies. The approach typically used in treating neuropathic pain is trial-and-error, as a 

treatment regimen that is effective for one individual may be ineffective for another, even if they both 

present with the same condition. Opioids for example, are a last resort drug for neuropathic pain patients. 

They provide, on average, a 20-30% reduction in pain intensity, but the effects on mood, quality of life, 

and disability are not consistent from patient to patient [29]. Furthermore, opioid use is associated with 

the development of tolerance and/or addiction in some patients, but not others. It is this variability that 

makes the adequate and effective treatment of neuropathic pain so challenging.  

1.2.5 Pain Measurement in Clinical Populations 

Pain is a complex phenomenon, comprised of both a sensory and an emotional aspect. As such, a 

variety of techniques for assessing pain intensity, relief, and other important outcomes have been 

developed [30]. In humans, these tests are mainly subjective, dependent on an individual’s self-report.  

Self-reports typically come in the form of questionnaires and pain scales. As these reports are 

entirely subjective, however, they could be confounded by a variety of external factors such as mood, 

anxiety, depression, etc. [31]. The most commonly used approach for the assessment of pain intensity is 

the numeric rating scale (NRS). Using this scale, patients indicate how intense their pain is from 0-10, 

where 0 indicates “no pain at all” and 10 indicates “the worst pain imaginable.” The visual analog scale 
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(VAS) is similar. The VAS consists of a 10cm line anchored at one end by a label such as “no pain at all” 

and at the other by “the worst pain imaginable”. The patient marks the line to indicate their pain intensity, 

and the administrator converts the mark to a numerical score [32]. While the NRS and VAS are reliable 

methods for obtaining a quick report of pain intensity, they only assess pain in one dimension and thus do 

not provide a comprehensive overview of the pain experienced.  

Methods to assess pain in more than one dimension include, in addition to the NRS or VAS, 

asking the patient to point to the place on the body where they are feeling pain, as well as asking them to 

verbally describe the sensory qualities of the pain [31]. These verbal descriptors help clinicians 

discriminate between pain etiologies (i.e., inflammatory pain versus neuropathic pain). There are also 

multidimensional scales for pain assessment, such as the McGill Pain Questionnaire (MPQ). This 

questionnaire assesses pain in three dimensions: sensory (how the pain feels), affective (how the pain 

makes the patient feel), and evaluative (the overall pain experience) [33]. Additional questionnaires, such 

as the Dartmouth Pain Questionnaire, can be used to supplement the MPQ. The Dartmouth Pain 

Questionnaire assesses three additional factors: a general affective dimension, the time course and 

intensity of pain, as well as behaviours affected by the pain [34].  

The assessment of behaviours affected by pain is critical as interference of pain in an individual’s 

activities of daily living (ADLs) is just as important as pain intensity itself. To evaluate the effect of pain 

on ADLs, clinicians typically rely on activity diaries or the Sickness Impact Profile (SIP). Activity diaries 

are simple to use: the individual records their pain at specified times, as well as their time spent walking, 

sitting, lying down, etc., taking care to note which activities, if any, evoke pain [31]. The SIP, in contrast, 

is a questionnaire that provides a more general indicator of health status and health-related dysfunction 

[31]. Like activity diaries, however, the SIP provides a measure of pain interference with daily activities.  
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In summary, there are numerous scales and questionnaires available to assess an individual’s pain 

experience, and the use of any one in practice requires careful consideration of the type of pain and the 

individual involved. For example, the type of assessment used for an individual presenting with acute 

nociceptive pain will differ from an individual with chronic pain [31]. Similarly, the type of assessment 

used for an adult will likely be different than that for an infant or a toddler. In general, the subjectivity of 

pain makes its measurement in the clinic difficult to generalize, and thus individualized pain assessment is 

warranted.  

1.2.6 Pain Measurement in Pre-Clinical Rodent Models  

To assess pain outcomes in animals, researchers must rely on observer-dependent and observer-

independent tests. The tests typically assess one of the main somatosensory modalities: mechanical or 

thermal (cold/heat) sensitivity. When tests for different modalities are used in conjunction, they provide 

an overall picture of the rodent’s pain phenotype. 

Observer-dependent tests include the von Frey test, the acetone test, the Hargreaves radiant heat 

test, the cold and hot plate tests, as well as the grimace scale, among others. The von Frey test is used to 

assess the sensitivity of an animal to a mechanical stimulus. Calibrated monofilaments are applied to the 

paw of an animal and a response in the form of a lick, shake, or movement away from the filament is 

observed. Using these types of responses to the mechanical stimulus as a measure of sensitivity, the 

lowest filament weight required to cause a response 50% of the time is determined and used as a measure 

of that animal’s threshold.  

The acetone test, widely used to assess cold sensitivity, involves the application of acetone to the 

paw of the animal. The acetone provides a cooling sensation, and the amount of time the animal spends 

responding to the application is used as a measure of sensitivity to cold [35-37].  
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The Hargreaves radiant heat test is used to test sensitivity to a noxious heat stimulus. Mice are 

placed onto a glass surface and a light is shone onto the paw from below. The length of time it takes the 

animal to move away from the stimulus is used as an indicator of the animal’s sensitivity to heat.  

The grimace scale, an assessment of pain using specific facial conformations, is another way for 

researchers to classify the amount of pain an animal is experiencing. The mouse grimace scale consists of 

five facial expressions: orbital tightening, cheek bulge, nose bulge, ear position, and whisker position. 

The presence of one or more of these is scored to provide a measure of pain in mice [38-39].   

The cold and hot plate tests are more specific measures of thermal sensitivity than the acetone or 

Hargreaves radiant heat tests. A plate is either cooled or heated to a specific temperature, and an animal is 

placed onto it. The amount of time that the animal takes to respond and/or jump is recorded and used to 

provide a measure of sensitivity to that specific temperature [40].  

The dynamic weight bearing (DWB) system is an observer-independent behavioural test. This 

apparatus uses an overhead camera and specialized sensors to record the amount of weight a mouse is 

placing onto each paw as it moves around the system’s compartment [41]. A change in the amount of 

weight being applied to a paw is used as an indication of pain.  

Another observer-independent test involves the use of running wheels. The time and distance that 

the average healthy mouse will run when given access to a running wheel has been well-characterized and 

therefore the use of this test to compare motor activity before and after injury provides insight into how 

injury affects motor function. This interference with motor function is taken as an indication of pain [42]. 

When assessing nociception in rodents, as discussed, researchers must rely on external 

observations of animal behaviour; therefore, the pain experienced by the animal can only be inferred. As 

such, when performing such tests, researchers must use a strict set of criteria to define a “response”. In the 

experiments carried out within this thesis, a “response” was classified as any movement away from the 
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stimulus that could not be attributed to normal movement. These responses were taken as an indication of 

discomfort.  

A benefit of using the aforementioned behavioural assays in studies of pain is that the normal 

behaviour of rodents has been well-characterized. Thus, pain outcomes in animals can be measured by 

observing and testing their typical movements and behaviours. If an animal reacts in an atypical way (e.g., 

moving a paw away from a heat source more quickly than expected), then this is an indication that the 

animal is in pain. The behavioural tests performed in this thesis were chosen to assess different 

somatosensory modalities known to be associated with pain. Assessment of sensitivity to these modalities 

both before and after injury allows the determination of how the pain response changes after an injury. 

This allows researchers to focus on elucidating the mechanisms underlying various pain conditions. 

Interestingly, many of the tests performed on rodents are also used in human pain studies (e.g., von Frey 

test, cold and hot plate). Such studies have been reliably used in translation from bench to bedside in both 

mechanistic and therapeutic studies [43-45].  

1.3 Introduction to Chronobiology 

Chronobiology, from the Greek words “chronos” (time), “bios” (life), and “logos” (science), is 

defined as the study of the recurrent biological rhythms that regulate the timing of various life processes 

[46-47]. Examples of rhythmic phenomena studied by chronobiologists include processes such as the 

sleep/wake cycle, respiration, heart rate, blood pressure, smooth muscle tone, mental function, and nerve 

activity [47-49].  

Chronobiological rhythms can be broken down into two main categories. These include rhythms 

with a period (t) that is greater than 6 days in length, and those with a period that is less than 6 days in 

length. The former includes circannual rhythms (t~1 year), circatrigintan rhythms (t~30 days), 
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circavigintan rhythms (t~20 days), and circaseptan rhythms (t~7 days). The latter includes ultradian 

rhythms (t<24 hours), circadian rhythms (t~24 hours), and infradian rhythms (t>24 hours) [46].   

1.3.1 Circadian Rhythms 

Circadian rhythm, from the Latin “circa” (about), and “dies” (a day) refers to a chronobiological 

rhythm with a period of approximately 24 hours [50-51]. Today, the International Committee on 

Nomenclature of the International Society for Chronobiology denotes a circadian rhythm as having a 

frequency of 1 cycle in 24 ± 4 hours [52]. Normally, the 24-hour circadian rhythm temporally follows the 

rotation of the Earth around its axis [53] and uses environmental cues such as light to “reset” itself. This 

ability to reset every 24 hours is referred to as “entrainment”, and when this cannot occur properly, jet-lag 

results. Jet lag, or circadian dysrhythmia, is caused by a shift in the daily rhythm that results in the 

internal circadian clock falling out of sync with the external environmental timing cues received [54].  

Circadian rhythms can be further broken down into two categories: diurnal and nocturnal 

rhythms. Diurnal refers to the rhythm of an organism that is active during daylight hours and is at rest at 

night (e.g., humans). In contrast, nocturnal refers to a rhythm where the organism is at rest during daylight 

hours and is active at night (e.g., rodents). Circadian rhythms are most commonly described with respect 

to the sleep/wake cycle, but have also been demonstrated to be involved in behaviour, locomotor activity, 

regulation of body temperature and metabolism, as well as in the maintenance of cardiovascular, 

endocrine, and digestive functions [55-61]. Additionally, these rhythms have been detected at the 

molecular level; nearly every cell in the body has been found to be equipped with mechanisms for 

maintaining circadian rhythms. Furthermore, circadian rhythms have been shown to be an integral part of 

a number of cellular processes, including, for example, those of the immune system (by regulating the 

levels of inflammatory cells and mediators circulating throughout the body at any given time) [62-64].  
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Circadian rhythms influence nearly every aspect of life, and are crucial for the healthy 

functioning of humans and numerous other organisms. Over the years, there have been massive efforts 

among the scientific community to determine the purpose, control and function of circadian rhythms. 

Significant time has been devoted to studying what occurs when the circadian system malfunctions, as 

well as the role of circadian rhythms in disease. Circadian rhythms have been implicated in several 

diseases, including neurodegenerative disorders [65-71], cancer [72], arthritis [73-74], and pain [75-77].  

1.3.2 Central and Peripheral Control of Circadian Rhythms 

In mammals, circadian rhythms are controlled and maintained by neurons in a region of the 

anterior hypothalamus known as the suprachiasmatic nuclei (SCN). The SCN are located at the base of 

the brain, anterior to the pituitary gland [78] and above the optic chiasm. These tiny nuclei are often 

referred to as the “master pacemaker” of the body and are responsible for entrainment, maintenance, and 

synchronization of robust circadian rhythms. Light, arguably the most important environmental cue for 

synchronizing the circadian clock [79], enters the eye and activates retinal ganglion cells (RGCs) [54, 80]. 

RGCs send the light signals to the SCN via the retinohypothalamic tract, which runs from the retina to the 

hypothalamus via the optic nerve [81-82]. The projections from the retina entrain the SCN neurons, 

allowing them to “reset” each day in alignment with the 24-hour daily rhythm [53, 83].  

In addition to the SCN as a master pacemaker, circadian rhythms are also regulated at the 

peripheral level. Peripheral clocks (i.e., genes which are known to be involved in the maintenance of 

circadian rhythms) exist in nearly every cell of the body and are synchronized by the SCN [48, 57-58, 61, 

74, 79]. Unlike the SCN, however, these clocks are only somewhat autonomous. Many organs and tissues 

can express circadian rhythms when isolated [57], but without input from the SCN, individual cells and 

tissues eventually desynchronize [57, 78]. Thus, for peripheral clocks to maintain circadian rhythms long-

term, they require synchronizing cues [63]. The light signals received by the SCN neurons first 



 

 

 

14 

synchronize the circadian rhythm of the core clock, endowing it with its master pacemaker function. Light 

cues are then translated into signals which are transferred to peripheral targets through a variety of 

mechanisms [53, 55, 63-64, 66, 79]. These signals synchronize peripheral clocks, setting a common 

rhythm and thereby generating an overall circadian rhythmicity in behaviour and physiology [62]. 

1.3.3 Genetic Control of Circadian Rhythms 

At the molecular level, circadian rhythms are controlled by a conserved set of genes (referred to 

as clock genes) and proteins involved in transcriptional-translational autoregulatory feedback loops that 

are cell-autonomous and highly conserved in both SCN neurons and peripheral cells [58, 62, 64, 66, 78, 

81, 84]. These genes and feedback loops are present in almost every cell type and provide a mechanism 

through which the circadian clock maintains its robust 24-hour rhythmicity. In the primary loop, the 

transcription factors CLOCK (circadian locomotor output cycles kaput), or its related gene NPAS2 

(neuronal PAS domain containing protein 2), and BMAL1 (brain and muscle ARNT-like protein 1, also 

known as ARNTL, or aryl hydrocarbon receptor nuclear translocator-like protein 1) form a heterodimer 

that binds to Enhancer box (E-box) elements in the promoter regions of the Period (Per) 1, 2, 3, and 

Cryptochrome (Cry) 1 and 2 genes [55, 60, 62, 66, 74, 81, 85], among others. As the protein levels of 

PER and CRY increase, they begin to associate, forming another dimer which subsequently gets 

translocated to the nucleus. Here, the PER/CRY complex interacts with the CLOCK/BMAL1 complex to 

directly repress CLOCK and BMAL1 function [62, 84]. The degradation of these PER/CRY complexes is 

what allows CLOCK/BMAL1 to begin a new cycle of activation [81]. Thus, circadian timing at the 

molecular level is partially due to the opposing expression of the transcription factors involved in these 

two complexes; when CLOCK/BMAL1 expression is high, PER/CRY is low and vice-versa [62].  

Multiple levels of post-translational regulation provide the mechanism by which the circadian 

clock displays a 24-hour rhythmicity even in the absence of external light cues. This has been repeatedly 
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demonstrated in rodents; when housed in 24 hours of darkness, animals are still able to maintain a steady 

circadian rhythm that is slightly shorter than 24 hours [54].  

1.3.4 Animal Models to Study Circadian Rhythms 

Researchers have developed a variety of techniques and animal models to understand the control 

and contribution of circadian rhythms to various biological functions. Circadian rhythms in rodents are 

often studied by altering the relative ratios of the light/dark cycle. Rodents used in research are typically 

housed on a 12-hour light/12-hour dark cycle (henceforth referred to as LD). Altering this ratio allows for 

the investigation of how changes in light exposure can influence an animal’s behaviour; this is often 

referred to as an animal model of jet-lag [80]. Methods used to directly observe a rodent’s circadian 

rhythm include activity wheels [86] and monitoring the animal’s eating patterns [87]. There are also 

several behavioural tests that assess the animals’ activity levels throughout the day such as home cage 

monitoring and tail suspension [86].  

Furthermore, there are different ways in which the molecular mechanisms underlying circadian 

rhythms can be manipulated in order to study their effects on other systems and behaviours. In animal 

models, it is possible to remove the SCN and subsequently observe how the animal functions without its 

master pacemaker. Such experiments were foundational in the study of the control of circadian rhythms 

[88-91]. Importantly, mice can also be genetically manipulated to have altered circadian rhythms by the 

deletion or mutation of clock genes. These mainly include Bmal1, Clock, Per, and Cry. Such alterations 

can be global (affecting the entire body) or tissue-specific. Global deletion of Bmal1, for example, results 

in arrhythmicity of the SCN, as well as disruptions of cellular clock function, since Bmal1 is a critical 

component of the circadian clock machinery [66]. In contrast, tissue-specific deletion of Bmal1 in non-

SCN areas of the brain and body results in transcriptional arrhythmicity of the affected tissue, but does 

not alter the sleep/wake cycle or behavioural rhythms of the animal [66, 92].  
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Deletion of other circadian genes such as Clock, Npas2, Per, and Cry are also effective in 

circadian rhythm studies but most often require the knockout of two genes. For example, the Clock 

homolog Npas2 is able to compensate for the deletion of Clock, and as such, there is minimal circadian 

dysfunction in a Clock knockout model [93]. Similarly, knockout of Npas2 alone may not be sufficient to 

render a mouse arrhythmic. Bmal1 does not have a corresponding homolog and therefore deletion of this 

gene is most effective at abolishing circadian rhythms [92].  

1.4 Chronobiology of Pain  

Since the early 1900s, scientists and researchers have studied the chronobiology of pain both in 

healthy human volunteers and clinical populations. Studies in the former, however, have provided 

inconsistent findings. Does pain in healthy humans fluctuate throughout the day? The varying results 

within the literature makes it difficult to provide a definitive answer.  

Various conditions known to be associated with pain (e.g., arthritis, cancer, neuropathic pain) 

have demonstrated circadian rhythms, although the results are inconsistent and the mechanism(s) 

underlying these rhythms remains largely unknown. In order to determine if and why these rhythms exist 

in human conditions, as well as how they could be exploited in terms of treatment, researchers have 

turned to pre-clinical models for the study of the circadian rhythm of pain.  

1.4.1 Chronobiology of Pain in Healthy Humans  

Several studies have investigated the circadian pattern of pain in healthy humans, with mixed 

results. Some studies have successfully shown a circadian variation [45, 94-98], while others have not 

[99-107]. For example, studies from 1912 [100] and 1914 [108] in healthy volunteers showed that the 

highest irritability to electrical stimulation occurred around 10:30am, with the lowest between 11:30pm 

and 1:00am, and again between 4:00am and 5:00am. A more recent study aimed to investigate the effect 

of circadian rhythms on three different somatosensory modalities (mechanical, heat, and cold) in forty-
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eight healthy males and revealed a different pattern. The results of the study revealed significant variation 

in pain scores in parameters measuring thermal pain perception. Both heat and cold pain perception was 

found to be reduced in the morning in comparison to the afternoon and evening [45]. The findings from 

this study are consistent with some other studies performed on healthy human volunteers, while 

contradicting others [94, 97-98]. Interestingly, no circadian pattern on mechanical pain perception was 

observed in this study [45], and such observations may explain why some studies have solely focused on 

the circadian rhythms of thermal pain.  

Studies which have solely investigated the circadian pattern of thermal pain perception have also 

demonstrated inconsistencies. One such study in healthy volunteers reported that pain induced by radiant 

heat was highest at 6:30am and lowest at 6:30pm [109-110]. A few years later, a study by Davis and 

colleagues [94] yielded consistent results. Another study, however, observed the opposite pattern [111]. 

Yet another observed no significant circadian differences in pain sensitivity at any time of day [103]. It 

has been suggested that the differing methodologies used in human studies of the circadian rhythm of pain 

has contributed to the different outcomes reported, as nociceptive transmission of each stimulus can vary 

[107]. For example, one of the aforementioned studies induced pain in healthy volunteers using cutaneous 

electrical stimulation of the forearm [111], while another induced pain using contact thermodes placed 

onto the skin [103]. Furthermore, pain is measured in a different part of the body in each study and no 

consistent parameters are used in the quantification and assessment of pain intensity. For these reasons 

and more, amalgamation of results within the literature is difficult. As such, consistent and reliable 

methods for assessing mechanical and thermal pain perception are needed in order to provide more robust 

and generalizable results.  
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1.4.2 Chronobiology of Pain in Clinical Populations 

For decades, circadian rhythms have been recognized to be implicated in inflammatory conditions 

such as arthritis, although different arthritic conditions have been reported to display different rhythmic 

patterns. Patients with RA typically describe their pain as being most intense in the morning, a pattern 

that has been well characterized [112-116]. Studies of OA patients, however, have shown inconsistent 

results, with some studies reporting that patients feel greater pain in the morning [117], while others 

report greater pain in the evening [118-119]. 

The contradictory findings from studies of clinical populations may be related to differences in 

the mechanism of nociceptive transmission involved in each disease state, the parameters used to assess 

pain, or the experimental paradigms used in the study. Furthermore, a large part of the pain experience is 

psychological, and thus, there may be psychological factors involved in a patient’s self-report of pain 

intensity which could influence study results [112].  

More recently, circadian rhythms in neuropathic pain have been described [77] and in general, the 

pattern is opposite to that of nociceptive pain conditions [76-77, 120-121]. Nociceptive pain patients 

typically report peak pain in the morning, whereas neuropathic pain patients report peak pain at night. 

Furthermore, studies have demonstrated that neuropathic pain is most intense during sleeping hours [121-

122]. In a 2006 exploratory analysis of a previous clinical trial, Odrcich and colleagues reported that 

patients with diabetic peripheral neuropathy (DPN) or post-herpetic neuralgia (PHN) experience pain 

which progressively worsens throughout the day [76, 120]. Specifically, pain intensity in the morning was 

33% lower compared to the evening. Interestingly, this pattern of pain progression persisted despite 

various treatment regimens. While treatment with analgesics reduced the amount of pain these patients 

were experiencing, the pain was equally reduced at all timepoints; the circadian rhythm of pain intensity 
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was preserved [76, 120]. Therefore, it is evident that the circadian rhythm of pain is intrinsically 

maintained and consequently, important, but the reason for this has yet to be elucidated.  

In summary, the circadian rhythm of neuropathic pain requires further characterization in order to 

establish the circadian pattern and to elucidate the underlying mechanisms. To do so, researchers have 

moved into pre-clinical animal models in attempts to replicate the findings described and establish what 

role the circadian rhythm plays in pain.  

1.4.3 Chronobiology of Pain in Animal Models 

Many of the tests used to measure hypersensitivity in animal models are similar to those used to 

assess pain in humans (e.g., the von Frey test for mechanical sensitivity, the cold and hot plate tests for 

thermal sensitivity, etc.) [77]. In studies of naïve male mice using the hot plate test, Frederickson and 

colleagues reported that mice on an LD cycle had the greatest threshold to noxious stimuli at the end of 

the rest period, with the lowest threshold at the end of the activity period [123-124]. Consistent with these 

findings, a study of the circadian pain response of naïve female Wistar rats [125] demonstrated that 

female rats showed the highest threshold to thermal noxious stimuli at the beginning of the activity 

period.  

With respect to neuropathic pain, animal models often involve damage to a peripheral nerve [77]. 

In most models, a decrease in both mechanical and thermal thresholds occurs within 7 days of the injury 

[126], but it is unclear if and how these thresholds differ based on time of day. A study by Xia and 

colleagues demonstrated that after nerve injury, rodent pain behaviour exhibits a circadian rhythm with 

thresholds that differed significantly between activity and rest periods [116]. Specifically, higher 

thresholds to mechanical stimuli were observed during the activity period of the mice. Similar results 

were recently reported by Koyanagi and colleagues [127], though the mechanism responsible remains 

elusive. 
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A number of hypotheses have been put forward to explain why animals and humans have a 

circadian rhythm in pain intensity. The strongest involve circadian fluctuations of an endogenous 

molecule such as melatonin, cortisol, or endorphins. Melatonin, a hormone produced by the pineal gland 

at night, is critical for the maintenance of circadian rhythms but has also been demonstrated to have 

analgesic effects in both animals [128-130] and humans [131-132]. Additionally, melatonin has been 

shown to activate the opioid system and influence mechanical pain in rats [133]. Since melatonin levels 

peak in the early morning and taper off as the morning progresses, it is possible that the lower pain scores 

observed in the morning in neuropathic pain conditions may be in part due to melatonin in the system 

interacting with endogenous opioid mechanisms. It is important to note, however, that while some studies 

suggest melatonin as anti-nociceptive, some pre-clinical data has also suggested a pro-nociceptive role for 

melatonin [134]. If this is the case, then it is possible that increased levels of melatonin in the evening 

may contribute to the increased pain intensity reported at this time of day.  

Cortisol is another hormone that displays a circadian rhythm, reaching peak levels in the morning 

[135-137]. Cortisol has anti-inflammatory properties and also interacts with endogenous opioids [138], 

thereby potentially providing an analgesic effect. It is thus possible that elevated levels of cortisol in the 

morning contributes to the reduced pain intensity at this time of day. Further research regarding the 

interactions of these and other hormones with the nervous system is required to increase the 

understanding of the circadian rhythm of pain in healthy animals and humans.  

Endogenous opioids are involved in pain modulation, and these too display a circadian rhythm 

[123]. Endorphins, for example, activate mu opioid receptors (MORs), and show circadian variations in 

their levels throughout the day [139-140]. For example, one study reported that levels of b-endorphin 

were highest around 8:00am, and lowest around 8:00pm [141-142]. If neuropathic pain intensity is 

modulated by b-endorphin, then an increase in systemic opioids would correspond to decreased pain 
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intensity. A study by Frederickson and colleagues provided evidence in support of this idea by 

administering naloxone, a non-selective opioid receptor antagonist, to mice. The study demonstrated that 

naloxone induces hyperalgesia and that this hyperalgesia displays a circadian rhythm [123]. In contrast, 

however, Davis and colleagues subsequently demonstrated that naloxone decreases the circadian rhythm 

of pain sensitivity evoked by electrical stimulation [94].  

Interestingly, a study by Takada and colleagues demonstrated that there also exists a circadian 

rhythm in MOR expression within the periaqueductal gray area of the brain [143], suggesting that the 

circadian fluctuation of receptors may also contribute to the circadian rhythm of pain. In general, the role 

of opioids and their receptors in the circadian rhythm of pain is poorly understood, and this remains an 

open field of investigation. 

1.5 Mechanisms of Nociceptive Transmission 

Pain pathways operate at numerous levels throughout the nervous system. The classical 

mechanism used to describe the processing of most pain starts in the periphery. Painful stimuli are 

recognized by free nerve endings in the skin (known as nociceptors), and the corresponding painful 

sensations are conveyed as electrical impulses along the axons of these nerves. The impulses travel along 

axons and terminate in the DRG. They then ascend through the spinal cord via the anterolateral system 

and are subsequently relayed through the thalamus en route to the cortex [144].  

1.5.1 Modulation and Mediation of Pain via Channels and Nerve Fibers 

The perception, transmission, and modulation of pain is a complex process with the capacity for 

regulation (and dysfunction) at various levels. The main components of the pain pathway are the nerve 

fibers which transmit the signals from the periphery to the brain. These fibers differ in both size and 

degree of myelination. In general, nerve fibers with larger diameters and extensive myelination conduct 

action potentials more quickly than smaller diameter, less myelinated fibers [145].  
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There are two main fiber types involved in the transmission of pain: Ad and C fibers. Ad fibers 

are myelinated and large in diameter, allowing rapid transmission of an electrical signal down the axon. C 

fibers, in contrast, are the smallest type of nerve fiber in the body; they are unmyelinated and transmit 

action potentials slowly. In practice, both Ad and C fibers work together to produce the sensation of pain. 

Nociceptive pain is usually processed in two phases, each of which is characterized by the actions of one 

of the two fibers. The first phase of pain (fast and sharp) is processed by the Ad fibers, while the second 

phase of dull, aching pain is carried by the C fibers. It is important to note that these two types of pain are 

processed differently within the central nervous system [145].  

At the molecular level, noxious stimuli are initially received and processed by ion channels found 

in the cell membranes of nerve fibers. These ion channels recognize various stimuli, including intense 

mechanical stimuli, noxious levels of thermal stimuli, as well as an assortment of chemicals released by 

damaged tissues [145]. Individual fibers, depending on the specific ion channels within their membranes, 

may preferentially respond to one or more types of stimuli. Those which respond to all types of noxious 

stimuli are referred to as polymodal nociceptors. In general, the more myelinated the fibers, the more 

specialized the nociceptor [145].  

In general, different receptors exist for different somatosensory modalities. Mechanical stimuli, 

for example, are recognized by piezo-type mechanosensitive ion (PIEZO) channels [146-147], while 

thermal stimuli are recognized by non-selective cation channels of the transient receptor potential (TRP) 

family. Some of these channels respond to non-painful warm or cold stimuli, while others respond to 

noxious thermal stimuli. Interestingly, these same channels also have binding sites for various botanical 

compounds. For example, the transient receptor potential vanilloid 1 (TRPV1) channel has a binding site 

for capsaicin. It is this property that leads to the warm (and sometimes painful) sensation experienced 

when one eats chili peppers [145].  
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Sodium channels also contribute to the perception and processing of pain. These channels, 

together with the others mentioned, produce nerve impulses [144]. When enough impulses are acquired to 

reach the threshold for an action potential, the nociceptive neuron fires and the electrical signal is sent to 

the DRG, thereby initiating the pain pathway.  

1.5.2 Activation of Channels Involved in the Pain Pathway 

In 2010, Coste and colleagues showed that PIEZO channels are activated by mechanical stimuli 

[146-147]. When exposed to a mechanical stimulus, PIEZO channels open rapidly in a dose-dependent 

manner, thereby allowing ion movement through the channel. This activation is followed by rapid 

inactivation, which stops ion movement and terminates the signal [146-147]. 

TRP channels are known to be activated over a different range of temperatures (Figure 2) and by 

various chemical compounds. The “cold” receptors are transient receptor potential ankyrin 1 (TRPA1) 

and transient receptor potential subfamily M, member 8 (TRPM8). Both channels are activated by varying 

degrees of cold. TRPA1 is also activated by allyl isothiocyanate (AITC), the active compound in mustard 

oil. TRPM8, by contrast is activated by menthol, the active compound in mint. The “heat” receptors 

include transient receptor potential vanilloid 1, 2, and 4 (TRPV1, TRPV2, TRPV4) channels [148].  

As mentioned, sodium channels are also involved in the pain pathway. There are ten different 

isoforms of these voltage-gated channels, and each has a differing level of involvement in pain perception 

and processing. When a nociceptor is stimulated, sodium channels become activated and allow the 

movement of sodium ions across the membrane. This amplifies the current within the axon and increases 

the probability that an action potential will be transmitted. 

1.5.3 The Involvement of Opioid Receptors in the Pain Pathway 

An important aspect of the pain pathway involves endogenous opioids and their receptors. There 

are three types of opioid receptors in the body: mu, kappa, and delta opioid receptors (MOR, KOR, and 
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Figure 2. Thermotransient Receptor Potential (TRP) Channels. 

TRP channels responsible for the mediation of thermal pain display distinct thermal thresholds. Each 

thermoTRP channel is activated along a specific range of temperatures and by specific natural or 

synthetic compounds known to induce specific thermal and pain sensations in humans. Adapted from 

Fernandez-Huertas et al. (2014) [148].  
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DOR, respectively). These receptors, when bound by their respective ligands, produce an analgesic effect, 

leading to decreased pain intensity. A comprehensive analysis of opioid receptor distribution in central 

and peripheral tissues revealed that MOR, DOR, and KOR are expressed at different levels in tissues 

involved in the pain pathway [149]. In the brain, each receptor has a different expression pattern, which 

likely corresponds to its role within the body. For example, MOR is widely distributed throughout the 

entire brain, with the greatest expression in the cerebellum, nucleus accumbens, and caudate nucleus. 

Unsurprisingly, the distribution of MOR is consistent with its known role in pain perception and 

sensorimotor integration [149]. In contrast, DOR is most highly expressed in the cerebral cortex, 

putamen, nucleus accumbens, caudate nucleus, temporal lobe, and hippocampus, consistent with the 

suggested involvement of DOR in motor and cognitive functioning [149]. Finally, KOR is moderately 

expressed across many brain areas, with greatest expression in the putamen, nucleus accumbens and 

caudate nucleus. This is consistent with KOR’s role in feeding, pain perception, and neuroendocrine 

function [149]. All three opioid receptors show moderate expression in the DRG [150], as well as in the 

ascending pathways of the spinal cord [149].  

1.5.4 Circadian Control of Pain Channels 

While it has been recognized that patients with chronic pain conditions have a circadian rhythm 

in their pain intensity, the mechanism by which this rhythm is maintained and regulated remains elusive. 

Interestingly, researchers have noted that several of the channels involved in pain processing and 

transmission show a circadian rhythm within tissues. TRPV1 expression in human esophageal tissue, for 

example, has been demonstrated to fluctuate throughout the day [151]. Trpv2 expression in the SCN of 

mice has also been observed to display a circadian pattern, with levels fluctuating throughout the day 

[152]. Similar results have been found for many of the other nociceptive channels as well.  
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Given that the circadian variation in pain intensity in both healthy and injured humans and 

animals is modality specific (i.e., mechanical versus thermal), it seems plausible that the ion channels 

underlying the perception and transmission of these pain modalities may contribute to the circadian 

rhythm of pain observed. Furthermore, many of these channels and receptors exhibit circadian patterns of 

expression themselves, suggesting that the circadian rhythm of pain may be linked to differential channel 

expression throughout the day. This possibility warrants further investigation.   

1.6 Animal Models to Study Neuropathic Pain 

The need to test more than just acute nociceptive pain urged the development of animal models of 

neuropathic pain [153]. Acute pain was found to be clinically irrelevant, as hypersensitivity to noxious (or 

innocuous) stimuli was the major complaint of neuropathic pain patients.  

In 1974, Wall and Gutnick discovered that peripheral nerve injury generated pathophysiological 

mechanisms distinct from those generated by an acute noxious stimulus [154]. This spurred the 

generation of behavioural models of chronic neuropathic pain, the first of which involved complete 

transection of a major peripheral nerve (typically the sciatic nerve). This lesion denervated the entire 

distal hind limb ipsilateral to the injury [155]. However, a major limitation of this model was that 

researchers had to rely on spontaneous measures of pain outcomes, as application of a stimulus would not 

generate a response [156].  

A breakthrough in the development of neuropathic pain models occurred several years later, when 

researchers discovered that the majority of neuropathic pain patients have a partial nerve injury [153], or 

experience pain resulting from diabetic neuropathy, postherpetic neuralgia, toxic neuropathies, 

compression neuropathies, and/or trauma. These conditions often involve spontaneous stabbing pain, 

burning pain, shock-like pain, as well as mechanical hypersensitivity [157-158]. As a result of this 

discovery, several partial nerve injury models were developed. The most commonly used models include 
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the partial sciatic nerve ligation model [159], the chronic constriction injury (CCI) model [160], the spinal 

nerve ligation model [161], as well as the spared nerve injury (SNI) model [153]. These models have been 

widely used to study a broad range of behaviours, pharmacological responses, and alterations in the 

somatosensory system known to be associated with neuropathic pain [153]. The model chosen for the 

studies described in this thesis is the SNI model. This model was selected for its simplicity, 

reproducibility, and close mimicry of the clinical features of neuropathic pain [153].  

1.6.1 SNI Model of Neuropathic Pain 

The SNI model of neuropathic pain was developed in 2000 by Isabelle Decosterd and Clifford 

Woolf [153]. The model was originally developed in rats, but has since been translated to mice, where it 

produces similar phenotypic outcomes. The SNI model involves severing the common peroneal and tibial 

branches of the sciatic nerve, while sparing the sural nerve. The result is a loss of sensation in the 

corresponding hindpaw, with the exception of the area innervated by the sural nerve (i.e., the lateral 

plantar surface of the hindpaw). The innervated area consequently demonstrates a strong hypersensitivity 

to normally innocuous mechanical stimuli, which is interpreted as allodynia, a cardinal symptom of 

neuropathic pain [153]. Furthermore, this model does not change the animal’s thermal heat threshold; 

however, hyper-responsiveness to suprathreshold heat stimuli as well as hypersensitivity to cold does 

result. These behaviours, taken together, are representative of many clinical symptoms experienced by 

neuropathic pain patients [153, 162], making this a reliable model in the study of neuropathic pain.  

1.7 Circadian Rhythm of Pain as a Novel Therapeutic Avenue 

Currently, the treatments available for chronic pain conditions, including neuropathic pain, are 

inadequate. Often, the medications prescribed for neuropathic pain patients provide little relief with 

numerous unpleasant side effects. Opioids, for example, are one of the most effective drugs for treating 

chronic pain conditions, but opioid use is associated with side effects such as constipation, nausea, and a 
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high risk of developing tolerance and/or addiction. Therefore, new options for pain treatment and 

management are needed now more than ever.  

The current regimen for the treatment of chronic pain is a standard dose of medication provided 

to the patient regardless of time of day. However, studies in clinical populations have demonstrated that 

these patients do not feel pain uniformly throughout the day. One method for reducing side effects and the 

amount of overall medication prescribed would be to employ chronotherapy. Chronotherapy involves 

differential dosing to provide more medication to patients at times of day when it is most needed and less 

medication at times of day when the pain is less intense (i.e., in the evening and morning, respectively, for 

patients with neuropathic pain).   

1.8 Objective, Hypothesis, and Specific Aims 

1.8.1 Objective 

The main objective of this thesis was to characterize the circadian pain phenotype of naïve and 

neuropathic mice at both behavioural and molecular levels in order to provide insight into the 

mechanism(s) underlying the circadian rhythm of pain observed in healthy humans and neuropathic pain 

patients. Ultimately, this work will provide part of the foundation which will eventually inform the use of 

chronotherapeutics in the treatment of neuropathic pain patients.  

1.8.2 Hypothesis  

My hypothesis is that nociception in both naïve and nerve-injured mice exhibits a circadian 

rhythm and that this rhythm may be mediated by circadian fluctuations in channels and receptors known 

to be associated with pain.  
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1.8.3 Specific Aims 

To carry out this study, three specific aims have been designed:  

1) To phenotype the circadian pain behaviour of naïve male and female C57BL/6J mice using 

observer-dependent tests;  

2) To profile the molecular pain response in naïve male and female C57BL/6J mice using 

quantitative polymerase chain reaction (qPCR); and  

3) To phenotype the circadian pain behaviour of nerve-injured (i.e., SNI) male and female 

C57BL/6J mice using observer-dependent tests. 
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Chapter 2 

Materials & Methods 

2.1 Animals 

Male and female C57BL/6J mice were ordered from The Jackson Laboratory (Bar Harbor, ME), 

and used to establish a C57BL/6J colony in-house. C57BL/6 mice were chosen for use because they are 

the most commonly used inbred strain. They are often used for general purposes (as in these studies), but 

are also used to produce many strains of transgenic mice. Furthermore, they breed well and are long-

lived, making them suitable for long-term studies. Mice from the in-house colony, as well as additional 

mice ordered from The Jackson Laboratory (Bar Harbor, ME) throughout the duration of the project, were 

used beginning at 5 weeks of age. Mice were used up to a maximum age of 18 weeks. Animals were 

housed at a maximum of four per cage at 21°C (±1°C) on an LD cycle, where lights are on from 0700h 

(Zeitgeber Time (ZT1) 0) to 1900h (ZT12), and off from 1900h (ZT12) to 0700h (ZT24). Mice were 

allowed access to food (Rodent Diet 5001, LabDietâ, St. Louis, MO) and water ad libitum. 

The mice used in this study were bred and maintained first by myself, and later, by Ms. Cortney 

Haird. All mice were cared for by Animal Care Services at Queen’s University (Kingston, Ontario, 

Canada). All experimental procedures 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.  

                                                        
1 Zeitgeber Time (ZT) is used to refer to the time of day in an artificially produced LD environment. ZT0 
corresponds to the time that the lights turn on (the beginning of the rest period in mice) and ZT12 
corresponds to the time that the light turn off (the beginning of the activity period in mice).  
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2.2 Behavioural Sensitivity Assays 

The behavioural tests performed over the course of the study are also known as nociception 

assays [163]. A nociception assay is used to describe any method used to evaluate the ability of an animal 

to detect and respond to a noxious stimulus such that there is activation of nociceptors. There are a 

number of different assays that may be chosen, and all look for a response from the subject (usually a 

rodent) in the form of licking, biting, withdrawal, movement away from the stimulus, or some other 

indication of discomfort. All assessments of mouse behaviour within one test were carried out by a single 

researcher, in order to maintain consistency between trials, in accordance with the ARRIVE (Animal 

Research: Reporting of In Vivo Experiments) guidelines for pre-clinical research [164]. 

2.2.1 Measurement of Mechanical Sensitivity  

Mechanical sensitivity was assessed throughout the study using the von Frey test, which involves 

differently weighted monofilaments applied to the paw of a subject in order to elicit a response. Mice 

were placed into compartments made of transparent polycarbonate, with black polycarbonate between the 

animals to reduce potential interactions. A maximum of ten mice were assessed at any one time. 

Compartments were placed on top of a wire mesh table (Figure A1, Appendix A) and calibrated von Frey 

monofilaments (North Coast Medical, Gilroy, CA) ranging from 0.07g to 1.4g were applied to the lateral 

plantar surface of the left hindpaw; specifically, the area innervated by the sural nerve. The withdrawal 

threshold of the mice was evaluated using a modified version of the up-down method described by 

Chaplan and colleagues [165]. Using this method, the number of responses out of ten consecutive 

stimulations to the 0.6g filament are first evaluated. Mice that respond to the 0.6g filament less than five 

times are then assessed using the 1.0g and 1.4g filaments, in that order, to determine the weight at which 

the mouse responds at least 50% of the time (³5 out of a maximum of 10 stimulations). This weight is 

recorded as the withdrawal threshold (in grams). Mice that do not respond to the 1.4g filament at least 
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five out of ten times are recorded as having a threshold of 2.0g, a weight which applies enough pressure 

to the paw to lift it off the mesh involuntarily. Mice that respond to the 0.6g filament five or more times 

are tested using the 0.07g, 0.16g, and 0.4g filaments, respectively. If the mouse does not respond at least 

five out of ten times to the 0.4g filament, the threshold is recorded as 0.6g.  

2.2.2 Measurement of Thermal Sensitivity 

Sensitivity to both cold and hot stimuli were assessed using the acetone test and the Hargreaves 

radiant heat test [166], respectively. The acetone test was performed by placing the mice into the von Frey 

apparatus. A syringe was then used to apply a drop of acetone to the lateral plantar surface of the left 

hindpaw. The duration of the response (licking and biting of the paw) was measured and recorded (in 

seconds). After the first application of acetone, at least 15 minutes were given before a second 

application, in order to allow the mice to return to normal activity. A maximum of two measurements 

were taken at any given timepoint. 

A follow-up assessment of cold sensitivity was performed using the cold plate test. A dual 

hot/cold plate (TECA, Chicago, IL; Figure A2, Appendix A) was cooled to either 0°C or 15°C. Mice 

were sequentially placed onto the plate and the length of time to the first response (a visible flinch, lick, 

or shake of either the left or right hindpaws) and the time to jump were recorded (in seconds). At 0°C, the 

mice were placed onto the plate for a maximum of 30 seconds. If mice did not respond, their response 

and/or jump times were recorded as 30 seconds. This procedure was repeated at 15°C; however, mice 

were placed onto the plate for a maximum of 60 seconds.  

Sensitivity to heat was assessed using the Hargreaves radiant heat test. Mice were placed into 

individual transparent polycarbonate compartments on top of the glass table component of the Hargreaves 

apparatus (IITC Life Science, Woodland Hills, CA; Figure A3, Appendix A). The glass was heated to 

(and kept constant at) 29°C. A light source from underneath the glass table was shone onto the lateral 
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plantar surface of the left hindpaw and the length of time to respond (paw withdrawal, shaking of the paw, 

clear movement away from the light source, licking, or biting) was recorded as the latency to response (in 

seconds). Two to five measurements were taken per mouse, with at least five minutes in between 

measurements.  

A follow-up assessment of heat sensitivity was performed using the hot plate test. This test was 

performed in the same manner and using the same apparatus as the cold plate test, a dual hot/cold plate 

(TECA, Chicago, IL) heated to 45°C, 48°C, 50°C, 52°C, or 55°C. At all temperatures, the mice were 

placed onto the plate for a maximum of 30 seconds, or until a jump occurred, whichever came first. If 30 

seconds had elapsed without any response and/or jump, the response time for the corresponding action 

was recorded as 30 seconds.  

2.3 Surgical Techniques 

2.3.1 Spared Nerve Injury 

SNI was performed according to the model developed by Decosterd and Woolf [153, 167]. To 

begin, mice were placed into a well-sealed chamber and anesthetized using isoflurane (Fresenius Kabi 

Canada Ltd., Richmond Hill, ON) delivered in a 100% O2 flow. Mice were anesthetized using an average 

of 1.5% isoflurane adjusted as needed based on individual sensitivity. The depth of anesthesia was 

evaluated by a loss of responsiveness to a pinch of the paw with a pair of forceps. Eye lubricant was 

applied upon the induction of anesthesia and re-applied as required. Mice were monitored regularly 

throughout the surgery. 

Once sedated, the fur on the left hindquarters of the mouse was shaved. The corresponding area 

was disinfected by alternating 100% ethanol and povidone (Rougier Pharma, Mirabel, QC) three times 

each. Next, the skin on the lateral surface of the left thigh was pinched upwards using forceps and cut 

using surgical scissors (Fine Science Tools, North Vancouver, BC). The skin was folded back to reveal 



 

 

 

34 

the underlying tissue. The muscles underlying the skin were teased apart from one another using forceps, 

taking care not to damage or cut any muscle fibers. The three branches of the sciatic nerve were exposed 

and identified. A 6-0 silk suture (Ethicon, Somerville, NJ) was inserted beneath the common peroneal and 

tibial nerves and a double suture knot was made around the two branches of the nerve. Micro scissors 

(Fine Science Tools, North Vancouver, BC) were used to cut the nerve distally, with a 5mm section 

resected so that the nerve could not regenerate. The muscles were then put back into place. Finally, the 

skin was stapled closed and the mouse was placed into a recovery cage on top of a heated disk. 

Immediately following surgery, the mouse was given 1mL 0.9% NaCl subcutaneously. Once the mouse 

had regained consciousness and was mobile again (about 5 minutes following the completion of surgery), 

it was placed back into its home cage. Staples were removed between 7 and 10 days post-surgery and 

mice were monitored throughout the duration of the injury.  

2.3.2 Assessment of Sensitivity to Chemical Stimuli 

To assess the sensitivity of mice to the injection of a TRPV1 or TRPA1 receptor agonist, mice 

were injected intraplantarly in the left hindpaw at ZT2 or ZT14 using 20µL of 100µM capsaicin (TRPV1; 

Sigma-Aldrich, St. Louis, MO) or 20µL of 0.1% AITC solution (TRPA1; Sigma-Aldrich, St. Louis, MO). 

Capsaicin was first re-suspended in 100% ethanol to produce a 300µM stock solution that was then 

diluted using 0.9% NaCl to obtain a final concentration of 100µM. AITC was mixed with dimethyl 

sulfoxide (DMSO) to produce a 1% stock solution. This stock was then diluted using 0.9% NaCl to obtain 

a final concentration of 0.1%. The sensitivity of mice to these injections was assessed by recording the 

amount of time the mice spent biting and licking the injected paw for a ten minute period immediately 

following the injection.  
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2.4 Experimental Protocols 

2.4.1 Naïve Mice 

The pain phenotype of naïve C57BL/6J mice was obtained using a protocol in which mice were 

first habituated to the von Frey and Hargreaves apparatuses (30 minutes in each) twice daily for five days. 

This habituation ensured that any response obtained from the mice during testing was in response to the 

stimulus applied and not to an unfamiliar environment. Following habituation, mice were tested using the 

von Frey, acetone, and Hargreaves tests over the course of three days, three times per day (ZT2, ZT8, and 

ZT14) to obtain measurements of the naïve pain response at different times of the day. The von Frey test 

was performed on each of the three days to obtain three separate values for each timepoint, which were 

then used to obtain a final average number of responses to the 0.6g filament and an average threshold 

value. The acetone test was performed on the second and third days, to obtain a total of four 

measurements which were then averaged to give a response time. Finally, the Hargreaves test was 

performed on the final day of testing; two to five measurements were taken per mouse and then used to 

obtain an average latency to response.  

2.4.2 Spared Nerve Injury Mice 

The pain phenotype of injured C57BL/6J mice was obtained using the well-known SNI model of 

neuropathic pain [153, 167]. Mice were initially evaluated for baseline sensitivity using the protocol for 

naïve mice described previously. Following the acquisition of baseline measurements, mice underwent 

SNI surgery on day 0 at ZT2. Further measurements of sensitivity were taken at days 3, 7, 10, 14, 21, and 

28 post-SNI, using the same timepoints to obtain measurements for the mice over the course of the injury.  
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2.5 qPCR Analyses 

2.5.1 Tissue Collection 

Fresh tissue samples were harvested from naïve C57BL/6J mice at ZT2 or ZT14. Animals were 

euthanized using a final concentration of 10% sodium pentobarbital solution (Bimeda-MTC Animal 

Health Inc., Cambridge, ON) in 0.9% NaCl. Tissues collected from naïve mice for analysis were: left and 

right DRG and spinal cord; specifically, the area of the spinal cord innervating the sciatic nerve. Tissues 

were immediately placed onto dry ice and stored at -80°C until further analysis.  

2.5.2 Total RNA Isolation 

RNase AWAY (Molecular BioProducts Inc., San Diego, CA) was used to de-contaminate all 

benchtops and equipment and care was taken to maintain sterile technique. Tissues were first placed on 

dry ice and forceps were used to transfer the tissues to Reinforced 2mL Bead Mill Tubes (VWR, Radnor, 

PA) filled with a mixture of 1.4mm (~15) and 2.8mm (~5) ceramic beads. QIAzol (QIAGEN, Hilden, 

Germany) was added to each tube (1mL for spinal cord samples; 500µL for DRG samples) and the 

samples were subsequently homogenized using a Bead Ruptor 24 (OMNI International, Kennesaw, GA) 

with the following settings: speed = 5.65 m/s, cycle time = 45 seconds, number of cycles = 2, dwell 

(pause) = 30 seconds. Immediately following homogenization, the tubes sat at room temperature for 5 

minutes. Next, chloroform was added to the samples (200µL for spinal cord samples; 100µL for DRG 

samples) and the tubes subsequently sat at room temperature for 2-3 minutes. Samples were vortexed for 

10-15 seconds, and then centrifuged at 12,000 x g for 15 minutes at 4°C using the Eppendorf Centrifuge 

5427R (Eppendorf, Hamburg, Germany). The upper aqueous phase (containing RNA) was then 

transferred to a new microcentrifuge tube (Fisher Scientific, Waltham, MA) and 2-propanol (Fisher 

Scientific, Waltham, MA) was added (500µL for spinal cord samples; 250µL for DRG samples). Samples 

were then mixed by gently flicking the tube. Samples then sat for 10 minutes at room temperature. Next, 
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the tubes were centrifuged at 12,000 x g for 10 minutes at 4°C. After centrifugation, the 2-propanol from 

each tube was discarded and 100% ethanol was added (1000µL for spinal cord samples; 500µL for DRG 

samples). The samples were then centrifuged at 8000 x g for 5 minutes at room temperature using the 

Eppendorf Centrifuge 5424 (Eppendorf, Hamburg, Germany). Following centrifugation, the supernatant 

was disposed of and 700µL of 100% ethanol was added to each tube. The RNA pellet was re-suspended 

manually by pipetting the ethanol up and down. Once dissolved, the 700µL solution was added to an 

RNeasy spin column in a 2mL collection tube (QIAGEN, Hilden, Germany) and immediately centrifuged 

at ≥8000 x g for 45 seconds at room temperature. The flow-through was discarded and 350µL of Buffer 

RW1 (QIAGEN, Hilden, Germany) was added to the column before another centrifugation at ≥8000 x g 

for 45 seconds at room temperature. Flow-through was discarded and an on-column DNase digest was 

performed using the RNase-free DNase Set (QIAGEN, Hilden, Germany). Specifically, 10µL of DNase I 

(~27 Kunitz units) mixed with 70µL of Buffer RDD was added to the column and left to sit on the 

benchtop for 15 minutes. Next, 350µL of Buffer RW1 was added to the columns and followed by 

immediate centrifugation at ≥8000 x g for 45 seconds at room temperature. Flow-through was disposed of 

and 500µL of Buffer RPE (QIAGEN, Hilden, Germany) was added to each column. The columns were 

again centrifuged at ≥8000 x g for 45 seconds at room temperature. The previous buffer 

addition/centrifugation step was repeated and flow-through was again discarded before columns were 

placed into new microcentrifuge tubes. Tubes were centrifuged at maximum speed for 1 minute at room 

temperature to dry the column membranes. RNase-free water was then added to the columns (50µL for 

spinal cord; 30µL for DRG) and the columns were centrifuged at ≥8000 x g for 1 minute at room 

temperature. Spin columns were then placed into new RNase-free microcentrifuge tubes and the eluate 

was added back onto the columns before repeating the last centrifugation step. Following centrifugation, 

spin columns were discarded, and the microcentrifuge tubes contained the extracted total RNA.  
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Immediately following extraction, quantification for the purity of RNA was performed using a 

Nanodrop 2000 Spectrophotometer (Thermo Fisher, Waltham, MA). RNase-free water (1µL) was used as 

a blank, and 1µL of each sample was subsequently assessed. The 260/280 and 260/230 values were used 

to evaluate the purity of the RNA, with more emphasis placed on the former. A value of ~2.0 for 260/280 

indicated that the RNA was “pure”; for 260/230, a value between 1.8 and 2.2 is pure for nucleic acids. 

Extracted RNA was stored at -80°C until further use. 

2.5.3 Reverse Transcription 

Extracted RNA samples were normalized to a final concentration of 600ng/10µL using diethyl 

pyrocarbonate (DEPC) water. Reverse transcription (RT) was performed using a High Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems, Foster City, CA) in order to convert extracted RNA into 

cDNA. For each reaction performed, a master mix was made using 2µL of 10X RT Buffer, 0.8µL of 25X 

dNTP Mix (100nM), 2µL of Random Primers, 1µL of MultiScribeÔ Reverse Transcriptase, and 4.2µL of 

DEPC water. Normalized RNA samples (each with a volume of 10µL) were subsequently added to 

200µL microcentrifuge tubes (FroggaBio, North York, ON) containing 10µL of master mix. Tubes were 

centrifuged briefly to remove air bubbles and loaded into the Applied Biosystems SimpliAmp Thermal 

Cycler (Applied Biosystems, Foster City, CA). The RT protocol used was as follows: 10 minutes at 25°C, 

120 minutes at 37°C, and 5 minutes at 85°C, before holding at 4°C. cDNA was stored at -20°C until use.  

2.5.4 Introduction to qPCR 

Polymerase chain reaction (PCR) is a molecular technique used to amplify a specific segment of 

DNA across several orders of magnitude. The amplified material is then able to be detected using various 

methods, such as quantitative polymerase chain reaction (qPCR). qPCR is a commonly used method for 

examining the expression of mRNA. It involves the amplification and quantification of a gene of interest 
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in real time. The starting material is pure RNA, which is then converted to cDNA using the enzyme 

reverse transcriptase. cDNA is then added to a reaction with a fluorescent dye and primers for the gene of 

interest. Primers are short strands of RNA that serve as a starting point for DNA synthesis and are 

necessary for any form of PCR. qPCR then proceeds using a specialized program that quantifies the 

amount of RNA present after each reaction cycle. The RNA can then be further quantified using a variety 

of methods. In the present study, relative gene expression was determined using the DDCt method, 

whereby the results from the experimental samples are compared to a reference gene, and the final result 

is expressed as a fold change of the gene of interest to the reference gene. The normalization of each 

target gene to a reference gene within the same sample is important as it corrects for variation in 

efficiency and loading across the wells. 

2.5.5 qPCR Primers 

Primer sequences for the genes Gapdh, Trpv1, Trpv2, Trpa1, Pomc, Dor, Mor, Bmal1, and Clock 

were obtained from previously published sources, and primer pairs were purchased through Integrated 

DNA Technologies (IDT; Coralville, IA). For primer sequences, see Table B1 (Appendix B). DEPC 

water was first added to the lyophilized primer to produce a 100µM stock, then diluted 1:10 before being 

added to the master mix for the corresponding gene. The final concentration of primers per reaction was 

0.083µM.  

2.5.6 Preparation and Run of qPCR Assays 

Using Gapdh as a reference gene, qPCR for each gene of interest was run in duplicate, using: 2µL 

DEPC water, 1µL forward primer, 1µL reverse primer, 6µL SYBR, and 2µL of sample cDNA. Samples 

underwent qPCR using the Bio-Rad CFX96Ô 1000-Series Thermal Cycler (Bio-Rad, Hercules, CA). 

Samples were first pre-incubated at 95°C for 2 minutes. Forty amplification cycles proceeded as follows: 



 

 

 

40 

5 seconds at 95°C, then a touch down to 60°C for 30 seconds. Following each cycle, the software 

collected a fluorescent signal from the amplicons and quantified the amount of mRNA present at each 

step. Upon the completion of the forty amplification cycles, the samples were once again heated to 95°C 

for 5 seconds before cooling to 65°C for 5 seconds. A melt curve analysis was performed prior to cooling, 

with the temperature increasing in 0.5°C increments (5 seconds/increment) until 95°C was reached. The 

melt curve is important as it confirms the presence of a single product and verifies the absence of 

contamination. 

2.6 Statistical Analysis 

All values are presented as mean ± standard error of the mean (SEM). Data was analyzed, where 

applicable, by either an unpaired t-test, a two-way analysis of variance (ANOVA), or by a one- or two-

way repeated measures (RM) ANOVA with a post-hoc Tukey test. For all statistical analyses, p ≤ 0.05 

was considered to be significant. All statistical analyses were performed using SigmaPlot 11.0 (Systat 

Software, San Jose, CA).  
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Chapter 3 

Results 

3.1 Characterization of the Pain Phenotype of Naïve Male C57BL/6J Mice 

Male mice housed on an LD cycle were assessed using a standardized lab protocol in order to obtain a 

phenotypic characterization of the naïve sensitivity response at different times of the day. Mice were 

tested at ZT2, ZT8, and ZT14 for mechanical and thermal sensitivity using the von Frey, acetone, cold 

plate, hot plate, and Hargreaves radiant heat tests.  

Mechanical sensitivity was assessed as the number of responses out of 10 to the 0.6g filament as well 

as the average withdrawal threshold (in grams). When assessed at the three timepoints, naïve male mice 

showed no significant differences in either measure of mechanical sensitivity over the course of the day 

(Figure 3; p > 0.05; n = 22 per timepoint).  

Similarly, the acetone test showed no significant differences among naïve male mice when 

assessed at different times of day (Figure 4; p > 0.05; n = 22 per timepoint). While the acetone test 

provides a measure of the response to a cold stimulus, it is not associated with a specific temperature. 

Therefore, to further characterize the cold response, the cold plate test was performed at ZT2 and ZT14. 

No significant differences were seen in the time to response (Figure 5; p > 0.05; n = 10-12 per timepoint) 

or the time to jump (Figure C1, Appendix C; p > 0.05, n = 10-12 per timepoint) between the two 

timepoints at either temperature assessed. To further verify that there exist no differences in the cold 

sensitivity of naïve male mice, AITC, a TRPA1 agonist, was injected at ZT2 or ZT14. No significant 

differences in the time naïve male mice spent biting and licking their paw was observed between 

timepoints (Figure 6; p > 0.05, n = 10 per timepoint). TRPA1 is a member of the TRP channel family and 

is known to be activated at cold temperatures or by specific chemical compounds such as AITC. The lack   
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Figure 3. Mechanical Sensitivity of Naïve Male C57BL/6J Mice Throughout the Day.  

Mechanical sensitivity scores of naïve male C57BL/6J mice, assessed using the von Frey test. (A) Male 

mice did not show a difference in their number of responses to the 0.6g von Frey monofilament when 

applied to the lateral surface of the left hindpaw 10 times at ZT2, ZT8, or ZT14. Data is represented as 

mean ± standard error of the mean. Data was analyzed by a one-way RM ANOVA (F(2, 19) = 0.265, p = 

0.769). n=22 per timepoint. (B) Male mice did not show a difference in their mechanical threshold, 

assessed using von Frey monofilaments applied to the lateral surface of the left hindpaw at ZT2, ZT8, or 

ZT14. Data is represented as mean ± standard error of the mean. Data was analyzed by a one-way RM 

ANOVA (F(2, 19) = 0.764, p = 0.472). n=22 per timepoint.  

 



 

 

 

44 

 

 

 

 

 

 

 

 

Figure 4. Cold Sensitivity of Naïve Male C57BL/6J Mice Throughout the Day. 

Cold sensitivity scores of naïve male C57BL/6J mice, assessed using the acetone test. Male mice did not 

show a difference in response to a drop of acetone applied to the lateral surface of the left hindpaw at 

ZT2, ZT8, or ZT14. Data is represented as mean ± standard error of the mean. Data was analyzed by a 

one-way RM ANOVA (F(2, 19) = 2.398, p = 0.103). n=22 per timepoint.  
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Figure 5. Response Times of Naïve Male C57BL/6J Mice Using a Cold Plate at Different Times of 

Day. 

Specific responses of naïve male C57BL/6J mice to 0°C (A) or 15°C (B), assessed using the cold plate 

test. Male mice exhibited no difference in response between ZT2 and ZT14 at either temperature tested. 

Data is represented as mean ± standard error of the mean. Data was analyzed using an unpaired t-test 

(0°C, p = 1.000, 15°C, p = 1.000). n=10-12 per timepoint.  
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Figure 6. Response Times of Naïve Male C57BL/6J Mice Injected with a TRPA1 Agonist at 

Different Times of Day. 

Response of naïve male C57BL/6J to the injection of 0.1% AITC, a TRPA1 agonist. Data is represented 

as mean ± standard error of the mean. Data was analyzed using an unpaired t-test (p = 0.576). n=10 per 

timepoint.  
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of response seen here indicates no circadian involvement of TRPA1, an unsurprising finding given that 

neither the acetone nor cold plate tests revealed circadian differences in this modality. 

Naïve male mice did, however, show significant differences in their response to heat sensitivity 

(as assessed by the Hargreaves radiant heat test) between the three timepoints, indicating that they are less 

sensitive to heat stimuli at ZT14 than at ZT2 or ZT8 (Figure 7; p ≤ 0.05; n = 22 per timepoint). To further 

characterize this observed response in heat sensitivity, the hot plate test was performed at ZT2 and ZT14. 

No significant differences in the time to response (Figure 8; p > 0.05; n = 12-15 per timepoint) or the 

time to jump (Figure C2, Appendix C; p > 0.05; n = 12-15 per timepoint) between ZT2 and ZT14 were 

detected at 45°C, 48°C, 50°C, or 52°C. A significant difference in both the time to first response (Figure 

8; p ≤ 0.05; n = 12-15 per timepoint) and time to jump (Figure C2, Appendix C; p ≤ 0.05; n = 12-15 per 

timepoint) was demonstrated at 55°C; naïve male mice took longer to respond and jump at ZT14 than at 

ZT2, indicating a reduced sensitivity to heat stimuli at ZT14.  

To investigate the possible role of TRPV1 in mediating the observed circadian variation in heat 

sensitivity, we injected naïve male mice with capsaicin, a TRPV1 agonist. Mice spent significantly less 

time biting and licking their paw at ZT14 than at ZT2 (Figure 9; p ≤ 0.05; n = 13-15 per timepoint), again 

suggesting a lowered sensitivity to heat at the beginning of the activity period. TRPV1 is another member 

of the TRP channel family, but instead of activation by cold, is known for its activation by noxious heat 

(or by specific compounds like capsaicin). These results support a possible role for the TRPV1 receptor in 

mediating the circadian rhythm of heat sensitivity in naïve male C57BL/6J mice.  

3.2 Characterization of the Pain Phenotype of Naïve Female C57BL/6J Mice 

Female mice were assessed at ZT2, ZT8, and ZT14 for mechanical and thermal sensitivity in the same 

manner and using the same protocol as for male mice. When assessed at these three timepoints, naïve  
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Figure 7. Heat Sensitivity of Naïve Male C57BL/6J Mice Throughout the Day. 

Heat sensitivity scores of naïve male C57BL/6J mice, assessed using the Hargreaves radiant heat test. 

Male mice exhibited a difference in their response to a heat source shone onto the lateral surface of the 

left hindpaw at ZT2, ZT8, or ZT14. Data is represented as mean ± standard error of the mean. Data was 

analyzed by a one-way RM ANOVA (F(2,19) = 28.847, p = <0.001) with a post-hoc Tukey test (ZT2 v 

ZT14, p = <0.001; ZT8 v ZT14, p = <0.001). *** p ≤ 0.001. n=22 per timepoint.  
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Figure 8. Response Times of Naïve Male C57BL/6J Mice Using a Hot Plate at Different Times of 

Day. 

Specific responses of naïve male C57BL/6J mice to various heated temperatures, assessed using the hot 

plate test. Male mice had a difference in response between ZT2 and ZT14 only at 55°C. Data is 

represented as mean ± standard error of the mean. Data was analyzed using a two-way ANOVA (F(4,7-

10) = 10.212, p = <0.001) with a post-hoc Tukey test (55°C, p = <0.001). *** p ≤ 0.001. n=12-15 per 

timepoint. 
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Figure 9. Response Times of Naïve Male C57BL/6J Mice Injected with a TRPV1 Agonist at 

Different Times of Day. 

Response of naïve male C57BL/6J mice to the injection of 100µM capsaicin, a TRPV1 agonist. Data is 

represented as mean ± standard error of the mean. Data was analyzed using an unpaired t-test (p = 0.037). 

* p ≤ 0.05. n=13-15 per timepoint.  
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female mice did not show any significant differences in mechanical sensitivity over the course of the day 

(Figure 10; p > 0.05; n = 21 per timepoint).  

An initial assessment of cold sensitivity demonstrated that naïve female mice did exhibit slight 

but significant differences in their response to the application of acetone over the course of the day 

(Figure 11; p ≤ 0.05; n = 21 per timepoint). Mice spent more time licking and biting their paw at ZT14 

when compared to ZT2 or ZT8, suggesting a slightly increased sensitivity to cold at the beginning of the 

activity period. To further characterize the response to noxious cold stimuli in naïve female mice, the cold 

plate test was performed at 0°C and 15°C. Mice showed no significant differences in the time to first 

response (Figure 12; p > 0.05; n = 10-12 per timepoint) or the time to jump (Figure C3, Appendix C; p > 

0.05; n = 10-12 per timepoint) at either temperature. 

In contrast to male mice, the assessment of heat sensitivity in female mice using the Hargreaves 

radiant heat test showed no significant differences in response over the course of the day (Figure 13; p > 

0.05; n = 21 per timepoint). The hot plate test was then performed at ZT2 and ZT14 in order to further 

characterize the heat sensitivity of naïve female mice. These mice showed no significant difference in the 

time to first response at 45°C (Figure 14; p > 0.05; n = 10-12 per timepoint), but did show significant 

differences in their response times at 48°C, 50°C, 52°C, and 55°C (Figure 14; p ≤ 0.05; n = 10-12 per 

timepoint). A significant difference only in the time to jump between the two timepoints was observed at 

55°C (Figure C4, Appendix C; p ≤ 0.05; n = 10-12 per timepoint).  

3.3 Characterization of the Molecular Pain Phenotype of Naïve Male C57BL/6J Mice 

3.3.1 qPCR Analysis of Trp Channel Genes in Naïve Male DRG and Spinal Cord 

Next, qPCR was performed to assess for any differences in mRNA expression that might exist 

between ZT2 and ZT14 for genes involved in pain. The relative mRNA expression of Trpv1, Trpv2, and 
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Figure 10. Mechanical Sensitivity of Naïve Female C57BL/6J Mice Throughout the Day. 

Mechanical sensitivity scores of naïve female C57BL/6J mice, assessed using the von Frey test. (A) 

Female mice did not show a difference in their number of responses to the 0.6g von Frey monofilament 

when applied to the lateral surface of the left hindpaw 10 times at ZT2, ZT8, or ZT14. Data is represented 

as mean ± standard error of the mean. Data was analyzed by a one-way RM ANOVA (F(2,18) = 0.678, p 

= 0.513). n=21 per timepoint. (B) Female mice did not show a difference in their mechanical threshold, 

assessed using von Frey monofilaments applied to the lateral surface of the left hindpaw at ZT2, ZT8, or 

ZT14. Data is represented as mean ± standard error of the mean. Data was analyzed by a one-way RM 

ANOVA (F(2,18) = 2.258, p = 0.118). n=21 per timepoint.  
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Figure 11. Cold Sensitivity of Naïve Female C57BL/6J Mice Throughout the Day. 

Cold sensitivity scores of naïve female C57BL/6J mice, assessed using the acetone test. Female mice do 

show a significant difference in their response to a drop of acetone applied to the lateral surface of the left 

hindpaw. Data is represented as mean ± standard error of the mean. Data was analyzed by a one-way RM 

ANOVA (F(2,18) = 7.575, p = 0.002) with a post-hoc Tukey test (ZT2 v ZT14, p = 0.003; ZT8 v ZT14, p 

= 0.007). ** p ≤ 0.01. n=21 per timepoint.  
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Figure 12. Response Times of Naïve Female C57BL/6J Mice Using a Cold Plate at Different Times 

of Day. 

Specific responses of naïve female C57BL/6J mice to 0°C (A) or 15°C (B), assessed using the cold plate 

test. Female mice had no difference in response between ZT2 and ZT14 at either temperature tested. Data 

is represented as mean ± standard error of the mean. Data was analyzed using an unpaired t-test (0°C, p = 

0.436, 15°C, p = 1.000). n=10-12 per timepoint.  
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Figure 13. Heat Sensitivity of Naïve Female C57BL/6J Mice Throughout the Day. 

Heat sensitivity of naïve female C57BL/6J mice, assessed using the Hargreaves radiant heat test. Female 

mice do not show a difference in their response to a heat source shone onto the lateral surface of the left 

hindpaw at ZT2, ZT8, or ZT14. Data is represented as mean ± standard error of the mean. Data was 

analyzed by a one-way RM ANOVA (F(2,18) = 0.632, p = 0.537). n=21 per timepoint.  
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Figure 14. Response Times of Naïve Female C57BL/6J Mice Using a Hot Plate at Different Times of 

Day. 

Specific responses of naïve female C57BL/6J mice to various heated temperatures, assessed using the hot 

plate test. Female mice had a difference in response between ZT2 and ZT14 at 48°C, 50°C, 52°C, and 

55°C. Data is represented as mean ± standard error of the mean. Data was analyzed using a two-way 

ANOVA (F(4,5-7) = 4.680, p = 0.002) with a post-hoc Tukey test (48°C, p = 0.001, 50°C, p = 0.050, 

52°C, p = 0.004, 55°C, p = 0.020). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. n=10-12 per timepoint. 
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Trpa1 in DRG and spinal cord was assessed at ZT2 and ZT14. In male DRG, only Trpa1 showed a 

significant difference in expression level between ZT2 and ZT14 (Figure 15; p ≤ 0.05; n = 5 per 

timepoint); Trpa1 was more highly expressed at ZT2 than at ZT14. In male spinal cord, there were no 

significant differences in expression between the two timepoints for any of the genes of interest (Figure 

16; p > 0.05; n = 5 per timepoint). 

3.3.2 qPCR Analysis of Opioid Receptor Genes in Naïve Male DRG and Spinal Cord 

The relative expression of Pomc, Mor, and Dor was assessed in order to investigate a possible 

role for these receptors in the aforementioned circadian variation in heat sensitivity. There were no 

significant differences in the expression level of any of these genes in male DRG (Figure 17; p > 0.05; n 

= 5 per timepoint) or spinal cord (Figure 18; p > 0.05; n = 5 per timepoint).  

3.3.3 qPCR Analysis of Core Circadian Genes in Naïve Male DRG and Spinal Cord 

To confirm the presence of an intact and functional circadian system, the relative mRNA 

expression of Bmal1 and Clock was assessed. In male DRG, no differences in the expression level of 

either Bmal1 or Clock was observed (Figure 19; p > 0.05; n = 5 per timepoint). In male spinal cord, 

however, Bmal1 was found to be significantly more highly expressed at ZT2 compared to ZT14 (Figure 

20; p ≤ 0.05; n = 5 per timepoint). 
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Figure 15. mRNA Expression of Trp Channels in Dorsal Root Ganglia from Naïve Male C57BL/6J 

Mice Using qPCR. 

Relative mRNA expression of various Trp channel genes in naïve male C57BL/6J dorsal root ganglia, 

expressed as a fold change with respect to a reference gene, Gapdh. A difference was observed between 

ZT2 and ZT14 for Trpa1 only. Data is represented as mean ± standard error of the mean. Data was 

analyzed using an unpaired t-test (Trpv1, p = 0.216, Trpv2, p = 0.305, Trpa1, p = 0.009). ** p ≤ 0.01. n=5 

per bar.  
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Figure 16. mRNA Expression of Trp Channels in Spinal Cord from Naïve Male C57BL/6J Mice 

Using qPCR. 

Relative mRNA expression of various Trp channel genes in naïve male C57BL/6J spinal cord, expressed 

as a fold change with respect to a reference gene, Gapdh. No differences were observed in the levels of 

these genes between ZT2 and ZT14. Data is represented as mean ± standard error of the mean. Data was 

analyzed using an unpaired t-test (Trpv1, p = 0.394, Trpv2, p = 0.110, Trpa1, p = 0.198). n=5 per bar.  
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Figure 17. mRNA Expression of Opioid Receptor Genes in Dorsal Root Ganglia from Naïve Male 

C57BL/6J Mice Using qPCR. 

Relative mRNA expression of opioid receptor genes in naïve male C57BL/6J dorsal root ganglia, 

expressed as a fold change with respect to a reference gene, Gapdh. No differences were observed in the 

levels of these genes between ZT2 and ZT14. Data is represented as mean ± standard error of the mean. 

Data was analyzed using an unpaired t-test (Pomc, p = 0.069, Mor, p = 0.165, Dor, p = 0.681). n=5 per 

bar.  
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Figure 18. mRNA Expression of Opioid Receptor Genes in Spinal Cord from Naïve Male C57BL/6J 

Mice Using qPCR. 

Relative mRNA expression of opioid receptor genes in naïve male C57BL/6J spinal cord, expressed as a 

fold change with respect to a reference gene, Gapdh. No differences were observed in the levels of these 

genes between ZT2 and ZT14. Data is represented as mean ± standard error of the mean. Data was 

analyzed using an unpaired t-test (Pomc, p = 0.569, Mor, p = 0.856, Dor, p = 0.985). n=5 per bar.  
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Figure 19. mRNA Expression of Core Circadian Genes in Dorsal Root Ganglia from Naïve Male 

C57BL/6J Mice Using qPCR. 

Relative mRNA expression of core circadian mechanism control genes in naïve male C57BL/6J dorsal 

root ganglia, expressed as a fold change with respect to a reference gene, Gapdh. No differences were 

observed in the levels of these genes between ZT2 and ZT14. Data is represented as mean ± standard 

error of the mean. Data was analyzed using an unpaired t-test (Bmal1, p = 0.093, Clock, p = 0.517). n=5 

per bar.  
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Figure 20. mRNA Expression of Core Circadian Genes in Spinal Cord from Naïve Male C57BL/6J 

Mice Using qPCR. 

Relative mRNA expression of core circadian mechanism control genes in naïve male C57BL/6J spinal 

cord, expressed as a fold change with respect to a reference gene, Gapdh. A difference was observed 

between ZT2 and ZT14 for Bmal1 only. Data is represented as mean ± standard error of the mean. Data 

was analyzed using an unpaired t-test (Bmal1, p = 0.010, Clock, p = 0.898). ** p ≤ 0.01. n=5 per bar.  
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3.4 Characterization of the Molecular Pain Phenotype of Naïve Female C57BL/6J Mice 

3.4.1 qPCR Analysis of Trp Channel Genes in Naïve Female DRG and Spinal Cord 

qPCR was performed to look at the relative mRNA expression of Trpv1, Trpv2, and Trpa1 at ZT2 

and ZT14. None of the Trp channel genes revealed any significant differences in expression level between 

timepoints in DRG (Figure 21; p > 0.05; n = 5 per timepoint) or spinal cord (Figure 22; p > 0.05; n = 5 

per timepoint). 

3.4.2 qPCR Analysis of Opioid Receptor Genes in Naïve Female DRG and Spinal Cord 

The relative mRNA expression of Pomc, Mor, and Dor in DRG and spinal cord were assessed at 

ZT2 and ZT14. There were no significant differences in expression of any of the opioid receptors 

observed in female DRG between timepoints (Figure 23; p > 0.05; n = 5 per timepoint). In the spinal 

cord, however, both Pomc and Mor were significantly more highly expressed at ZT2 than at ZT14 

(Figure 24; p ≤ 0.05; n = 5 per timepoint).   

3.4.3 qPCR Analysis of Core Circadian Genes in Naïve Female DRG and Spinal Cord 

The relative mRNA expression of Bmal1 and Clock was assessed using qPCR. In female DRG, 

only Bmal1 showed significant differences in expression (Figure 25; p ≤ 0.05; n = 5 per timepoint), with 

a greater expression at ZT2 than at ZT14. In spinal cord, both Bmal1 and Clock were significantly more 

highly expressed at ZT2 than at ZT14 (Figure 26; p ≤ 0.05; n = 5 per timepoint).  
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Figure 21. mRNA Expression of Trp Channels in Dorsal Root Ganglia from Naïve Female 

C57BL/6J Mice Using qPCR. 

Relative mRNA expression of various Trp channel genes in naïve female C57BL/6J dorsal root ganglia, 

expressed as a fold change with respect to a reference gene, Gapdh. No differences were observed in the 

levels of these genes between ZT2 and ZT14. Data is represented as mean ± standard error of the mean. 

Data was analyzed using an unpaired t-test (Trpv1, p = 0.063, Trpv2, p = 0.326, Trpa1, p = 0.245). n=5 

per bar.  
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Figure 22. mRNA Expression of Trp Channels in Spinal Cord from Naïve Female C57BL/6J Mice 

Using qPCR. 

Relative mRNA expression of various Trp channel genes in naïve female C57BL/6J spinal cord, 

expressed as a fold change with respect to a reference gene, Gapdh. No differences were observed in the 

levels of these genes between ZT2 and ZT14. Data is represented as mean ± standard error of the mean. 

Data was analyzed using an unpaired t-test (Trpv1, p = 0.299, Trpv2, p = 0.999, Trpa1, p = 0.902). n=5 

per bar.  
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Figure 23. mRNA Expression of Opioid Receptor Genes in Dorsal Root Ganglia from Naïve Female 

C57BL/6J Mice Using qPCR. 

Relative mRNA expression of opioid receptor genes in naïve female C57BL/6J dorsal root ganglia, 

expressed as a fold change with respect to a reference gene, Gapdh. No differences were observed in the 

levels of these genes between ZT2 and ZT14. Data is represented as mean ± standard error of the mean. 

Data was analyzed using an unpaired t-test (Pomc, p = 0.184, Mor, p = 0.811, Dor, p = 0.750). n=5 per 

bar.  
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Figure 24. mRNA Expression of Opioid Receptor Genes in Spinal Cord from Naïve Female 

C57BL/6J Mice Using qPCR. 

Relative mRNA expression of opioid receptor genes in naïve female C57BL/6J spinal cord, expressed as 

a fold change with respect to a reference gene, Gapdh. A difference was observed between ZT2 and ZT14 

for Pomc and Dor. Data is represented as mean ± standard error of the mean. Data was analyzed using an 

unpaired t-test (Pomc, p = 0.041, Mor, p = 0.074, Dor, p = 0.019). * p ≤ 0.05. n=5 per bar.  
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Figure 25. mRNA Expression of Core Circadian Genes in Dorsal Root Ganglia from Naïve Female 

C57BL/6J Mice Using qPCR. 

Relative mRNA expression of core circadian mechanism control genes in naïve female C57BL/6J dorsal 

root ganglia, expressed as a fold change with respect to a reference gene, Gapdh. A difference was 

observed between ZT2 and ZT14 for Bmal1 only. Data is represented as mean ± standard error of the 

mean. Data was analyzed using an unpaired t-test (Bmal1, p = <0.001, Clock, p = 0.914). *** p ≤ 0.001. 

n=5 per bar.  
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Figure 26. mRNA Expression of Core Circadian Genes in Spinal Cord from Naïve Female 

C57BL/6J Mice Using qPCR. 

Relative mRNA expression of core circadian mechanism control genes in naïve female C57BL/6J spinal 

cord, expressed as a fold change with respect to a reference gene, Gapdh. A difference was observed 

between ZT2 and ZT14 for Bmal1 and Clock. Data is represented as mean ± standard error of the mean. 

Data was analyzed using an unpaired t-test (Bmal1, p = 0.006, Clock, p = 0.024). * p ≤ 0.05, ** p ≤ 0.01. 

n=5 per bar.  
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3.5 Characterization of the Pain Phenotype of Nerve-Injured Male C57BL/6J Mice  

Baseline measurements for the mice were obtained prior to SNI; these results were consistent 

with the findings from naïve males. Following SNI at day 0, three nociceptive assays were performed on 

days 3, 7, 10, 14, 21, and 28 post-injury. 

Following injury, male mice demonstrated a significant difference in mechanical sensitivity, both 

in terms of their number of responses to the 0.6g monofilament (Figure 27A; p ≤ 0.05; n = 13 per 

timepoint) and their average threshold (Figure 27B; p ≤ 0.05; n = 13 per timepoint). Male mice were 

observed to display a significant difference in their number of responses to the 0.6g monofilament over 

the course of the day at days 7, 14, 21, and 28 post-injury. On each of these days, the number of responses 

were significantly different between ZT2 and ZT14, and between ZT8 and ZT14 (with the exception of 

day 14). Overall, the number of responses at ZT14 was lower than at the other two timepoints, indicating 

a decreased sensitivity at ZT14 regardless of day after injury. Within the ZT2 and ZT8 timepoints over 

the course of the injury, significant differences in the number of responses were observed. The number of 

responses at ZT14 throughout the injury remained fairly constant, but mechanical sensitivity at the other 

two timepoints increased significantly over the course of the injury when compared to the baseline 

measurements (Figure 27A; p ≤ 0.05; n = 13 per timepoint). 

Similarly, the average mechanical threshold for male mice at different daily timepoints after 

injury showed significant differences. At every assessment day post-injury, mice displayed significant 

differences in their threshold value between ZT2 and ZT14. Additionally, on all days (with the exception 

of day 7), there was a significant difference between ZT8 and ZT14. Overall, the average threshold of 

male mice was higher at ZT14 than at the other two daily timepoints, regardless of day after injury. 

Additionally, within the ZT2 and ZT8 timepoints over the course of the injury, there are significant 

differences in the threshold values, trending towards a decrease in threshold as the injury timecourse 
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Figure 27. Mechanical Sensitivity of Nerve-Injured Male C57BL/6J Mice Throughout the Day. 

Mechanical sensitivity of nerve-injured male C57BL/6J mice, assessed using the von Frey test. (A) Male 

mice demonstrated a difference in their number of responses to the 0.6g von Frey monofilament when 

applied to the lateral surface of the left hindpaw 10 times at ZT2, ZT8, or ZT14 on days 7, 14, 21, and 28 

after injury. Data is represented as mean ± standard error of the mean. Data was analyzed using a two-

way RM ANOVA (F(6,7) = 1.638, p = 0.087) with a post-hoc Tukey test (Day 7: ZT2 v ZT14, p = 

<0.001, ZT8 v ZT14, p = 0.001; Day 14: ZT2 v ZT14, p = <0.001; Day 21: ZT2 v ZT14, p = 0.002, ZT8 

v ZT14, p = 0.024; Day 28: ZT2 v ZT14, p = 0.035, ZT8 v ZT14, p = 0.011). * p ≤ 0.05, ** p ≤ 0.01, *** 

p ≤ 0.001. n=13 per timepoint. (B) Male mice demonstrated a difference in their mechanical threshold, 

assessed using von Frey monofilaments applied to the lateral surface of the left hindpaw at ZT2, ZT8, or 

ZT14 on days 3, 7, 10, 14, 21, and 28 after injury. Data is represented as mean ± standard error of the 

mean. Data was analyzed using a two-way RM ANOVA (F(6,7) = 1.235, p = 0.265) with a post-hoc 

Tukey test (Day 3: ZT2 v ZT14, p = 0.012, ZT8 v ZT14, p = 0.046; Day 7: ZT2 v ZT14, p = 0.012; Day 

10: ZT2 v ZT14, p = 0.005, ZT8 v ZT14, p = 0.001; Day 14: ZT2 v ZT14, p = <0.001, ZT8 v ZT14, p = 

0.002; Day 21: ZT2 v ZT14, p = <0.001, ZT8 v ZT14, p = <0.001; Day 28: ZT2 v ZT14, p = <0.001, ZT8 

v ZT14, p = <0.001). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. n=13 per timepoint. 
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proceeds, when compared to baseline. This is in contrast to ZT14, where mice exhibit no significant 

differences in threshold value over the course of the injury (Figure 27B; p ≤ 0.05; n = 13 per timepoint). 

Taken together, these results indicate that nerve-injured mice have a decreased sensitivity to mechanical 

stimuli at ZT14, the beginning of the activity period. 

Assessment of cold sensitivity after SNI demonstrated that while the amount of time spent biting 

and licking generally increases over the course of the injury, there are no significant differences in the 

responses between daily timepoints at each day assessed. An exception was day 21, when mice were 

observed to spend significantly more time biting and licking their paw at ZT14 than at ZT2 or ZT8 

(Figure 28; p ≤ 0.05; n = 13 per timepoint). Thus, while mice become more sensitive to cold stimuli after 

injury, there is no clear circadian rhythm in their response over the course of a day.  

Finally, the Hargreaves radiant heat test for heat sensitivity revealed that following SNI, there 

were no consistent significant differences between daily timepoints over the course of the injury. There 

were significant differences between ZT2 and ZT14, but only at baseline. Differences between ZT8 and 

ZT14 were found, but only at baseline and day 28 post-injury. Finally, differences between ZT2 and ZT8 

were found only on days 3 and 7 post-injury (Figure 29; p ≤ 0.05; n = 13 per timepoint). The lack of 

consistency in responses throughout the day suggests that there is no circadian variation in heat sensitivity 

in nerve-injured mice. Interestingly, the differences within timepoints over the course of the injury 

demonstrate that as the injury progresses, mice become more sensitive to the heat stimulus, regardless of 

time of day. 
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Figure 28. Cold Sensitivity of Nerve-Injured Male C57BL/6J Mice Throughout the Day. 

Cold sensitivity of nerve-injured male C57BL/6J mice, assessed using the acetone test. Male mice 

demonstrated a difference in their response time to a drop of acetone applied to the lateral surface of the 

left hindpaw at ZT2, ZT8, or ZT14 only on day 21 after injury. Data is represented as mean ± standard 

error of the mean. Data was analyzed using a two-way RM ANOVA (F(6,7) = 1.565, p = 0.108) with a 

post-hoc Tukey test (Day 21: ZT2 v ZT14, p = 0.001, ZT8 v ZT14, p = 0.028). * p ≤ 0.05, *** p ≤ 0.001. 

n=13 per timepoint.  
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Figure 29. Heat Sensitivity of Nerve-Injured Male C57BL/6J Mice Throughout the Day. 

Heat sensitivity of nerve-injured male C57BL/6J mice, assessed using the Hargreaves radiant heat test. 

Male mice demonstrated a difference in their response time to a light source shone onto the lateral surface 

of the left hindpaw at ZT2, ZT8, or ZT14 on days 0 (prior to injury), 3, 7, and 21 (after injury). Data is 

represented as mean ± standard error of the mean. Data was analyzed using a two-way RM ANOVA 

(F(6,7) = 3.253, p = <0.001) with a post-hoc Tukey test (Day 0: ZT2 v ZT14, p = <0.001, ZT8 v ZT14, p 

= <0.001; Day 3: ZT2 v ZT8, p = 0.011; Day 7: ZT2 v ZT8, p = 0.033; Day 21: ZT8 v ZT14, p = 0.012).    

* p ≤ 0.05, *** p ≤ 0.001. n=13 per timepoint.  
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3.6 Characterization of the Pain Phenotype of Nerve-Injured Female C57BL/6J Mice  

The assessment of mechanical sensitivity following SNI revealed that female mice do not display a 

circadian variation in either their number of responses to the 0.6g monofilament (Figure 30A; p > 0.05; n 

= 15 per timepoint) or their average threshold (Figure 30B; p > 0.05; n = 15 per timepoint). While the 

general trend was towards an increase in the number of responses over time, there were no significant 

differences between the timepoints, and therefore no circadian rhythm in this somatosensory modality. 

The results of this assessment indicate that female mice become more sensitive to mechanical stimuli as 

the injury progresses, regardless of time of day (Figure 30A; p > 0.05; n = 15 per timepoint). 

Measurements of the average mechanical threshold, in contrast, display no consistent pattern. The only 

significant difference was on day 28, where mice showed a significantly higher threshold at ZT14 than at 

ZT2 (Figure 30B; p ≤ 0.05; n = 15 per timepoint).  

 Assessment of cold sensitivity in SNI females revealed a similar pattern to that of nerve-injured 

males. Overall, the response at each timepoint increased over the course of the injury, indicating that mice 

become more sensitive to the cold stimulus, but no circadian rhythm emerged. Furthermore, there was no 

consistent pattern in the significant differences observed between timepoints. Significant differences 

between ZT2 and ZT14 were found on days 3, 10 and 28 after injury, but differences between ZT8 and 

ZT14 were only found on day 3 post-injury (Figure 31; p ≤ 0.05; n = 15 per timepoint).  

 Finally, the Hargreaves radiant heat test for heat sensitivity demonstrated that female mice do not 

exhibit a circadian rhythm in their response to noxious heat stimuli at different times of day or over the 

course of the injury. The general trend, however, was towards a gradual decrease in latency to response 

over the course of the injury, indicating that mice become more sensitive to heat stimuli as the injury 

progresses. The only significant differences between timepoints was on day 10; the response time at ZT2 
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Figure 30. Mechanical Sensitivity of Nerve-Injured Female C57BL/6J Mice Throughout the Day. 

Mechanical sensitivity of nerve-injured female C57BL/6J mice, assessed using the von Frey test. (A) 

Female mice demonstrated no differences in their number of responses to the 0.6g von Frey monofilament 

when applied to the lateral surface of the left hindpaw 10 times at ZT2, ZT8, or ZT14. Data is represented 

as mean ± standard error of the mean. Data was analyzed using a two-way RM ANOVA (F(6,8) = 0.358, 

p = 0.976) with a post-hoc Tukey test. n=15 per timepoint. (B) Female mice demonstrated a difference in 

their mechanical threshold, assessed using von Frey monofilaments applied to the lateral surface of the 

left hindpaw at ZT2, ZT8, or ZT14 only on day 28 after injury. Data is represented as mean ± standard 

error of the mean. Data was analyzed using a two-way RM ANOVA (F(6,8) = 1.635, p = 0.086) with a 

post-hoc Tukey test (Day 28: ZT2 v ZT14, p = 0.012). * p ≤ 0.05. n=15 per timepoint.  
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Figure 31. Cold Sensitivity of Nerve-Injured Female C57BL/6J Mice Throughout the Day. 

Cold sensitivity of nerve-injured female C57BL/6J mice, assessed using the acetone test. Female mice 

demonstrated a difference in their response time to a drop of acetone applied to the lateral surface of the 

left hindpaw at ZT2, ZT8, or ZT14 on days 3, 10, and 28 after injury. Data is represented as mean ± 

standard error of the mean. Data was analyzed using a two-way RM ANOVA (F(6,8) = 1.003, p = 0.448) 

with a post-hoc Tukey test (Day 3: ZT2 v ZT14, p = 0.013, ZT8 v ZT14, p = 0.004; Day 10: ZT2 v ZT14, 

p = 0.005; Day 28: ZT2 v ZT14, p = <0.001). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. n=15 per timepoint.  
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was quicker than at ZT8 and ZT14, indicating an increased sensitivity to thermal stimuli at ZT2 (Figure 

32; p ≤ 0.05; n = 15 per timepoint). 
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Figure 32. Heat Sensitivity of Nerve-Injured Female C57BL/6J Mice Throughout the Day. 

Heat sensitivity of nerve-injured female C57BL/6J mice, assessed using the Hargreaves radiant heat test. 

Female mice demonstrated a difference in their response time to a light source shone onto the lateral 

surface of the left hindpaw at ZT2, ZT8, or ZT14 only on day 10 after injury. Data is represented as mean 

± standard error of the mean. Data was analyzed using a two-way RM ANOVA (F(6,8) = 1.060, p = 

0.397) with a post-hoc Tukey test (Day 10: ZT2 v ZT8, p = 0.050, ZT2 v ZT14, p = 0.030). * p ≤ 0.05. 

n=15 per timepoint.  
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Chapter 4 

Discussion 

This study represents one of the first comprehensive behavioural characterizations of the 

circadian pain response of naïve male and female C57BL/6J mice. While other studies have investigated 

certain aspects of this phenomenon (i.e., thermal sensitivity to a 52°C hot plate [123]), our study assessed 

three separate somatosensory modalities using various behavioural assays in order to obtain an overall 

profile of the circadian pain phenotype of these mice. Pharmacological investigation of the circadian 

rhythm of heat sensitivity revealed, for the first time, a potential role for the TRPV1 receptor in 

modulating heat sensitivity throughout the day. Additionally, our study was the first to demonstrate that 

male C57BL/6J mice develop a circadian rhythm in response to mechanical stimuli after SNI. This 

finding is consistent with the results of previous studies, which have used other models of neuropathic 

pain [127, 168].  

In this study, we took advantage of behavioural and molecular techniques in order to achieve 

three goals. First, we aimed to characterize the behavioural pain phenotype of naïve C57BL/6J mice in 

order to determine if naïve mice display a circadian rhythm in their responses to various noxious stimuli. 

Second, we investigated the expression of a number of genes known to be involved in the mediation of 

pain, in order to begin an investigation into the mechanism(s) underlying the circadian rhythm of naïve 

pain. Third, we aimed to build upon our naïve results and characterize the behavioural pain phenotype of 

nerve-injured C57BL/6J mice in order to determine if these mice too, display a circadian rhythm in their 

responses to noxious stimuli. 

It is our hope that the findings from this study, along with future research, will help to inform the 

use of chronotherapeutics for the treatment and management of chronic pain conditions. Furthermore, the 
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elucidation of the mechanism(s) underlying the circadian rhythm of pain will open up novel therapeutic 

avenues to pursue, and will hopefully lead to more efficacious therapies for these conditions.  

4.1 Naïve Mice Display a Circadian Rhythm in Response to Heat Stimuli 

Naïve male and female C57BL/6J mice displayed a circadian rhythm in their sensitivity to heat 

stimuli. In general, mice displayed decreased sensitivity to heat stimuli at ZT14, though females exhibited 

this rhythm over a greater range of temperatures than males. These results are consistent with those of 

Frederickson and colleagues, which also demonstrated that naïve mice display a circadian rhythm in heat 

sensitivity [123]. In their study, Cox standard mice were placed onto a 52°C hot plate after the injection 

of morphine (an opioid receptor agonist), naloxone (an opioid receptor antagonist), or saline. 

Measurements were taken every four hours and all three experimental groups of mice exhibited a 

circadian rhythm in their latency to jump, with a peak (indicating less pain) at ZT14 and a trough 

(indicating more pain) at ZT2 [123]. Several other studies, however, have reported different rhythms for 

heat sensitivity. For example, a study in which male CFW mice were placed onto a 55°C hot plate 

throughout the day revealed that the latency to response in these mice displayed a sinusoidal rhythm. 

Specifically, peaks were observed at ZT6 and ZT22, and troughs at ZT4 and ZT14 [169]. Yet another 

study demonstrated a peak and trough at ZT21 and ZT9, respectively, in the response latency of CF1 male 

mice on a 59°C hot plate [170].  

The variability in results across studies of naïve animals is likely due, in part, to strain 

differences. Variations in circadian rhythms between strains were first described by Castellano and 

colleagues who observed opposing circadian heat outcomes between C57BL/6 and Swiss mice [171]. 

Taken together, these results suggest the need for strain-specific characterizations of the circadian rhythm 

of pain in naïve animals. Furthermore, without data from multiple strains, generalizing these results to a 

human population is difficult.  
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The generalizability of results from studies of circadian pain variation in naïve animals is further 

compounded by the fact that previous studies have not included female mice. While there has been a shift 

in research towards the use of both sexes in recent years, there is much room for improvement. The 

present study included female mice but unfortunately, there is little data within the literature with which 

to compare our results. As such, further characterization of the circadian rhythm of pain in naïve females 

is necessary, in both C57BL/6 mice and other strains.  

With respect to the results obtained from the behavioural analyses for naïve animals, it is 

interesting to note that while males showed a circadian variation in response to both the Hargreaves 

radiant heat and hot plate tests, female mice only displayed this variation in response to the hot plate test. 

Furthermore, male mice only exhibited a significant difference in response between timepoints at 55°C, 

while female mice displayed significantly different response times at all temperatures assessed, except 

45°C. The Hargreaves radiant heat and hot plate tests were both used to assess heat sensitivity; however, 

it is possible that they provide measures of different aspects of this modality. Equally possible is that the 

way in which the stimuli are processed are different between the tests. The Hargreaves test, for example, 

involves a noxious heat stimulus being applied to a very specific area of the left hindpaw. Additionally, 

the heat applied gradually ramps up and then shuts off after 30 seconds. The hot plate test, on the other 

hand, applies a constant heat stimulus to all four paws for the duration of time the mouse is on the hot 

plate. It is thus plausible that the way in which the murine nervous system perceives and processes these 

two stimuli are different. While both tests are valuable behavioural assays, further investigation into the 

specifics of what each test assesses is required.  

The broad range of temperatures over which female mice respond to the hot plate test may be 

explained by sex hormones. A study investigating pain in female rats demonstrated that pain threshold 

displayed a circadian rhythm over the course of the day [125]. Interestingly, this study found that pain 
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thresholds were significantly higher when rats were in proestrous and diestrous phases as compared to 

estrous and metestrous phases [125]. Another investigation of hormone levels throughout the estrous 

cycle of female rats has demonstrated a surge of progesterone on proestrous and diestrous-1 days [172]. 

These surges correspond to the timepoints in the estrous cycle in which female mice are less sensitive 

overall to heat stimuli. Thus, it is possible that the circadian rhythm in progesterone levels (or levels of 

other sex hormones) over the course of the day may contribute to the circadian rhythm of pain seen in 

females. Unfortunately, no studies thus far have investigated the role of sex hormones in the circadian 

control of pain; this may be an area of research to look into in the future.  

If variation between males and females is not modulated by sex hormones, it is possible that the 

way in which heat pain is perceived is different between the sexes. Indeed, sex differences have been 

found at all levels of the nervous system, from genetic to behavioural levels [173]. Furthermore, different 

TRP channels known to be involved in thermal pain, are each activated over a different range of 

temperatures. Perhaps the activation of one or two of these receptors (i.e., TRPV1, TRPV2) underlies the 

male response, thereby rendering it specific to high temperatures such as 55°C, while circadian heat pain 

in females is mediated by multiple different TRP receptors, explaining the larger range of temperatures 

over which females respond. Further investigation is required to understand the mechanism behind the 

observed difference in responses between males and females. 

Evolutionarily, we hypothesize that the sex differences observed in the circadian variation of pain 

may be due to the respective roles that male and female mice have evolved to play within their colonies. 

In the wild, male mice are scavengers [174] and consequently, may not require as much sensitivity if their 

chief role is simply to forage for food and bring it back to their pups. Female mice, on the other hand, are 

tasked with caring for the pups [175], and therefore must be highly alert to their surroundings at all times. 

To preserve their genetics, female mice must be able to quickly respond to various stimuli in their 
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environment. Therefore, receptors and response systems that are sensitive to a broad range of stimuli 

would confer a survival advantage. This hypothesis, while not confirmed, may provide a possible 

explanation as to the observed trends; males and females of all species have evolved under similar, albeit 

slightly different, environmental pressures [173].   

With respect to the advantage a circadian rhythm itself might confer, we can similarly make a 

hypothesis based on what may have been evolutionarily beneficial. A decreased sensitivity to heat stimuli 

at ZT14 (the beginning of the activity period) may be beneficial because mice that are active are more 

aware of their surroundings, and therefore may not need precisely sensitive sensory systems. At ZT2 (the 

beginning of the rest period), however, it would be beneficial for mice to have increased abilities to 

perceive and respond to noxious stimuli, especially when resting and unaware of their environment.  

4.2 Molecular Investigation of the Mechanism(s) Underlying the Circadian Rhythm of Pain 

Subsequent qPCR analysis of naïve male and female DRG and spinal cord tissue collected at 

either ZT2 or ZT14 found little significance in mRNA expression between the time points for the genes 

analyzed. Interestingly, male mice had significantly less mRNA expression of Trpa1 in DRG tissue at 

ZT14 than at ZT2, which was unexpected given there was no significant difference in the response time 

of male mice to the injection of AITC, a TRPA1 agonist. Naïve females on the other hand, had 

significantly less Pomc and Dor expression in spinal cord tissue at ZT14 than at ZT2. Additionally, 

Bmal1 mRNA expression was demonstrated to be decreased at ZT14 when compared to ZT2 in male and 

female spinal cord tissue, as well as female DRG tissue. Finally, Clock was demonstrated to have 

decreased mRNA expression at ZT14 compared to ZT2 only in female spinal cord tissue.  

While not significant, other trends worth noting include an overall decrease in the mRNA 

expression of the Trpv1, Trpv2, and Trpa1 channels in male and female DRG tissue at ZT14 when 

compared to ZT2, but a slight increase in their expression at ZT14 in spinal cord tissue. It should be noted 
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that the lack of significance in these trends may be due to the small sample size utilized (n = 5 for each 

timepoint analyzed), in addition to the variability between data points. Furthermore, since the mRNA 

expression of a gene does not necessarily proportionally correspond to the level of functional protein in 

the tissue, it is difficult to make any definitive conclusions based on our qPCR data alone. While no 

significant differences were observed in the mRNA levels of Trpv1 or Trpv2, differences could be present 

at the protein level. Thus, the hypothesis that these receptors may have a circadian rhythm underlying that 

of pain cannot be ruled out. Should a larger sample size or parallel protein studies allow the emergence of 

significance in mRNA expression, this may provide an explanation for the circadian rhythm of heat 

sensitivity. In the DRG, there was a trend towards lower Trp channel expression at ZT14. This lower 

channel expression at ZT14 could translate to lower protein expression at this timepoint. Lower protein 

levels indicate that fewer channels would be activated at that timepoint. Additionally, the fact that the 

spinal cord shows the opposite pattern in mRNA expression level (i.e., increased Trp channel expression 

at ZT14) might indicate that the circadian rhythm of heat pain is regulated at the peripheral level and not 

centrally.  

There was also a trend towards increased expression of the opioid receptors in male spinal cord 

tissue at ZT14. In DRG tissue, only Mor had a higher level of expression at ZT14 compared to ZT2. 

Female spinal cord tissue on the other hand, showed decreased expression of the opioid receptors assessed 

at ZT14. Endogenous opioids and their receptors have previously been demonstrated to display a 

circadian rhythm in both mice [176] and humans [142]. In this study, the finding that opioid receptor 

expression appeared to be higher (although not significantly) in male spinal cord may provide an 

alternative explanation for the behavioural results obtained. Again, if further studies reveal increased 

expression of opioid receptors at ZT14, then this, along with the knowledge that endogenous opioid levels 

peak during the activity period [142, 176] may explain why male mice are less sensitive to heat stimuli at 
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this time of day. If levels of both endogenous opioids and their receptors are increased at ZT14, then there 

will be more opioids binding to their receptors and, consequently, more analgesia. If this is the case, then 

perhaps the control of the circadian variation in heat pain in male mice is in fact, centrally regulated. It 

should be noted, however, that in male DRG, Mor showed slightly higher expression at ZT14 than ZT2. 

This may suggest peripheral mechanisms are involved in the regulation and maintenance of the circadian 

variation of heat pain, and/or that Mor is the major receptor underlying this circadian rhythm. However, if 

opioid receptors were the mechanism underlying the circadian rhythm of pain, one would expect the 

presence of a circadian rhythm in all sensory modalities assessed, not just heat. This is due to the fact that 

opioid receptors are not modality specific (i.e., they do not specifically mediate one somatosensory 

modality or another); when bound by their respective ligands, opioid receptors produce an overall 

analgesic effect. Therefore, one would expect that if endogenous opioid or receptor fluctuation throughout 

the day was the mechanism underlying the circadian rhythm of pain, then mechanical and cold sensitivity 

would also display a circadian rhythm. Interestingly, our study found that this was not the case. The well-

characterized involvement of opioids in the modulation of pain, however, warrants that the role of opioids 

in the circadian rhythm of pain be investigated to either confirm or exclude contribution. 

Determination of whether opioids are involved in the regulation of the circadian rhythm of heat 

pain is a critical next step and can be assessed using naloxone, a nonselective opioid receptor antagonist. 

The injection of naloxone at ZT2 and ZT14 and subsequent analysis of response times of mice to a heat 

stimulus will allow for specific investigation into the potential role of endogenous opioid receptors in this 

phenomenon. If there are no differences in response after injection at the two timepoints, then this would 

suggest that opioid receptors modulate the mechanism underlying the circadian variation reported here. 

However, if the circadian rhythm in response between timepoints is preserved, then this would provide 

evidence that opioids or their receptors have no involvement in the circadian rhythm of heat pain. 
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Similarly, the observed decreased expression of opioid receptors at ZT14 in female spinal cord may 

suggest that opioids may not be involved in the regulation of the circadian rhythm of heat pain, at least in 

females. This could, again, be confirmed by the injection of naloxone and subsequent analysis of the 

response to heat stimuli. As such, further investigation into the receptors and mechanisms underlying the 

circadian rhythm of pain is warranted. 

4.3 Nerve-Injured Male Mice Display a Circadian Rhythm in Mechanical Sensitivity 

While a full characterization was not possible given the time constraints for this study, we did 

observe that following injury, male C57BL/6J mice lose the circadian rhythm of heat sensitivity they 

possessed at baseline and gained a circadian rhythm in mechanical sensitivity. Specifically, sensitivity to 

mechanical stimuli was found to be highest at ZT2 and lowest at ZT14. This pattern was consistent 

throughout the time course of the injury.  

The observed circadian rhythm in mechanical sensitivity of male mice is consistent with the few 

other studies of pain in nerve-injured animals. Xia and colleagues, for example, used a CCI protocol in 

male C57BL/6 mice and demonstrated that mice develop a circadian rhythmicity in their response to 

mechanical stimuli following injury [168]. Specifically, their results revealed a peak at ZT4 and a trough 

at ZT16. Likewise, Koyanagi and colleagues used a partial sciatic nerve ligation model and showed that 

male mice developed a circadian rhythm in their sensitivity to mechanical stimuli, a phenomenon absent 

in naïve mice [127]. Specifically, they reported a peak in mechanical sensitivity at ZT10 and a trough at 

ZT18. These results, in light of ours, provide evidence that the development of a circadian rhythm in 

mechanical sensitivity after neuropathic injury is a robust and replicable finding. In terms of the 

development of the neuropathic pain phenotype itself after injury, our results (for ZT2 and ZT8) are 

similar to those reported by Bourquin and colleagues [177] as well as Decosterd and Woolf [153]. 

Specifically, there was a sharp decrease from baseline in withdrawal threshold around days 3-5 post-
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injury, with maintenance of this lowered threshold over the course of the injury. This indicates that our 

studies were successful in modeling neuropathic pain and that SNI should be used in future investigations 

of the circadian rhythm of neuropathic pain. 

In female mice, there were no circadian rhythms in sensitivity observed in the responses to any of 

the stimuli applied. Since female neuropathic pain patients have demonstrated a circadian rhythm in their 

reported pain intensity [120], ours was a surprising finding. Interestingly, our results for mechanical 

sensitivity do not match those of Bourquin and colleagues [177]. In their study, female mice displayed a 

pattern similar to males: a sharp decrease in withdrawal threshold shortly after injury and maintenance of 

this lowered threshold over the course of the injury. While we have no explanation for why our results 

differed so greatly from theirs, it should be noted that there are other studies which contrast with the 

results of Bourquin and colleagues as well. In one such study [178], researchers observed that SNI did not 

induce mechanical sensitivity in mice at all. These results also differed from ours; we very clearly 

observed an induction of pain and an overall increase in sensitivity. Possible explanations for the 

discrepancy between these studies could be differences in surgical procedures, behavioural assessment 

parameters, facilities, data analyses, or mouse strains [77]. Further characterization of female mice 

following SNI is needed, and there is merit to using the hot plate test as an additional means of 

characterization of the circadian pain phenotype of nerve-injured mice. Our data revealed that naïve 

female mice did not display a circadian rhythm in response to the von Frey, acetone, or Hargreaves 

radiant heat tests, but did display a rhythm when assessed using the hot plate test. Perhaps the aspect of 

heat sensitivity that the hot plate test evaluates will reveal a rhythm post-SNI that the other tests have not. 

This is a possibility worth investigating.   
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4.4 Limitations of the Current Study 

Despite care taken in all experiments to minimize the number of confounding factors that may 

have contributed to variability in the results, there are some limitations that warrant mention. Importantly, 

to reduce inter-operator variability, each behavioural assay was performed by a single researcher. This 

reduces variability in the results by maintaining consistency between mice and trials.  

There were, however, variables beyond control of this study which could have contributed to the 

behavioural responses observed. These variables include: ambient temperature, noise, and light. While 

mice were housed at 21°C (±1°C), the temperature of the room that the behavioural assays were 

performed in was not well regulated. Due to the location of the behaviour room in the animal facility, it 

was difficult to control the ambient temperature of the room, and this fluctuated dramatically depending 

on the time of year. If the room was too warm, this could have caused the mice discomfort, thereby 

increasing their stress levels. Increased stress could have led to increased movement, and consequently, 

responses that were interpreted as hypersensitivity. Conversely, it is equally possible that an increase in 

ambient temperature might cause the mice to move less in order to minimize heat production. This 

reduction in movement could have similarly caused a lack of response interpreted as decreased 

sensitivity.  

Noise in the animal facility is another factor which may have affected results. While care was 

taken to minimize noise interior to the behavioural room in order to ensure a stress-free environment for 

the mice, noise exterior to the room (i.e., hallways and adjacent rooms) was difficult to control and a 

consistent problem. When disturbances due to noise were encountered, additional time was allotted before 

resuming the behavioural analysis. Unfortunately, however, there was no way to guarantee that the 

responses of the mice were only due to the applied stimulus and not because of a stressful incident. 

Importantly, various studies in mice have reported that stress can induce analgesia [179-181]. Therefore, 
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an increase in stress level due to extraneous noise could have potentially caused an analgesic effect, 

rendering the mice less responsive than normal.  

Another factor beyond our control was exposure of the mice to white light during the dark phase. 

The room in which the mice were housed was on a regulated LD cycle, with lights on at 7am (ZT0) and 

lights off at 7pm (ZT12). When mice were used for experiments past ZT12, extensive efforts were made 

to ensure mice were not exposed to white light. When it was necessary to transport the mice through 

brightly lit hallways, cages were covered with black opaque coverings to ensure no light could reach the 

cage and transport was carried out as efficiently as possible. All testing beyond ZT12 was performed in 

the dark with a red light for illumination. However, the room in which the mice were housed was shared 

between different students and researchers, and thus it was difficult to monitor and regulate if others took 

the same precautions when entering the room during the dark phase. This is an important consideration as 

Cao and colleagues have shown that even brief exposure to white light during the dark phase causes 

animals to behave as if it they are in their light phase [84]. If the mice used in these experiments were 

exposed to white light prior to experimentation at ZT14, then this could potentially have influenced the 

measurements and results obtained.  

A final limitation with regards to the behavioural assays performed is the subjectivity of these 

tests. The tests used were observer-dependent, and while consistency between animals and trials was 

maintained to the best of our abilities, there is an element of human error that must be acknowledged 

when analyzing the results. For example, these tests are subjective because human error arises with 

respect to the recording and observing of responses. Specifically, there is error introduced with respect to 

the acetone and cold and hot plate tests, where the observer used a stopwatch to obtain the corresponding 

measurements. The reaction time of the observer to stop the stopwatch undoubtedly adds an element of 

uncertainty. While this error was hard to account for due to the nature of this behavioural assay, 
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maintaining consistency by having a single individual perform all cold and hot plate tests helped to offset 

any human error introduced.  

Another potential source of error in assessing cold sensitivity was the smell of the acetone used 

for the acetone test. Acetone is an extremely pungent compound, and there is no way of distinguishing an 

animal’s aversive reaction to the smell of acetone applied onto the paw from the pain felt by the 

application. For this reason, the acetone test may not be the most robust way of assessing cold pain, and 

provides a basis for investigating novel techniques for evaluating this modality. 

Yet another source of error in both naïve and injury experiments is the fact that the behavioural 

room was shared between students. Multiple individuals test both male and female mice in the 

behavioural room on any given day, and there is no way to monitor and ensure equipment is being 

thoroughly and adequately cleaned in between experiments. Inadequate cleaning of the equipment can 

lead to unnecessary stress on the mice, especially when opposite sexes are being used consecutively. This 

could cause a wide range of problems, from being overly stressed and aroused to hyper- or hypo-activity. 

Such responses may be interpreted as hypersensitivity or lack of sensitivity to the applied stimuli (and 

consequently as an indication of pain) when in reality they are not accurate measurements. A simple way 

to rectify this problem would be to designate one behavioural room for male testing and another room for 

female testing.  Overall, consistency in the cleaning of equipment is hard to control beyond training each 

individual in how to properly wash and clean up after an experiment.  

Another limitation is the lack of controls (i.e., vehicle-injected mice) as part of the 

pharmacological injection experiments. Control animals (injected with saline) should have been included 

to ensure the responses observed in the animals were in fact due to the compound injected, and not to the 

needle itself puncturing the skin. Use of such controls would significantly strengthen the results. 
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With respect to the injury experiments, certain mice did not appear to develop pain after the 

injury. While the procedure itself was performed by the same individual for every mouse, it is possible 

that in some mice, the nerve was not resected enough and consequently was able to regenerate, leading to 

minimal or no pain following injury. A means of correcting this in future experiments would be to ensure 

that the nerve is fully resected to preclude regeneration. 

Other limitations that must be addressed are with respect to the qPCR experiments performed 

within this thesis. qPCR is a highly reliable molecular technique, but like any experimental procedure, is 

subject to error and variability. One possible source of variability in these studies is with respect to the 

normalization of the samples. Following RNA extraction and quantification, all samples were normalized 

to a standard 600ng/10µL. However, some of the DRG samples used in this study were normalized to a 

concentration of slightly less than 600ng/10µL, based on the concentration of RNA present upon 

quantification. This slightly lower RNA quantity may have contributed to some variation in the results 

obtained. Future studies may be able to correct for this type of error by re-extracting RNA from additional 

tissue samples and taking care to use a technique that will preserve as much RNA as possible, perhaps by 

using a stabilization solution during tissue harvest to minimize RNA degradation.  

Our qPCR results would be strengthened by the use of an additional reference gene for 

normalization. In this study, expression of the genes of interest were normalized to Gapdh, a ubiquitously 

expressed gene found in virtually all cells at approximately the same level. However, the general 

consensus in the literature is that one reference gene is insufficient and two should be used wherever 

possible. This is especially true as the levels of many reference genes (including Gapdh) vary from tissue 

to tissue and between disease states [182].  

Additionally, qPCR analyses in this study lacked parallel protein expression experiments. The 

mRNA expression of a given gene does not necessarily predict the level of functional protein that will be 
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translated, and therefore without the corresponding Western blots for the genes analyzed in this study, no 

conclusions can be made with regards to any differences (or lack thereof) that were observed. 

Unfortunately, time constraints for the completion of this thesis prevented the corresponding protein 

analyses from being completed. In the future, in order to obtain a complete expressional profile, both 

qPCR and Western blots should be performed in parallel. 

Finally, there are some translational limitations of this study that must be addressed. The use of a 

mouse model for assessing the circadian rhythm of pain is not directly translatable to a clinical pain 

population. A significant limitation of this study in particular was the assessment of stimulus-evoked 

pain, only one of the symptoms of neuropathic pain. While this is known to be a major symptom of 

neuropathic pain, another cardinal symptom is spontaneous pain. Future experiments should therefore 

include more cognitive-behavioural measures of pain, such as burrowing and home cage monitoring, in 

order to assess this equally important component of neuropathic pain. Furthermore, mice and humans, 

while sharing some commonalities, have very different physiologies. Therefore, what is observed and 

what occurs in mice may not necessarily be the same in humans; caution must be exercised when 

translating our rodent findings to a human population. Interestingly, our findings in naïve mice do agree 

with certain naïve studies which have been performed in humans, which lends strength to our results and 

suggests a similar mechanism(s) underlying the circadian rhythm of pain in mice and humans. Significant 

work is required, however, before these findings can begin to be translated for human benefit.   

4.5 Future Directions 

The results presented in this thesis provide a foundation and rationale for investigating the 

significance and clinical relevance of circadian rhythms in pain, both naïve and following injury. 

Significant work remains, however, in the translation of this research from bench to bedside.   



 

 

 

100 

4.5.1 Experiments to Complete Characterization of the Circadian Pain Phenotype of Naïve Mice 

Naïve mice, both male and female, demonstrated differences in their sensitivity to thermal stimuli 

when analyzed at ZT2, ZT8, and ZT14. A time span of twelve hours, however, does not necessarily 

provide definitive evidence of a circadian rhythm. In order to provide a more complete characterization of 

a circadian rhythm in pain, future experiments should include a ZT20 timepoint. The response of mice at 

this timepoint will enable us to say with confidence that we are observing a circadian rhythm and not a 

sinusoidal rhythm. Furthermore, the rhythm that we observed within the present study can be further 

confirmed as circadian by shifting the animals’ light cycles by a few hours and assessing if and how their 

behavioural responses change. If pain does have a circadian rhythm, we would expect the responses of the 

mice to shift with the light cycle accordingly. Alternatively, housing the mice in either constant light or 

constant darkness (i.e., removing light/dark cues necessary for the master pacemaker) and allowing 

endogenous circadian rhythms to take over would be another way to investigate how behavioural 

responses change with altered light cycles. If pain does exhibit a circadian rhythm, we would expect that 

removing light/dark cues would cause the responses of the mice to remain the same, albeit with a slightly 

shorter period. 

4.5.2 Evaluation of the Role of the Circadian Machinery in the Circadian Rhythm of Pain 

Another experiment that would similarly achieve the goal of confirming that the rhythm observed 

is indeed circadian would be to use mice lacking endogenous circadian molecular machinery. Such a 

model would allow investigation into how pain is altered when circadian rhythms are absent. If animals 

without exogenous and endogenous circadian rhythms do not exhibit a circadian rhythm in heat 

sensitivity, we can definitively conclude that this type of pain is under circadian control. Fortunately, our 

lab does have a Bmal1-/- mouse line in anticipation of such experiments. Bmal1 is a core circadian gene 

important for the circadian machinery. When housed in 24 hours of darkness, Bmal1-/- mice completely 
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lose their circadian rhythms [85]. Therefore, they are ideal for the investigation of the circadian rhythm of 

pain, and for verifying our results as truly circadian. 

4.5.3  Investigation of the Mechanism(s) Underlying the Circadian Rhythm of Pain  

There are a number of additional experiments that, when performed, will make the results of this 

thesis more robust. With respect to the qPCR experiments, each tissue was analyzed using only five 

samples. This small sample size could explain the large variability observed in the data of certain genes 

analyzed. Increasing the sample size for each tissue would also help to reduce the size of the error bars. 

Furthermore, a larger n may also reveal significance where none is currently seen. Additionally, protein 

expression studies to correspond with the qPCR results will increase the reliability and trustworthiness of 

the current data. Without analysis of the corresponding protein levels, no meaningful conclusions can be 

made based on the qPCR data alone.  

A logical next step for the pharmacological injection studies would be to further assess thermal 

sensitivity of female mice using capsaicin and AITC injections. While females did not demonstrate a 

significant difference in sensitivity throughout the day as assessed by the Hargreaves radiant heat test, the 

hot plate test did reveal significant differences at several different temperatures, and this is a phenomenon 

that warrants further investigation. Injection of female mice with capsaicin will elucidate a possible role, 

if any, of TRPV1 in the circadian pattern of heat pain in females. Whereas male mice showed no 

differences in response to the injection of AITC (unsurprising since the acetone and cold plate tests also 

showed no effect), female mice did display a significant difference in response to the acetone test at ZT14 

when compared to ZT2 and ZT8. The injection of AITC in female mice will allow this finding to be 

further investigated, and will determine if there is a circadian pattern to cold pain. Such experiments will 

also elucidate if TRPA1 is involved in this potential rhythm or if the acetone results were due to a 

confounding factor, such as the strong smell of the compound.  
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Based on the observed trends from the qPCR results, opioid receptors may be involved in the 

circadian control of pain and thus warrant further analysis. A major question that has arisen over the 

course of these studies is whether the mechanism underlying the potential circadian rhythm is a peripheral 

or central one. If opioids are contributing to the circadian variation of pain seen, then blocking opioid 

receptors centrally and peripherally should alter the observed circadian pain response. Naloxone is a 

nonselective opioid receptor antagonist, and, if injected into a mouse, this compound will block all central 

and peripheral opioid receptors [183]. Naloxone methiodide, by contrast, is a selectively peripheral opioid 

receptor antagonist. If naloxone methiodide injections in mice do not alter the reported circadian rhythm 

of pain, then it is likely this mechanism is central in origin. This could be confirmed by subsequent 

injection of naloxone; if naloxone alters the circadian pain response, then this would provide strong 

evidence that the mechanism is central and opioid receptors are involved. In contrast, if naloxone 

methiodide does alter the observed pain response, then this will confirm the mechanism is a peripheral 

one.  

In the future, using a microarray to analyze naïve tissues at ZT2 and ZT14 would be a worthwhile 

investigation. Microarrays measure expression levels of multiple genes simultaneously and thus, may be 

able to reveal involvement of genes we have not yet considered. A microarray could also help to identify 

potential targets for mitigating pain in a circadian fashion.  

Molecular analysis of Bmal1-/- mice via qPCR and Western blot experiments would allow further 

investigation into the genes underlying the observed circadian rhythm. These molecular analyses should 

be performed on the same genes analyzed in naïve mice, to investigate how a lack of Bmal1 (and 

consequently, a lack of circadian rhythms), affects gene expression. If we find that Bmal1-/- mice do not 

have a circadian rhythm in heat sensitivity as observed in naïve mice, and that the expression of certain 
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genes changes, this could suggest potential gene targets to investigate as part of the mechanism(s) 

underlying the circadian rhythm of pain.  

4.5.4 Completion of the Characterization of the Circadian Pain Phenotype of Nerve-Injured Mice 

One of the major goals of this thesis was to characterize the circadian pain phenotype of nerve-

injured male and female animals. While this thesis began a preliminary characterization, there is further 

work to be done. First, an additional round of SNI using female mice is necessary; two separate trials 

have been completed to date, and while the results obtained from these sets are consistent with each other, 

they are not consistent with published literature [177]. There are numerous possible explanations as to 

why our results differ from what has been previously shown, but another trial will help to verify our 

results and will make the data more robust. Additionally, there is value in performing the cold and hot 

plate tests in nerve-injured animals in order to see how injury changes the circadian response seen at 

specific temperatures. It will be interesting to see if the loss of response demonstrated with the 

Hargreaves radiant heat test occurs with the hot plate test as well (i.e., does the decreased sensitivity to 

heat stimuli at ZT14 seen before injury disappear after injury?). Additional characterization of nerve-

injured mice will include dynamic weight bearing analysis of SNI mice to observe and evaluate how their 

stance and behaviour differs at different times throughout the day. Similarly, performing the rotarod test 

on injured mice throughout the day may reveal differences in the amount of time the mice are able to 

maintain their balance on the rod, providing another measure of mechanical sensitivity, as well as insight 

into balance and motor coordination. Likewise, analysis of running wheel activity throughout the day will 

yield answers regarding when injured mice spend more or less time running over the course of a day. One 

would expect mice to run more when they are feeling less pain, which our results indicate might be ZT14.  

Finally, molecular analysis of tissues after injury for the same genes assessed in naïve mice, as 

well as other genes known to be involved in neuropathic pain, should be performed in order to gain 



 

 

 

104 

insight into the mechanism underlying the circadian rhythm of neuropathic pain. Investigation into this 

mechanism in injured animals is important because it may differ from that of naïve animals. Follow-up 

analysis using Luminex multiplex cytokine screening will also be a beneficial addition to this 

characterization. This, in combination with the mRNA and protein expression analyses, will potentially 

allow identification of novel molecular targets for future treatment of neuropathic pain. Furthermore, this 

opens up the possibility of differential dosing for pain management, by taking into account the circadian 

rhythm of pain. This technique is known as chronotherapy.  

While a model of neuropathic pain was utilized in these studies, it will be important to replicate 

these findings in a second model of neuropathic pain (e.g., a mouse model of diabetic peripheral 

neuropathy or post-herpetic neuralgia). Future studies should also investigate the role of circadian 

rhythms in models of inflammatory pain (e.g., incisional wound, injection of Complete Freund’s 

Adjuvant).  

4.5.5 Implications for Clinical Pain Populations 

The ultimate goal of this work is to be able to translate these preclinical findings to a clinical 

setting in order to aid in the management and treatment of chronic pain conditions. Significant work is 

needed in order to accomplish this goal, including additional studies in animals and humans. More studies 

in which different somatosensory modalities are tested in humans at multiple timepoints throughout 

twenty-four hours will be necessary to prove that healthy humans too, have a baseline circadian rhythm in 

pain intensity. This will allow a smooth translation to clinical populations, where circadian rhythms in 

pain intensity for various conditions has been well-characterized. It is our hope that the robust 

characterization of circadian rhythms of both naïve and chronic pain will push the field of pain 

management towards the use of chronotherapeutics. The current treatment options for chronic pain are 

poor and ineffective, and new therapies are needed. Perhaps one of these new therapeutic options could 
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involve differentially dosing the patient in question based on when their pain is greatest and when it is 

lowest.  
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Chapter 5 

Conclusions 

The ultimate goal of this thesis was to characterize the behaviour of naïve and nerve-injured male 

and female C57BL/6J mice to determine whether these animals display a circadian rhythm in their 

sensitivity to noxious stimuli. Using behavioural techniques, we determined that naïve male mice display 

a circadian rhythm in their sensitivity to noxious heat stimuli. Male mice exhibited decreased sensitivity 

to these stimuli at the beginning of their activity period. Naïve female mice, in contrast, displayed a 

circadian rhythm in their response to a cold stimulus (the acetone test) and heat stimuli (the hot plate test). 

Female mice were found to be slightly more sensitive to the application of acetone at the beginning of the 

activity period, and at the same time, were less sensitive to heat stimuli. We also showed that male mice 

who underwent SNI developed a circadian rhythm in their response to mechanical stimuli. These mice are 

less sensitive to mechanical stimuli at the beginning of their activity period. It is possible that the 

circadian rhythm of both naïve and neuropathic pain observed here is controlled, at least in part, by the 

circadian rhythm of receptors and channels known to underlie pain. This study began an investigation of 

this hypothesis by using qPCR to analyze the differential expression of a number of these genes in naïve 

DRG and spinal cord. While no definitive conclusions can be made from molecular expression analysis at 

this time, future experiments will be necessary to elucidate the mechanism(s) underlying the circadian 

rhythm of pain.  

Presently, more effective pain management strategies are required for chronic pain conditions, as 

patient quality of life is poor. Although significant work remains in the translation from bench to bedside, 

the studies within this thesis provide a promising avenue for researchers in their quest for novel and 

effective management of chronic pain. That mice display a circadian rhythm in their responses to different 
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noxious stimuli suggests that the scientific and medical communities should consider the possibility of 

implementing chronotherapeutics in the treatment and management of chronic pain. 
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Appendix A 

Behavioural Equipment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1. Apparatus Used for the von Frey Test. 
 

The von Frey apparatus consists of a metal table with a chicken wire surface, and two 5 x 1 compartments 

placed on top (Top). von Frey monofilaments are used to stimulate the paws of the mice (Bottom). 
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Figure A2. Apparatus Used for the Cold/Hot Plate Tests. 
 
A dual hot/cold plate is used for the hot and cold plate tests. A polycarbonate box sits on top of the plate 

to provide a compartment in which to place the mice and both the front and back plates are either cooled 

or heated to the same temperature (i.e., 0°C, 50°C).  
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Figure A3. Apparatus Used for the Hargreaves Radiant Heat Test. 
 

The Hargreaves radiant heat test apparatus consists of a heated glass table upon which sits two to three 2 

x 2 compartments. A light source (pictured beneath the glass surface) is used to apply the noxious 

stimulus to the paw of the test subject. 
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Appendix B 

qPCR Information 

Table B1. Primer sequences used for qPCR. 

Peptide Name Gene Primer Sequence 

Glyceraldehyde 3- Gapdh Forward 5’ – GGT GAA GGT CGG TGT GAA CG – 3’ 

phosphate dehydrogenase  Reverse 5’ – CTC GCT CCT GGA AGA TGG TG – 3’ 

Transient receptor Trpv1 Forward 5’ – GTT TAC CTC GTC CAC CCT GA – 3’ 

potential vanilloid 1  Reverse 5’ – AGA GAG CCA TCA CCA TCC TG – 3’ 

Transient receptor Trpv2 Forward 5’ – TGC TGA GGT GAA CAA AGG AAA G – 3’ 

potential vanilloid 2  Reverse 5’ – TCA AAC CGA TTT GGG TCC TGT – 3’ 

Transient receptor Trpa1 Forward 5’ – GTC CAG GGC GTT GTC TAT CG – 3’ 

potential ankyrin 1  Reverse 5’ – CGT GAT GCA GAG GAC AGA GAT – 3’ 

Proopiomelanocortin Pomc Forward 5’ – AGA ACG CCA TCA TCA AGA AC – 3’ 

  Reverse 5’ –AAG AGG CTA GAG GTC ATC AG – 3’ 

Mu opioid receptor Mor Forward 5’ – TGT CGG AGA ACT GAG AGC AA – 3’ 

  Reverse 5’ – CCT GAA CTG TGG AAG GAA GC – 3’ 

Delta opioid receptor Dor Forward 5’ – TGT AAA GAG GGC TGG GAA TG – 3’ 

  Reverse 5’ – TTG GTT TGA GGG TTG GTT TT – 3’ 

Circadian locomotor Clock Forward 5’ – CAC GCG CTC CCG TGA AAG – 3’ 

output cycles kaput  Reverse 5’ – GTC CTT GTC ATC TTC TTC CAC CA – 3’ 

Brain and muscle Bmal1 Forward 5’ – CTC GAC ACG CAA TAG ATG GGA – 3’ 

ARNT-Like 1  Reverse 5’ – CTT CCT TGG TCC ACG GGT T – 3’ 
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Appendix C 

Supplementary Results 

Figure C1. Jump Times of Naïve Male C57BL/6J Mice Using a Cold Plate at Different Times of 

Day. 

Jump times of naïve male C57BL/6J mice at 0°C (A) or 15°C (B), assessed using the cold plate test. Male 

mice did not have a significant difference in jump time between ZT2 and ZT14 at either temperature 

tested. Data is represented as mean ± standard error of the mean. Data was analyzed using an unpaired t-

test (0°C, p = 1.000, 15°C, p = 1.000). n=10-12 per timepoint.  
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Figure C2. Jump Times of Naïve Male C57BL/6J Mice Using a Hot Plate at Different Times of Day. 

Jump times of naïve male C57BL/6J mice to various heated temperatures, assessed using the hot plate 

test. Male mice had a difference in jump time between ZT2 and ZT14 only at 55°C. Data is represented as 

mean ± standard error of the mean. Data was analyzed using a two-way ANOVA (F(4,7-10) = 0.962, p = 

0.431) with a post-hoc Tukey test (55°C, p = <0.001). *** p ≤ 0.001. n=12-15 per timepoint. 
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Figure C3. Jump Times of Naïve Female C57BL/6J Mice Using a Cold Plate at Different Times of 

Day. 

Jump times of naïve female C57BL/6J mice at 0°C (A) or 15°C (B), assessed using the cold plate test. 

Female mice did not have a significant difference in jump time between ZT2 and ZT14 at either 

temperature tested. Data is represented as mean ± standard error of the mean. Data was analyzed using an 

unpaired t-test (0°C, p = 0.331, 15°C, p = 1.000). n=10-12 per timepoint.  
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Figure C4. Jump Times of Naïve Female C57BL/6J Mice Using a Hot Plate at Different Times of 

Day. 

Jump times of naïve female C57BL/6J mice to various heated temperatures, assessed using the hot plate 

test. Female mice had a difference in jump time between ZT2 and ZT14 only at 55°C. Data is represented 

as mean ± standard error of the mean. Data was analyzed using a two-way ANOVA (F(4,5-7) = 0.495, p 

= 0.739) with a post-hoc Tukey test (55°C, p = 0.026). * p ≤ 0.05. n=10-12 per timepoint. 
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