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Abstract 

 Cannabis preparations have been used for millennia for the treatment of pain and various 

ailments. However, psychotropic effects, mediated by the CB1 cannabinoid receptor in the 

central nervous system (CNS), limit their therapeutic use. Research to date suggests that 

selective activation of the CB2 cannabinoid receptor promotes analgesia without the occurrence 

of psychotropic effects. Cannabinoids, the principal active compounds in Cannabis sativa, lack 

the ability to selectively activate CB2. Glial cells of the CNS are known to play an important role 

in mediating certain forms of chronic pain through pro-inflammatory activity. Furthermore, CB2 

receptors expressed by glia are now recognized as a potential therapeutic target for such disease 

states; however, the contribution of glial cell-mediated neuro-inflammation to the 

pathophysiology of chronic widespread musculoskeletal pain (CWP) disorders, such as 

fibromyalgia syndrome, remains unclear.   

 An immunohistology investigation within the acidic saline model of CWP revealed 

significant up-regulation of Iba-1 and GFAP in the lumbar spinal cord, suggesting that gliosis 

may potentially mediate hyperalgesia in CWP disorders. Although further investigations are 

required, these data support that targeting of cannabinoid receptors expressed by glia may be a 

potentially viable approach for addressing CWP. 

 To target cannabinoid receptors expressed by glia while minimizing the potential for 

CB1-associated CNS effects, compounds with selective CB2 agonist activity were designed, 

guided by CB2 molecular docking studies in silico, and synthesized for further investigation. β-

caryophyllene, a naturally occurring sesquiterpene, along with two novel compounds, DML-3 

and DML-4, were found to be full agonists at CB2 with 109,  > 40 and >10,000 –fold selectivity 

over CB1, respectively. Furthermore, all three compounds significantly reduced activation of 
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NF-κB, ERK1/2 and PI3K in U87MG astrocytes. Significant reductions in astrocyte IL-6 and IL-

8 secretion occurred following treatment with β-caryophyllene (1 µM) and DML-4 (25 µM), 

with minor, non-significant reductions observed following treatment with DML-3 (25 µM). 

Based on the pharmacologic properties determined, each compound may be a potential candidate 

for therapeutically targeting pro-inflammatory glial cell activity. Further suggested investigations 

include quantification of β-arrestin recruitment, screening for off-target effects, testing for 

efficacy in research models of CWP, followed by in vivo pharmacokinetic and toxicological 

profiling. 
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Lay Summary 

 This research investigation aimed to determine whether specialized immune cells present 

in the brain and spinal cord may contribute to pain in individuals who experience chronic 

widespread musculoskeletal pain disorders, such as fibromyalgia. Although further studies are 

required in order to draw firm conclusions, the present investigation provided evidence that 

increased activity of these specialized immune cells in the spinal cord may contribute to chronic 

widespread musculoskeletal pain.  

 In addition, this research investigation aimed to develop novel drug candidates which 

may be effective in treating the pain-causing activity of immune cells by working through the 

endocannabinoid system. This investigation also aimed to determine whether a naturally 

occurring medicinal compound called β-caryophyllene may be capable of exerting the same 

effects. Two novel drug candidates along with β-caryophyllene were found to act on the 

endocannabinoid system and diminish some of the known effects of immune cells associated 

with pain. 
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Glossary 

Afferent: conducting or conducted inward or toward something (for nerves, the central nervous 

system; for blood vessels, the organ supplied). 

Agonist: a substance that initiates a physiological response when combined with a receptor. 

Antagonist: a substance that interferes with or inhibits the physiologic action of another. 

Algogenic: pain-producing. Also known as algesiogenic. 

Allodynia: refers to central pain sensitization (increased response of neurons) following 

normally non-painful, often repetitive, stimulation. Allodynia can lead to the triggering of a pain 

response from stimuli which do not normally provoke pain. 

Dorsal Root Ganglion: (also known as a posterior root ganglion) is a cluster of nerve cell bodies 

(a ganglion) in a dorsal root of a spinal nerve. The dorsal root ganglia contain the cell bodies of 

sensory neurons (afferent). 

Fos: (also known as c-Fos) is an intracellular protein often transcribed in response to neuronal 

cell firing.  

Gliosis: a nonspecific reactive change of glial cells in response to damage or insult to the central 

nervous system. In most cases, gliosis involves the proliferation or hypertrophy of several 

different types of glial cells, including astrocytes and microglia. 

Hyperalgesia: 'hyper' from Greek huper (over), '-algesia' from Greek algos (pain), is an 

increased sensitivity to pain from a noxious stimulus, which may be caused by damage to, or 

sensitization of, nociceptors or peripheral nerves. 

Neuraxis: referring to the axis or direction of the central nervous system. 

Nociceptive: relating to or denoting pain arising from the stimulation of nerve cells. 
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Nociceptor: a sensory neuron that responds to damaging or potentially damaging stimuli by 

sending “possible threat” signals to the spinal cord and the brain. 

Noxious: harmful, poisonous, or very unpleasant. 

Schwann cell: any of the cells in the peripheral nervous system that produce the myelin sheath 

around neuronal axons.  
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Chapter 1: Introduction 

1.1 Theories and Concepts in Human Pain Perception 

1.1.1 Definition & Purpose 

 Pain is defined by the International Association for the Study of Pain as an unpleasant 

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

in terms of such damage [1]. Although considered unpleasant, the experience of pain has served 

humans throughout evolutionary history by helping to ensure protection and survival [2,3]. 

Perhaps the most valuable function of pain is to signal injury, thereby prompting withdrawal 

from the causative activity and pursuit of treatment. An additional function of pain is to prompt 

rest, thereby allowing the body’s healing processes to be carried out more effectively. Memories 

of a past pain experience may also serve us by signaling avoidance of a potentially dangerous 

situation.  

 

1.1.2 Acute Versus Chronic Pain  

 The mechanisms responsible for the perception of acute pain that occurs in response to a 

brief noxious stimulus have been extensively studied and are generally well understood. Not 

surprisingly then, modern medical treatment of acute pain is well established, generally effective 

and reasonably safe with currently available pharmacotherapies and non-pharmacologic 

measures. In such circumstances, the duration of pain perception is directly related, firstly, to the 

duration of the noxious stimulus, and secondly, if applicable, to the duration of tissue damage, 

with cessation of pain perception upon tissue healing. Chronic pain, on the other hand, is pain 

perception that persists beyond normal tissue healing time [4] and therefore the protection and 
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survival benefits conferred by acute pain are no longer applicable. Clinically, chronic pain is 

classified as pain which persists or recurs for 3 to 6 months or longer [5].  

 Chronic pain is considered to be a significant global disease burden, affecting an 

estimated 20% of the global population [6,7]. It is one of the most frequent reasons for physician 

visits, a leading reason for taking prescribed medication, and a major cause of disability [8,9]. 

There are a multitude and diversity of chronic pain conditions which are categorized according to 

clinical diagnostic criteria. However, the individual experience of pain, regardless of the specific 

diagnosis, is unique since it is the cumulative result of a complex interplay of patient-specific 

factors such as neurologic sensations, psychological and emotional functions, as well as 

physiologic contributors such as hormones. Despite tremendous advances in medicine and health 

care in recent history, chronic pain is still considered, in general, difficult to treat by health care 

providers today.  

 

1.1.3 Theories of Pain Perception 

 Indeed, the science of pain perception is intricate and multifarious, and has evolved 

considerably over the past centuries.  Figure 1.1 illustrates schematically the four predominant 

early models of pain mechanisms. Specificity theory, the earliest of which, was proposed by the 

seventeenth century philosopher Rene Descartes and suggested that pain perception was the 

direct result of sensory neurologic projection of some form of peripheral injury to the brain [10]. 

According to Descartes, both large and small nerve fibers sensed peripheral injury and were the 

only contributors to pain perception [2]. The pain experience was therefore thought to be directly 

proportional to the peripheral injury or pathology and determined purely by the anatomical 

structure of the nervous system, as it was understood at the time. Under this theory, individuals  
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Figure 1.1. Schematic illustration of early pain model mechanisms.  

(a) Specificity theory is depicted in which large (L) and small (S) fibers are thought to transmit touch and 
pain impulses, respectively, in distinct, direct, and specific pathways to touch and pain centers in the 
brain. (b) Summation theory [11], shown by small fiber convergence onto a spinal cord dorsal horn cell is 
depicted along with the model of reverberatory circuits [12] showing a central network of spinal cord 
cells projecting to a higher CNS cell. Touch is depicted to be transmitted to the CNS separately by larger 
fibers. (c) Sensory interaction theory [13] is shown by a multi-synaptic afferent system in which small 
fibers excite (+) and large fibers inhibit (-) central transmission neurons. These fibers then project to the 
spinal cord. (d) Gate control theory [14] is depicted by large and small fibers projecting to the substantia 
gelatinosa (SG) and first central transmission (T) cells. The line running from the large fiber system to the 
central control mechanisms represents a central control trigger which acts upon the gate control system. 
Central transmission cells project to the action system. This figure was published in Pain Research and 
Therapy: Proceedings of the VIth World Congress on Pain, Melzack, R., The gate control theory 25 years 
later: New perspectives on phantom limb pain, pages 9-21 [11].  Reproduced with permission, Copyright 
Elsevier, 1991.  
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claiming to perceive pain in the absence of identifiable injury were considered to have 

psychiatric illness, rather than a medical condition with a physiologic basis [2]. Specificity 

theory influenced health care providers until as recently as the 1950’s [2]. 

There were subsequently several efforts to bring a new theory forward and these are known, 

collectively, as pattern theory. Pattern theory is comprised of summation theory, proposed by 

Goldscheider [12], and reverberatory systems theory proposed by Livingston [13] (both are 

depicted in Figure 1.1 (b)) as well as sensory interaction theory proposed by Noorenbos 

(depicted in Figure 1.1 (c)) [14]. The various forms of pattern theory each suggest that the brain 

plays a passive role in pain perception by acting simply as a receiver of the pain signal.  

 In 1965, Melzack and Wall proposed the gate control theory of pain [15], depicted in 

Figure 1.1 (d). According to this theory, sensory nerve fibers relay pain signals to spinal cord 

transmission (T) cells, and these inputs can be modified by a gating mechanism within the spinal 

cord dorsal horn [15]. Additionally, the brain is capable of sending signals to the spinal cord 

(descending input) to modulate the gating mechanism [15]. This was the first theory to identify, 

firstly, that pain inputs could be modified within the spinal cord dorsal horn, and secondly, that 

the brain plays a dynamic role in perceiving and responding to pain signals. This theory was 

further expanded by Melzack and Casey in 1968 as it was proposed that sensory-discriminative, 

motivational-affective and cognitive-evaluative systems within the brain also contribute to the 

overall subjective pain experience [16].  Ten years later, the theory was again built upon as 

Melzack and Loeser identified that phantom body pain in paraplegic patients could be generated 

by brain mechanisms in the absence of a spinal cord gate, through a so-called central pattern 

generating mechanism [17]. 
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 Thirty-six years after his initial gate control theory publication, Ronald Melzack 

published “Pain and the Neuromatrix in the Brain” [3], describing the neuromatrix model of 

pain, depicted in Figure 1.2.  

 

 
Figure 1.2. Schematic illustration of the neuromatrix model of pain.  
The body-self neuromatrix is shown to be comprised of sensory (S), affective (A), and cognitive modules 
(C). It receives input from cognitive and emotional brain areas as well as sensory systems. The patterns of 
output are shown as multi-dimensional facets of the pain experience as well as behavioral and 
homeostatic responses. Reproduced with permission from the American Dental Education Association 
[3]. Copyright Melzack, R., 2001. 
 
 
 Gate control theory identified many new concepts, around which, a great deal of new 

details have been discovered through scientific research. The basic aspects of gate control theory 

have stood the test of time as research continues to support the overall concepts. The neuromatrix 

model does not replace or discard the concepts illustrated by gate control theory, but rather 

provides a new framework with which to examine the subjective pain experience, particularly 

within the context of chronic pain syndromes with little or no discernible injury or physical 

pathology. The theory proposes that pain perception is not simply a nociceptive phenomenon 

governed only by the parts of the nervous system dedicated to sensing and responding to noxious 

input, but rather a multidimensional experience which is generated by a widely distributed neural 
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network, termed the body-self neuromatrix [3]. According to this model, the pain experience 

generated by the neuromatrix arises from the unique “neurosignature” produced from multiple 

converging inputs, with the peripheral sensory nervous system comprising only one of these [3]. 

In addition to sensory nervous system inputs, the neuromatrix model asserts that cognitive as 

well as emotional brain processes also contribute to pain perception [3]. Furthermore, the pain 

perception experience itself can produce output signals to other brain areas which influence 

affective and cognitive patterns as well as our actions and behavior patterns [3]. Another 

important output area affected by the pain perception of the neuromatrix includes the body’s 

chemical, immune, and hormonal stress-regulation programs [3]. The model recognizes that the 

body-self neuromatrix is not the only thing which sends signals to and influences these brain 

areas; however, this is the first theory to recognize the effect of pain perception on these 

neurological processes [3]. 

 

1.2 Sensory Mechanisms of Pain 

1.2.1 Spinothalamic Tract 

 With respect to peripheral tissues of the body, all are innervated by sensory nerve fibers 

which are capable of sensing injury and inflammation. With the exception of craniofacial tissue, 

all peripheral sensory inputs from the neck to the toes are received by the spinal cord [18]. 

Sensory inputs signaling pain reach the dorsal horn region of the spinal cord and are directed to 

the ventrobasal complex (VBC) of the thalamus. From here, the pain signal is sent to the 

somatosensory cortex of the brain, allowing for the nociceptive sensation to be perceived. These 

pathways form the basic architecture of the spinothalamic tract, depicted in Figure 1.3. 
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1.2.2 Nociceptors: Sensory Afferent Neurons 

 Based upon the works of Erlanger and Gasser [19-21], peripheral nerves are classified as 

A, B and C fibers, based on their conduction velocity. The A fibers have the fastest conduction 

velocity, due to the fact that they are myelinated by Schwann cells, while C fibers have the 

slowest conduction velocity and are unmyelinated. Different nerve subtypes act to sense different 

types of stimuli. For example, Aβ fibers are capable of sensing touch, pressure and joint rotation 

while Aδ fibers sense touch, temperature, pressure and various chemical stimuli [18]. In general, 

the two types of nerve fibers responsible for sensing noxious stimuli are Aδ and C fibers [18]. 

For this reason, these two types of nerve fibers are also known as nociceptors.  

 Nociceptors innervate the various tissues and organs of the body. Noxious signals from 

the periphery are initially transduced by nociceptors and relayed to the spinal cord. These 

sensory afferent nerves have cell bodies located in the dorsal root ganglia which span the spinal 

cord roots from the cervical to the sacral level [18]. The efferent terminals of these fibers are 

located within the spinal cord dorsal horn region.  

 

1.2.3 Spinoparabrachial Pathway 

 In addition to the spinothalamic tract, afferent noxious input is also relayed to the brain 

via the spinoparabrachial pathway. From the dorsal horn, spinal cord neurons project noxious 

input to the parabrachial nucleus of the brainstem. This region has connections to the ventral 

medialhippocampus and the central nucleus of the amygdala which play a role in mediating the 

emotional and affective response to pain [22]. 
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A       B   

              

Figure 1.3. Schematic illustration of the spinothalamic tract. 
(A) Nociceptive signal from the foot is transmitted to the spinal cord through a sensory afferent neuron. 
The signal is then relayed upwards to the brainstem and brain. (B) A more detailed look of the spinal cord 
and brain regions of the spinothalamic tract shows that, in the spinal cord, the nociceptive signal is 
received in the dorsal horn region. A spinal cord projection neuron, passing through the ventral white 
matter on the opposite side and through the medulla and pons, sends the nociceptive signal to the 
thalamus VBC, comprised of the central lateral and ventral posterior lateral nuclei. The signal is then 
relayed to the somatosensory cortex of the postcentral gyrus. This figure was published online [23]. 
Copyright Physiopedia, 2018. 
 

 

1.2.4 Descending Modulation 

 Noxious signals sent to supraspinal centers are integrated in the periaqueductal gray of 

the midbrain [24]. Here, the nucleus raphe magnus sends descending input down the spinal cord 

which acts to modulate the ascending sensory afferent input. The periaqueductal gray is capable 

of both facilitating and inhibiting sensory afferent input [22]. 
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1.2.5 Signal Transduction Mechanisms and Pain Classification 

 Pain can be classified according to the mechanism through which the noxious stimulus is 

transduced. There are three main types of noxious stimuli, each of which are sensed by 

nociceptors through distinct signal transduction mechanisms, giving rise to three distinct 

categories of pain. These are described below. 

 

1.2.5.1 Nociceptive 

 Nociceptive pain occurs in response to stimuli which cause actual or potential tissue 

damage. It occurs through the direct activation of peripheral nociceptor sensory fibers under 

normal physiologic conditions. Nociceptors express various types of receptors and/or ion 

channels which transduce signals from distinct noxious inputs or stimuli, thereby allowing the 

nociceptor to send an action potential via the spinothalamic tract in response to a noxious 

stimulus. In the absence of pre-existing injury or inflammation, these signal transduction 

mechanisms are considered to be high-threshold [24]. For example, intense mechanical stimuli 

such as pinch, pressure and indentation of the skin, intense heat such as contact of the skin with a 

flame, or certain algesic substances such as acid, capsaicin and mustard oil would be capable of 

producing nociceptive pain [18,24]. As depicted in Figure 1.4 (a), various TRP receptors, 

expressed on nociceptive nerve terminals in the skin, are capable of sensing heat (> 45°C) as 

well as certain chemicals such as capsaicin. The TRP receptors are non-selective cation channels, 

which, when activated by stimuli, open, thereby allowing influx of cations into the nerve, leading 

to de-polarization of the net intracellular electrical charge. If the action potential threshold is 

reached (approximately -55 mV), the nerve’s sodium channels will open, causing the neuron to 

fire, thereby relaying the noxious signal to the CNS. Additional examples of nociceptive pain 
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Figure 1.4. Noxious signal transduction mechanisms. 
(a) Nociceptive pain signal transduction pathways may involve stimulation of sensory nerve receptors 
through mechanical, chemical or thermal stimuli. (b) Inflammatory pain results from the release of 
chemical mediators from injured tissue or inflammatory cells, thereby sensitizing peripheral neurons. (c) 
Neuropathic pain can result from nerve damage and/or trauma peripherally, within the spinal cord or 
brain. Reprinted with permission [24]. Copyright Springer Nature, 2002. 
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signal transduction in Figure 1.4 (a) include the ASIC channels sensing algesic chemicals such as 

low pH, menthol and mustard oil, the MDEG, DRASIC and TREK-1 receptors sensing intense 

mechanical pressure, and TRPM8 channels sensing very low temperatures [24]. 

 

1.2.5.2 Inflammatory 

 In response to tissue damage and/or inflammation, the functioning of nociceptors 

becomes altered, which may result in the experience of inflammatory pain. In such cases, 

chemical mediators are released either by injured tissue, inflammatory cells or tumor cells which 

act to directly activate nociceptors or sensitize them [24]. These inflammatory chemicals may 

include, for example, cytokines, prostaglandins, or bradykinin, as depicted in Figure 1.4 (b). 

These substances bind to GPCRs expressed by sensory nerve fibers and, in turn, increase the 

activity of intracellular kinases PKA and PKC. This results in increased phosphorylation of 

membrane-bound receptors and ion channels, such as TRPV1, which causes their threshold of 

activation to become reduced. De-polarization of the sensory nerve fibers then happens more 

readily in response to stimuli, a state known as ‘peripheral sensitization’. Therefore, 

inflammatory pain is associated with peripheral sensitization and hyperalgesia of the affected 

tissue. In addition to pain, other signs which may be associated with a localized inflammatory 

response may include redness, swelling and heat. In response to an acute injury, such as a torn 

ligament, inflammatory pain will generally occur over the duration of the injury and end upon 

tissue healing. In cases of chronic inflammatory disease, however, inflammatory pain may be 

present on a chronic and/or recurring basis. Examples of such cases may include rheumatoid 

arthritis and inflammatory bowel disease. 
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1.2.5.3 Neuropathic 

 Neuropathic pain occurs specifically in response to damage of nerve tissue itself. 

Changes to both the injured nerve in the periphery and within pain-processing regions of the 

CNS can occur in such cases, leading to both peripheral and central sensitization, hyperalgesia 

and allodynia. Some of the key changes implicated in neuropathic pain include increased 

transcription or altered trafficking of sodium channels and reduced transcription of potassium 

channels [24], increasing the excitability of sensory neurons and resulting in peripheral 

sensitization. Within the CNS, biochemical changes within the dorsal horn region such as 

phosphorylation of NMDA and TRPV1 receptors work to enhance nociceptive signal 

transmission, contributing to central pain sensitization. Clinically, patients may experience 

hyperalgesia, allodynia, as well as spontaneously-evoked pain sensations. As depicted in Figure 

1.4 (c), injury to nerve tissue may occur in the periphery, for example, by damage to sensory 

nerves caused by swelling of the carpal tunnel. Nerve tissue damage may also occur within the 

CNS, for example, via traumatic spinal cord injury or ischemic stroke. The experience of 

neuropathic pain is commonly described as sharp, burning, shooting, electrical or shock-like 

sensations. Although healing of nerve tissue injury followed by the absence of neuropathic pain 

may occur, many cases of neuropathic pain are chronic. 

 

1.3 Pathophysiology of Chronic Pain 

 Normally, nociceptive input from the periphery is delivered to the dorsal horn of the 

spinal cord by thinly myelinated and non-myelinated sensory afferent neurons known as Aδ and 

C fibers, respectively. During this process, excitatory neurotransmitters such as substance P and 

glutamate are released in the dorsal horn from the terminals of the Aδ and C neurons. Glutamate 
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leads to short term activation of both the AMPA and kainate ionotropic glutamate receptors on 

dorsal horn pain projection neurons [25].  These signals are relayed to the brain via the spino-

thalamic tract and allow for perception of the intensity, duration, and time of onset of the noxious 

stimulus [25]. Under these circumstances, the function of spinal cord glial cells remains 

unchanged and NMDA ionotropic glutamate receptors are not activated as they remain plugged 

by Mg2+ [26]. In situations in which inflammation or tissue damage is prolonged, ongoing 

excitation of afferent nociceptive neurons can occur, sending repeated noxious signals into the 

dorsal horn. Prolonged and repetitive nociceptive signaling can lead to several well-characterized 

changes within the spinal cord. These changes ultimately result in a shift within the dorsal horn 

from a normal state to a pain-facilitating state, referred to as ‘central sensitization’ (specific 

mechanisms discussed in Section 1.3.2).  When pain persists for greater than 3 months following 

an injury, it is considered chronic and no longer conducive to protection and healing. An 

important system involved in the development and maintenance of some forms of chronic pain is 

now understood to be the neuronal-glial network of the spinal cord dorsal horn [27-29]. 

 

 
1.3.1 Spinal Cord Glial Cells 

 Glial cells are the most abundant cell type in the CNS and are capable of influencing 

neuronal signaling, particularly within the context of chronic pain. The concept of the tripartite 

synapse posits that pre-and post-synaptic nerve terminals as well as glial cells mediate synaptic 

transmission within the CNS through reciprocal communication [30,31]. Being cells of the 

immune system, glia are capable of mounting inflammatory responses. As evidence to date 
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suggests, glia-mediated neuro-inflammation within the dorsal horn of the spinal cord has 

important consequences for the spinothalamic pain sensing system. 

 

1.3.1.1 Microglia 

 Microglia, a type of glial cell, are residents of the brain, spinal cord, and retina [32]. They 

are similar to peripheral cells of macrophage lineage in terms of their phenotype, function and 

morphology [32]. Microglia express a variety of cell surface receptors including ionotropic 

glutamate receptors (AMPA and NMDA), metabotropic glutamate receptors (mGluR), toll-like 

receptors (TLRs), NK1R (neurokinin-1/substance P receptor), purinergic receptors (PXRs), 

among others, allowing the cells to sense and respond to a number of different environmental 

stimuli [33]. In this manner, these cells are thought to play a role in host defense and tissue repair 

in the CNS via migration, proliferation, phagocytosis, antigen processing, and cytolytic functions 

[25]. These activities normally occur in response to pathogenic proteins and/or toxic cell debris 

produced during infection or injury [25]. Activated microglia are capable of releasing a variety 

of pro-inflammatory and neuroactive substances including interleukins, TNF, prostaglandins, 

excitatory amino acids (i.e., glutamate and/or aspartate), NO, BDNF and NGF.  

 Previous research has found that microglial activation and localization within the dorsal 

horn occurs in certain models of pain in animals (reviewed in [33]).  It is now understood that 

microglia are capable of modulating neuronal signaling and facilitating central sensitization 

through a phenomenon called neuro-inflammation (specific mechanisms discussed in Section 

1.3.2) 

 



15 

 

1.3.1.2 Astrocytes 

 Astrocytes are a second type of glial cell within the CNS, and, like microglia, are also 

capable of mediating the innate immune response and modulating neuronal signaling within the 

spinal cord [34]. They are derived from the neuroectoderm during embryonic development and 

remain residents of the CNS throughout their lifespan. Unlike microglia, astrocytes are non-

migratory and form elaborate networks via cell-cell gap junction linkages with other astrocytes 

[34].  Astrocytes express an array of functional neurotransmitter receptors which facilitate 

cellular activation in response to substance P, glutamate, and ATP.  In states of hyperalgesia and 

allodynia, astrocytes may become ‘reactive’ leading to increased transcription and synthesis of 

inflammatory factors such as IL-1β, TNFα, PGE2, CCL2 and NO (reviewed in [34]). 
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Figure 1.5. Dorsal horn neuro-inflammation. 

Depicted here are the cell types and biochemical mediators thought to contribute to neurogenic neuro-
inflammation within the spinal cord. In this example, persistent neuronal activity from a peripheral injury 
promotes release of neurotransmitters and neuropeptides (light blue boxes) from the afferent C-fibre 
presynaptic terminal. This induces a complex cascade of interacting responses from immune cells 
(microglia and astrocytes), neuronal vasculature, and higher-order neurons (descending and interneurons). 
Mast cells, perivascular macrophages and T cells may also release pro-inflammatory mediators to further 
enhance the response. Substances released by each cell type are listed in boxes colored according to the 
respective cell type. Key substances which act on each cell type are listed in light yellow boxes. These 
biochemical mediators normally maintain a net balance between pro- and anti-inflammatory signaling. 
However, ongoing noxious afferent input can drive a net pro-inflammatory environment, resulting in 
neuro-inflammation. Neuro-inflammation can ultimately amplify neuronal signals within the spino-
thalamic pain pathway and drive hallmark features of chronic pain such as hyperalgesia and allodynia.  
Abbreviations in this figure are defined in the List of Abbreviations. Reprinted with permission [35]. 
Copyright Springer Nature, 2014. 
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1.3.2 Mechanisms of Spinal Cord Neuro-Inflammation  

 Currently, there are postulated biochemical mechanisms through which neuro-

inflammation of the spinal cord may develop. Figure 1.5 depicts this phenomenon within the 

context of chronic neuropathic pain following peripheral nerve injury. 

 NMDA receptors are expressed by both spinal cord neurons and glial cells and can 

become activated in response to elevated synaptic glutamate concentrations, ongoing afferent 

signaling, and sustained depolarization of pain projection neurons [25].  NMDA receptor 

activation results in the influx of Ca2+ and other cations, thus favoring cell depolarization and 

firing of neurons and pro-inflammatory cytokine production in glia. NR2B is one subunit 

comprising the tetrameric NMDA receptor in the spinal cord. Increased activity of intracellular 

protein kinase A (PKA) (i.e,. in response to inflammatory stimuli such as CGRP or PGE2) can 

result in NR2B phosphorylation which increases NMDA Ca2+ permeability [26]. PKA activation 

is increased by increased intracellular cAMP concentration and its activity has been shown to 

play a critical role in maintaining central pain sensitization [36,37]. CGRP is found in the 

terminals of nociceptive C and Aδ fibers and when released, acts on CGRP receptors in the 

dorsal horn of the spinal cord [38,39]. CGRP release is induced in diseases such as arthritis and 

is strongly associated with central sensitization [39]. CGRP is known to increase PKA activity 

and enhance NMDA Ca2+ permeability [40]. In glia, Ca2+ influx triggers p38 mitogen activated 

protein kinase (MAPK) activation, causing production and secretion of inflammatory mediators 

such as IL-1β, TNFα, IL-6, PGE2, BDNF, and activation of nuclear transcription factor kappa-B 

(NF-κB) which induces further synthesis of pro-inflammatory molecules [25].  IL-1β, TNFα and 

IL-6 have been shown to increase neuro-excitatory synaptic transmission and potentiate currents 

via AMPA and NMDA glutamate receptors in spinal cord sections. BDNF impairs inhibition and 
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enhances excitability of pain projection neurons in the dorsal horn by altering chloride 

homeostasis [41,42]. In neurons, Ca2+ influx triggers synthesis of NO and PGE2 which can 

directly activate microglia and astrocytes, further driving synthesis and secretion of 

inflammatory mediators. Peripheral nerve injury is known to induce monocyte chemoattractant 

protein-1 (also known as MCP-1) secretion in the dorsal horn of the spinal cord as well as 

microglial activation [43,44]. TNFα can also induce marked production of CCL2 by astrocytes 

[45]. CCL2 is known to rapidly induce central sensitization by increasing NMDA receptor 

activity in dorsal horn neurons [27,45], likely via the cAMP-PKA pathway. In addition, neuron-

derived ATP is known to stimulate microglia via the P2X4 receptor which induces cellular 

secretion of ATP and BDNF [41,42,46].  Furthermore, the presence of inflammatory mediators 

can increase expression of TRPV1 channels, leading to increased neuronal sensitivity [41]. 

TRPV1 receptors are ligand-gated cation channels expressed on nociceptive neurons and play an 

important role in mediating inflammatory and thermal nociception [47,48]. When activated, the 

channel opens generating an influx of cations which increases the probability of the membrane 

voltage reaching the threshold for action potential firing. In response to inflammatory molecules 

(ex. PGE2 or ATP), the TRPV1 receptor becomes phosphorylated by either PKA or PKC which 

causes the channel to open more readily in response to stimuli [48-55]. Thus, the increased 

expression and phosphorylation of TRPV1 receptors on neuronal fibers within the dorsal horn 

could considerably amplify noxious input in the presence of inflammatory ligands. 
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1.4 Pharmacologic Management of Chronic Pain 

 Various pharmacologic options exist for the treatment of chronic pain conditions. 

Pharmacologic agents with a Health Canada-approved indication for the treatment of one or 

more forms of chronic pain are listed in Table 1.1, grouped according to drug class. Importantly, 

each drug class is associated with several characteristic adverse effects, also included in Table 

1.1, which commonly limit the ability of these agents to provide adequate pain therapy. All 

approved treatment indications and common adverse effects listed in Table 1.1 were obtained 

from The Canadian Pharmacists Association’s RxTx database [56]. Recommended therapeutic 

choices for the most common types of chronic pain, including neuropathic pain and chronic joint 

pain, are described here. Therapeutic choices for fibromyalgia treatment are specifically 

discussed in Section 1.5. Discussion of pharmacotherapy for additional chronic pain states is 

outside the scope of this dissertation. 

 With respect to treatment of chronic neuropathic pain conditions, the Canadian Pain 

Society recommends that gabapentinoids, tricyclic anti-depressants and serotonin-norepinephrine 

re-uptake inhibitors be used as first-line agents [57]. In moderate to severe pain not responsive to 

treatment with first-line agents, tramadol and other controlled-release opioids are recommended 

as second-line options [57]. Cannabinoids are considered to be third-line treatment options in the 

event an adequate response is not obtained from first or second-line agents [57]. Fourth-line 

agents include methadone and selected anti-convulsants [57]. In selected chronic neuropathic 

pain conditions, evidence exists to support the use of combination therapy with multiple specific 

agents in the event that first-line treatments fail [57]. 

 For the treatment of pain in chronic joint disorders such as arthritis, acetaminophen and 

NSAIDs, used either topically or orally, are considered first-line options [58]. Topical capsaicin 
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derivatives may also provide benefit either as first-line treatment or as an adjunctive therapy 

[58]. Serotonin-norepinephrine re-uptake inhibitors are recommended for patients with 

concomitant depression and/or neuropathic pain [58]. Opioids are recommended in moderate to 

severe cases not adequately controlled using NSAIDs [58].  

 Despite published treatment guidelines and the approved indications for chronic pain 

treatment, systematic reviews of randomized controlled trials consistently report that the efficacy 

of pharmacologic agents for chronic pain treatment is generally low or modest [57,59-62]. Some 

scholars feel this is due to the fact that the currently available pharmacologic agents were not 

designed to address the underlying pathophysiology, coupled with the fact that their mechanisms 

are generally non-specific [24]. In addition, the therapeutic mechanisms of many agents result in 

unwanted side-effects, commonly limiting patients’ willingness to adhere to treatment and/or 

presenting serious safety issues warranting discontinuation. For example, gabapentinoids act on 

voltage-gated calcium channels in the CNS, contributing to an overall, non-specific decrease in 

neurotransmission. The side effect profile, listed in Table 1.1, illustrates some of the common 

clinical consequences of this non-specific action. A recent Cochrane Database Systematic 

Review of chronic neuropathic pain treatment concluded that “[o]ver half of those treated with 

gabapentin will not have worthwhile pain relief but may experience adverse events” [61]. As a 

second example, opioid analgesics are relied upon for treatment of chronic pain that is moderate 

to severe and/or non-responsive to first-line options. However, these agents often fail to provide 

clinically meaningful benefit and commonly cause adverse effects. As concluded by a recent 

Cochrane Review, “[n]o convincing, unbiased evidence suggests that oxycodone (as oxycodone 

CR) is of value in treating people with painful diabetic neuropathy or postherpetic neuralgia. 
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There is no evidence at all for other neuropathic pain conditions, or for fibromyalgia. Adverse 

events typical of opioids appear to be common.” [62]. 

 Clearly, improved pharmacotherapies are required for chronic pain treatment. Because 

chronic pain is considered heterogeneous in terms of its etiological factors and mechanisms, it 

has been asserted that future pharmacotherapies should not aim to address pain as an overall 

symptom, but rather aim to target the underlying neurobiological mechanisms responsible [24]. 

 
Table  1.1. Pharmaceutical agents indicated for chronic pain treatment.  

Drug Class Drug 
Brand 

Name(s) 

Route of 
Administration 

/ Dosage 
Format 

Approved 
Chronic Pain 
Indication(s) 

Adverse Effects and 
Limitations 

Anti-

Convulsant 
Carbamazepine Tegretol® 

Oral / Tablet, 

Suspension 

Trigeminal 

neuralgia 

Hypersensitivity reactions, 

ataxia, dizziness, 

somnolence, hypotension, 

sedation, blurred vision, 

hyponatremia, leucopenia, 

skin rashes and dermatitis 

Cannabinoids 
Nabiximols (Δ9-

THC and CBD) 
Sativex® 

Buccal / 

Oromucosal 

Spray 

Spasticity and 

neuropathic pain 

in multiple 

sclerosis; 

adjunctive 

analgesic in 

advanced cancer 

Psychotropic effects, 

psychological dependence, 

mood changes, decrease in 

cognitive performance, 

dizziness, fainting, 

tachycardia, postural 

hypotension 

Capsaicin 

Derivatives  

Capsaicin Capzacin HP® 
Topical / 

Cream  

Pain syndromes 
Arthralgia, local pain, 

burning, stinging, erythema  
Zucapsaicin 

Zostrix®, Rub 

A535® 

Osteoarthritis of 

the knee 

Centrally-

Acting 

Analgesic 

Acetaminophen Tylenol® Oral / Tablet 

Temporary relief 

of mild to 

moderate pain in 

arthritis, myalgia, 

neuralgia, low 

back pain, 

musculoskeletal 

pain, 

dysmenorrhea 

Hepatotoxicity associated 

with overdose and 

alcoholism 
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Gabapentin-

oids 

Gabapentin Neurontin® 
Oral / Capsule, 

Tablet 

Chronic low back 

pain, trigeminal 

neuralgia, chronic 

peripheral 

neuropathic pain Renal failure, blurred vision, 

angioedema, edema, 

dizziness, somnolence, 

discontinuation symptoms, 

constipation, GI obstruction, 

weight gain Pregabalin Lyrica® Oral / Capsule 

Fibromyalgia, 

diabetic 

peripheral 

neuropathy, 

postherpetic 

neuralgia, 

neuropathic pain 

associated with 

spinal cord injury 

NSAID 

Ibuprofen Advil® 

Oral / Tablet, 

Gelcap, 

Suspension 

Osteoarthritis, 

juvenile 

rheumatoid 

arthritis, 

dysmenorrhea 

Cardiovascular related events 

(heart attack, stroke, 

thrombosis), 

peptic/duodenal ulceration, 

GI perforation, GI bleeding, 

renal impairment, 

hypertension, edema, 

hematuria, cystitis 

Naproxen Naprosyn® 

Oral, Rectal / 

Tablet, 

Suspension, 

Suppository 

Osteoarthritis, 

juvenile 

rheumatoid 

arthritis, 

dysmenorrhea, 

low back pain 

Diclofenac 
Arthrotec®, 

Pennsaid® 

Oral, Topical, 

Rectal / Tablet, 

Powder, Gel, 

Suppository 

Osteoarthritis, 

rheumatoid 

arthritis 

Indometha-cin Indocin® 

Oral, Rectal / 

Tablet, 

Suppository 

Osteoarthritis, 

rheumatoid 

arthritis, 

ankylosing 

spondylitis 

Meloxicam Mobicox® Oral / Tablet 

Osteoarthritis, 

rheumatoid 

arthritis 

Celecoxib Celebrex® Oral / Capsule 

Osteoarthritis, 

rheumatoid 

arthritis, 

ankylosing 

spondylitis 

Diflunisal Dolobid® Oral / Tablet 

Osteoarthritis, 

rheumatoid 

arthritis 
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Etodolac Lodine® Oral / Capsule 

Osteoarthritis, 

rheumatoid 

arthritis 

Flurbiprofen Ansaid® Oral / Tablet 

Osteoarthritis, 

rheumatoid 

arthritis, 

ankylosing 

spondylitis 

Ketoprofen Orudis® Oral / Capsule 

Osteoarthritis, 

rheumatoid 

arthritis, 

ankylosing 

spondylitis 

Piroxicam Feldene® Oral / Capsule 

Osteoarthritis, 

rheumatoid 

arthritis, 

ankylosing 

spondylitis 

Tiaprofenic acid Surgam® Oral / Tablet 

Osteoarthritis, 

rheumatoid 

arthritis 

Opioid 

Codeine 

Codeine 

Contin®, 

Tylenol #3® 

Oral / Tablet 

Mild-moderate 

chronic pain and 

cancer pain 

Physiological tolerance, 

psychological dependence, 

addiction, fatal overdosing, 

withdrawal syndrome, 

hyperalgesia, CNS 

depression, constipation, 

sedation, dizziness, 

hypotension, respiratory 

depression, anorexia, 

hyperhidrosis, hallucinations, 

confusion, delirium 

Oxycodone 

Oxy.IR®, 

OxyNEO®, 

Percocet® 

Oral / Tablet 

Moderate-severe 

chronic pain and 

cancer pain 

Tramadol 
Zytram®, 

Tramacet® 
Oral / Tablet 

Moderate-severe 

chronic pain and 

cancer pain 

Hydromorph-

one 

Dilaudid, 

Hydromorph 

Contin® 

Oral / Tablet, 

Capsule 

Moderate-severe 

chronic pain and 

cancer pain 

Fentanyl Duragesic® Topical / Patch 

Severe chronic 

pain and cancer 

pain 

Morphine 
M-Eslon®, 

MS.IR® 

Oral / Tablet, 

Capsule 

Severe chronic 

pain and cancer 

pain 

Methadone 
Not 

applicable 
Oral / Solution 

(Without Health 

Canada Approval) 

Chronic pain and 

cancer pain 
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Tapentadol Nucynta® Oral / Tablet 

(Without Health 

Canada Approval) 

Diabetic 

neuropathy 

Serotonin-

Norepineph-

rine Re-Uptake 

Inhibitor 

Duloxetine Cymbalta® Oral / Capsule 

Fibromyalgia, 

diabetic peripheral 

neuropathy, chronic 

low back pain, 

osteoarthritis of the 

knee 

Hypertension, 

hepatotoxicity, 

discontinuation 

symptoms, decreased 

glycemic control, 

abnormal bleeding, 

hyponatremia, seizures, 

sedation, sexual 

dysfunction, serotonin 

syndrome 

Tricyclic 

Antidepressant 
Amitriptyline Elavil® Oral / Tablet 

(Without Health 

Canada Approval) 

Fibromyalgia, 

neuropathic pain, 

chronic neck pain 

Dry mouth, blurred vision, 

constipation, tachycardia, 

delirium, sedation, weight 

gain, orthostatic 

hypotension, seizures, 

sexual dysfunction 
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1.5 Fibromyalgia Syndrome: A Chronic Widespread Musculoskeletal Pain Disorder 

 Fibromyalgia (FM) is a syndrome characterized by chronic widespread myofascial pain 

and is associated with fatigue, cognitive difficulties and non-restorative sleep, along with the  

experience of a number of additional wide-ranging somatic symptoms such as frequent 

headaches, sinus problems, and muscle spasm [63,64].  FM is also associated with the presence 

of myofascial trigger points (MTPs) which are hyperirritable, palpable nodules within a muscle 

taut band (an endogenous localized contracture within the muscle without activation of the motor 

endplate) [65-67]. A Canadian study estimates the prevalence of FM to be 4.9% in women and 

1.6% in men [68]. The estimated mean global prevalence of FM is 2.7% with the majority of 

affected individuals being women [69].  This medical condition represents a major global 

economic burden as FM patients frequently access health care services and experience reduced 

daily functioning and productivity [70].  

 

1.5.1 Clinical Features and Diagnosis 

 The chronic widespread pain experienced by individuals with FM can present clinically 

as pain and/or tenderness in response to non-painful stimuli (known as allodynia) as well as 

increased subjective pain sensation in response to modestly painful stimuli (known as 

hyperalgesia). This pain may also be associated with stiffness, subjective weakness, and/or 

muscle fatigue.  

 Updated since 1990, the most recent diagnostic criteria for fibromyalgia published by the 

American College of Rheumatology in 2010 require that patients have had symptoms for at least 

three months and do not have another disorder which would explain their symptoms of pain [63]. 

Additionally, patients must have a widespread pain index (WPI) score and a symptom severity 
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(SS) score above a defined minimum level [63]. The WPI takes into account the number of 

tender points or painful areas reported by the patient while the SS score is determined by taking 

into account the number of somatic symptoms experienced as well as the severity of fatigue, 

waking unrefreshed, and cognitive difficulty [63]. The common locations of tender points in FM 

are shown in Figure 1.6 below. 

 

 

Figure 1.6. Common locations of pain and/or tenderness in FM (yellow/red), referred to as tender points. 

This figure was published online [71]. Copyright Peak Physical Therapy & Sports Rehabilitation, 2012. 

 

1.5.2 Pathophysiology 

 Although the pathophysiology of FM remains to be fully elucidated, research to date 

suggests that numerous sites along the pain neuraxis are involved. The underlying 

pathophysiology is thought to involve peripheral and central sensitization coupled with 

abnormalities in CNS pain processing [72-74].  
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 Afferent nociceptive input from sensitized peripheral sites has been shown to play an 

important role in generating and maintaining central sensitization in FM [66,67,75-77]. 

Peripheral sensitization of afferent nociceptors may develop in focal regions of tissue 

abnormality, including MTPs, through an interplay of muscle ischemia, perpetual muscle 

contracture and locally released vasoactive and algogenic substances [78-80]. The expanded 

MTP hypothesis developed by Gerwin et al. outlines the formation of MTPs, asserting that hypo-

perfusion and ischemia of a muscle region can lead to reduced pH, greatly increased 

acetylcholine concentrations within neuromuscular junctions, and release of cytokines, substance 

P, bradykinin, and CGRP [81]. It is now believed that MTPs result in a sensitized region in the 

periphery which deliver frequent and spontaneously evoked pain signals in FM (an ‘afferent 

barrage’ to the spinal cord), driving localized pain and tenderness as well as central sensitization, 

resulting in hyperalgesia and allodynia [65-67,79].  

 Another component of FM pathophysiology is thought to involve dysfunction of 

endogenous descending inhibitory systems, thereby enhancing the nociceptive sensitivity 

characteristic of FM. Opiate-mediated pain modulation in the brain appears to be abnormal in 

individuals with FM, as evidenced by a decrease in µ opioid receptor binding in the brain [82]. 

FM patients also have reduced cerebrospinal fluid (CSF) levels of dopamine [83], 

norepinephrine [83] and serotonin metabolites [84], which may also indicate reduced activity of 

descending inhibitory systems. 

 Importantly, studies have identified elevations in inflammatory biomarkers within both 

the periphery and CNS of FM patients, attesting the presence of inflammation in this disease 

state. Compared to healthy controls, significant elevations in glutamate, substance P, NGF, 

BDNF and IL-8 have been found in the CSF of FM patients [85-88]. As outlined above in 
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Section 1.3, each of these substances plays a role in enhancing nociceptive signaling, particularly 

within the spinal cord dorsal horn, via glial cell-mediated neuro-inflammation. Therefore, such 

processes may possibly contribute to the central sensitization present in FM. In addition, 

significant elevations in neuromuscular junction cytokine (TNFα and IL-1β) as well as serum 

cytokine and chemokine concentrations have been identified in FM patients [89-92]. The role of 

these inflammatory molecules in FM is not clear, however, increased IL-17A, a cytokine 

elevated in FM patients, has previously been associated with systemic autoimmune disease 

[93,94], anxiety [95], depression [95,96], and hyperalgesia [97].  

  

1.5.3 Pharmacologic Treatment 

 Although a range of pharmacologic agents are prescribed for FM patients clinically, the 

only medications officially indicated for FM pain management are duloxetine (Cymbalta®) and 

pregabalin (Lyrica®) in Canada and the United States as well as milnacipran (Savella®) in the 

United States [59,60,98]. Classic analgesics such as acetaminophen, NSAIDs, and opiates 

typically provide modest or no benefit [99]. Opiates are generally considered to be potent 

analgesic drugs; however, current treatment guidelines recommend against the use of opiates for 

FM treatment [100,101] based on the notion that opiate drugs may exacerbate central pain 

sensitivity via provocation of inflammatory glial cell activity [102,103] and the absence of 

evidence demonstrating that any opiate drug provides analgesic benefit in FM [99,100,104].  

 Currently, no single indicated treatment can be expected to provide a high degree of 

benefit for FM patients nor does any single treatment reduce all the major symptoms of FM. 

Systematic meta-analyses reveal that the indicated drug treatments for FM provide modest 

reductions in pain and little benefit for other core disease symptoms [59,60]. For example, a 
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Cochrane Database Systematic Review reports that the majority of patients receiving SNRI 

(serotonin-norepinephrine re-uptake inhibitor) therapy with either duloxetine or milnacipran 

report less than 30% improvement in pain [59]. According to a separate Cochrane Review, the 

same is true for pregabalin in the treatment of FM [60].  Furthermore, SNRI treatment provided 

non-substantial or no benefit over placebo in improving fatigue, depression, anxiety, quality of 

life, cognitive disturbances, and sleep problems [59].  Also, one in every five FM patients 

receiving duloxetine or milnacipran discontinued treatment due to adverse effects [59]. 

 

 
1.6 Human Endocannabinoid System 

 In mammals, the endocannabinoid system consists of a group of lipid signaling molecules 

and the cannabinoid receptors through which they signal. Endocannabinoids are eicosanoids 

derived from lipid metabolites and include anandamide (AEA), palmitoylethanolamide (PEA), 

oleoylethanolamide (OEO), N-arachidonoyl dopamine (NADA) and 2-arachadonoyl glycerol 

(2AG) [105]. Endocannabinoids are generally synthesized on demand, in response to elevations 

in intracellular calcium [106]. The metabolic deactivation of the endocannabinoids occurs 

predominantly via two enzymes, fatty acid amide hydrolase (FAAH) and mono-acyl glycerol 

lipase (MAGL) [107,108]. The primary targets through which endocannabinoids signal are 

thought to be the metabotropic G protein-coupled receptors (GPCRs) designated as CB1 and 

CB2 [106]. Importantly, evidence suggests that endocannabinoid ligands are capable of signaling 

through additional receptors and biochemical pathways. These include the G protein-coupled 

receptor GPR55 [109], the peroxisome proliferator-activated receptor (PPAR) family [110], and 

several of the ionotropic transient receptor potential (TRP) channels [49,111-113].  Accordingly, 
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the endocannabinoid system has been implicated in modulation of a great number of physiologic 

processes. The role of the cannabinoid receptors CB1 and CB2 will be described further below.  

 
1.6.1 CB1 Cannabinoid Receptor 

 The CB1 cannabinoid receptor is expressed primarily by central and peripheral neurons 

[106]. Within the brain, CB1 receptor expression is enriched in the cerebral cortex, 

hippocampus, basal ganglia and cerebellum [106]. Lower levels are present in the hypothalamus 

and spinal cord [106]. CB1 receptors are also expressed widely in peripheral nerves, particularly 

on sensory neurons and autonomic neurons [114]. CB1 expression has also been identified in the 

heart, gastrointestinal tract, kidney, liver, lung, muscle, spleen, testis and uterus [106,115]. On 

neurons, CB1 expression is mainly localized to the cell axon and nerve terminal (pre-synaptic 

bouton) [106,116]. Here, the general role of the CB1 receptor is thought to be maintaining 

homeostasis by preventing excessive neuronal activity [106,116]. Through Gi/o-mediated 

intracellular cascades, CB1 stimulation by agonists has been shown to inhibit N-type voltage-

gated calcium channels in neurons [117,118] and inhibit the depolarization-evoked rise in 

intracellular calcium [119], thus working to prevent release of neurotransmitters from pre-

synaptic terminals. In vivo, stimulation of pre-synaptic CB1 receptors is thought to occur in 

response to retrograde diffusion of endocannabinoids which have been synthesized and released 

from post-synaptic neurons in response to depolarization and calcium release [120,121]. Through 

retrograde signaling, the CB1 receptor is known to mediate suppression of neurotransmitter 

release from both excitatory and inhibitory nerves [106,122-124].  Other reported biochemical 

actions associated with CB1 stimulation include Gi/o-dependent activation of inwardly-rectifying 

potassium channels, and inhibition of L, P and Q-type voltage-gated calcium channels as well as 
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activation of MAPK (p42/44) and PI3K in CNS glial cells (reviewed in [106]). Through its 

various functions, the CB1 receptor is thought to impact neural plasticity and regulate 

phenomena such as pain perception, emotional memory, and adaptive learning [125]. It is also 

thought to play a role in modulating other functions such as appetite [126-128], emesis, and 

balance of autonomic nervous system tone [129]. Agonists of the CB1 receptor are also 

responsible for inducing the so-called ‘cannabinoid tetrad’ effects characterized in wild-type 

mice (i.e., hypo-locomotion in an open field, catalepsy on a ring, tail flick latency, and 

hypothermia) [130,131] and static ataxia in dogs [106]. In humans, undesirable effects of CB1 

stimulation are generally recognized as alterations in cognition and memory, dysphoria/euphoria, 

and sedation [106]. Targeting CB1 for therapeutic purposes such as pain treatment is therefore 

limited by these undesirable effects.  

 

1.6.2 CB2 Cannabinoid Receptor 

 The CB2 cannabinoid receptor is expressed most abundantly by peripheral cells of the 

immune system including B and T cells, natural killer cells, monocytes, macrophages, and 

neutrophils [132].  The CB2 receptor couples with Gαi/o receptor proteins and its stimulation via 

agonist treatment inhibits adenylyl cyclase [133]. This results in reduced intracellular cAMP 

concentrations, modulation of MAPK signaling pathways, and modulation of functionof certain 

Ca2+ channels [133].  In contrast to CB1, the CB2 receptor is not capable of acting on inwardly-

rectifying potassium channels nor is it capable of inhibiting Q-type calcium channels [106]. 

Ligands of the CB2 receptor generally have suppressive effects on immune cells such as 

modulation of B and T cell proliferation, reduction of inflammatory cytokine production, and 

decreased chemotaxis and inflammatory cell migration [132].  More recently, low-level 
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expression of CB2 has been detected in a vast number of tissues, both centrally and peripherally.  

These include specific regions of the brain, spinal cord, dorsal root ganglia, enteric nervous 

system neurons, gastrointestinal epithelium, vascular smooth muscle and endothelium, 

myocardium, bone, pancreas, reproductive organs, and various human tumors [134].   

 CB2 activation is associated with broad-ranging anti-inflammatory and analgesic effects 

which have been studied vigorously in vivo. Activation of CB2 has shown benefit in models of 

acute and chronic inflammatory disease such as multiple sclerosis [135], ischemia-reperfusion 

injury [136], rheumatoid arthritis [137], ulcerative colitis [138], among many others. Activation 

of the CB2 receptor has been shown to play a role in reducing bone loss and osteoclastogenesis 

[139], protecting against atherosclerosis [140,141] and preventing bronchoconstriction of the 

airways [142] in vivo. In addition, a vast number of studies indicate that specific activation of the 

CB2 receptor via selective agonists (i.e., ligands with low or negligible affinity for CB1) can 

mediate analgesia in vivo in models of nociceptive [143-145], inflammatory [146-150] and 

neuropathic pain [151-155]. The role of the CB2 receptor in chronic pain involving CNS neuro-

inflammation will be discussed in Section 1.9. 

  

1.7 Phytocannabinoids: Origins, Pharmacology and Current Role in Pain Treatment 

 Analogous to opium poppy preparations leading to the discovery of opioids and the 

human opioid receptors, Cannabis has led to the discovery of cannabinoids and the human 

cannabinoid receptors, CB1 and CB2. Species belonging to the Cannabaceae family, such as 

Cannabis sativa, are annual herbaceous plants which have been utilized for multiple purposes 

(ex., medicinal, recreational, industrial fiber, seed oil, etc.) for thousands of years [156]. 

Cannabis sativa is known to produce approximately 120 different cannabinoids (specifically 
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referred to here as phytocannabinoids to distinguish their origin in the plant kingdom), which 

have been grouped into eleven different categories, based on chemical similarity [156]. 

Phytocannabinoids all have a C21 structural backbone and belong to the terpenophenolic 

chemical family [157]. Although the total cannabinoid content of herbal cannabis can range 

considerably, the average is estimated to be approximately 24% (w/w) [157]. Among the 

cannabinoids present, Δ9-tetrahydrocannabinolic acid (THCA) is typically present in greatest 

abundance [156]. Importantly, the non-acidic, de-carboxylated form of this molecule (ex., Δ9-

tetrahydrocannabinol [THC]), which is produced upon heating, is the phytocannabinoid 

generally responsible for its pharmacologic activity [158]. The chemical de-carboxylation 

reaction of THCA, producing THC, is depicted in Figure 1.6. 

 

Figure 1.7. De-carboxylation of Δ9-tetrahydrocannabinolic acid (THCA) to Δ9-tetrahydrocannabinol (THC). 
 

 THC was chemically characterized and identified as the principal active compound 

responsible for the psychotropic effects of Cannabis by Mechoulam and colleagues in 1963 

[159]. THC binds to both the human CB1 and CB2 receptors with estimated Ki values of 5.05 

and 3.13 nM, respectively [160]. THC also acts as a dual, non-selective agonist at both CB1 and 

CB2 with estimated EC50 values of 6 and 0.4 nM, respectively [116]. Several THC-based and 
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THC analogue-based pharmaceutical agents including nabilone (Cesamet®, Valeant, 

Bridgewater, United States) and dronabinol (Marinol®, Solvay Pharmaceuticals, Brussels, 

Belgium) are available and have been utilized off-label for the treatment of several pain 

conditions (see Table 1.2) [161-165]. These treatments are not, however, considered first-line 

therapies, as discussed above in Section 1.4, and are commonly associated with adverse effects, 

largely owing to CB1 receptor stimulation (ex., psychotropic effects, drowsiness, dizziness, 

decreased cognitive performance, etc.) [161-167]. 

 The majority of all other phytocannabinoids studied display some degree of agonist 

activity at both CB1 and CB2 [157]. None have been found to act with greater potency, however, 

than THC [157]. In contrast, the pharmacologic activity of cannabidiol (CBD) is distinctly 

different. In some chemotypes of Cannabis sativa, CBD is present in approximately equal 

abundance as THC and, in some cases, is present as the predominant phytocannabinoid (ex., 20% 

w/w) with only trace amounts of THC (i.e., less than 1% w/w) [156]. In general, CBD is 

considered to be an antagonist at both CB1 and CB2 at the nanomolar range [168]. It has also 

been suspected of acting as an allosteric modulator of cannabinoid receptors [168,169]. In 2015, 

Laprairie and colleagues discovered that CBD negatively affects the ability of agonists to 

stimulate CB1 in vitro [170]. Furthermore, CBD treatment decreased CB1 receptor 

internalization in response to agonist treatment by decreasing arrestin-2 recruitment [170]. 

Recently, Martinez-Pinilla and colleagues at the University of Barcelona have demonstrated that 

the presence of CBD negatively impacts the ability of cannabinoid agonists to bind and stimulate 

the CB2 receptor at nanomolar concentrations, while at the same time, the half-life of the CB2-

agonist complex is longer in the presence of CBD [171]. Interestingly, the ability of CBD to 

negatively modulate the effects of CB1 and CB2-selective agonists occurs at concentrations far 
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less than that required to displace dual CB1 and CB2 ligands from the orthosteric binding site, as 

determined by [3H]CP55940 displacement assay [168,172]. For example, the Ki value at which 

CBD reduces CP-55,940 stimulation at CB2 (as measured by intracellular [35S]GTPγS binding 

assay) was 65 nM whereas the Ki value at which CBD displaces [3H]CP55940 binding at CB2 

was 4.2 µM [168]. Collectively, these findings support the classification of CBD as a non-

competitive allosteric modulator of both CB1 and CB2.  

 It is important to note that non-cannabinoid receptor-mediated effects of THC and CBD 

have been extensively reported (reviewed by Pertwee [173]). As brief examples, THC has been 

found to induce adipocyte differentiation as well as vascular smooth muscle relaxation via 

activation of PPARγ [174] while CBD has been found to exert analgesic activity via activation of 

TRPV1 and inhibition of FAAH [175]. 

 The notion of phytocannabinoid synergy, also known as the ‘entourage effect’, asserts 

that the therapeutic benefits of Cannabis preparations are attributable to the combinatorial effect 

(or “synergy”) of the multiple phytocannabinoids present, including the combination of THC and 

CBD [176]. Based on the pharmacological data, it has been postulated that administration of 

CBD along with THC may help to mitigate the undesirable CB1-mediated effects of THC alone 

[170]. Furthermore, CBD co-administration may reduce THC-induced tolerance and arrestin 2-

mediated internalization of CB1 [170]. The data also suggest that CBD is capable of prolonging 

CB2-agonist complex stability which could potentially enhance the CB2-mediated benefits of 

THC [171]. Although clinical studies confirming the additive benefit and/or synergy of the THC 

and CBD combination are lacking, the Sativex® oromucosal spray (GW Pharmaceuticals, 

Salisbury, United Kingdom) is a phytocannabinoid extract-based product which contains THC  
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Table  2.2. Pharmaceutical agents targeting the endocannabinoid system for pain treatment.  

Drug Class Drug 
Brand 
Name 

Route of 
Administration 

/ Dosage 
Format 

Clinical Therapeutic 
Use 

Adverse Effects and 
Limitations 

Herbal 

Cannabis 

Cured Cannabis 

flower 
various 

Intrapulmonary

/ Cigarette 

Oral / Capsule, 

Liquid 

Topical / 

Ointment 

Available for various 

pain-related uses 

through Health 

Canada ACMPR 

program 

Short term: confusion, 

sleepiness, fatigue, 

impairment in memory and 

concentration, anxiety, panic, 

paranoia, delusions, 

hallucinations, dizziness, 

fainting, tachycardia, postural 

hypotention. 

Long Term: Harm to memory, 

concentration, thinking, 

bronchitis and lung infections 

[175]. 

Phyto-

cannabinoids 

Dronabinol      

(Δ9-THC) 
Marinol® Oral / Capsule 

Non-Approved, off-

label use for chronic 

non-cancer pain 

[163]. 
Psychotropic effects, 

psychological dependence, 

mood changes, decrease in 

cognitive performance, 

dizziness, fainting, 

tachycardia, postural 

hypotension [164,176]. 

Nabiximols      

(Δ9-THC and 

CBD) 

Sativex® 

Buccal / 

Oromucosal 

Spray 

Health Canada 

Approved Use: 

Spasticity and 

neuropathic pain in 

multiple sclerosis; 

adjunctive analgesic 

in advanced cancer 

[176].  

Synthetic 

Phyto-

cannabinoid 

Analogue 

Nabilone          

(Δ9-THC 

analogue) 

Cesamet® Oral / Capsule 

Non-Approved, off-

label use for chronic 

cancer and non-

cancer pain [159-

162]. 

Drowsiness, vertigo, 

psychological high, dry 

mouth, ataxia, blurred vision, 

sensation disturbance, 

headache, orthostatic 

hypotension, hallucinations 

[159,162]. 

Endo-

cannabinoid 

Modulator 

Acetaminophen Tylenol® 
Oral / Tablet, 

Suspension 

Health Canada -

Approved Uses: 

Temporary releif of 

mild to moderate 

pain in arthritis, 

myalgia, neuralgia, 

low back pain and 

musculoskeletal pain 

Hepatotoxicity associated 

with overdose and alcoholism 

[177]. 
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1 [177] 2 [165] 3 [178] 4 [166] 5 [161] 6 [162] 7 [164] 8 [163] 9[179] 

and CBD in an approximate ratio of 1:1 which has been approved as an adjunctive analgesic for 

cancer pain and for neuropathic pain and spasticity in multiple sclerosis (see Table 1.2) [178]. 

CB1-mediated adverse effects persist, however, with this formulation, limiting its therapeutic 

benefits (see Table 1.2) [178]. 

As listed in Table 1.2, acetaminophen is indeed a pharmaceutical analgesic agent which 

acts through the endocannabinoid system and therefore a brief discussion is included in this 

section. Acetaminophen was first synthesized by Morse in 1878 [180] and became widely used 

in North America beginning in the 1950’s as an analgesic and anti-pyretic [181]. Its mechanism 

of action has been largely unclear, however, until recently. Acetaminophen likely works via 

several pharmacologic mechanisms, some of which are thought to involve the endocannabinoid 

system. The first analgesic mechanism of acetaminophen is thought to involve the inhibition of 

COX. This enzyme is known to catalyze the production of prostaglandins, thromboxanes and 

prostacyclins from a common precursor, arachidonic acid (AA). Prostaglandins are mediators of 

fever, pain and inflammation and therefore NSAIDs are effective analgesics and anti-pyretics 

since they inhibit COX activity both centrally and peripherally. In the case of acetaminophen, its 

major hepatic metabolite, para-aminophenol, is thought to reduce COX from the active oxidized 

form (Fe4+) to the inactive reduced form (Fe3+), primarily in the brain [182]. Since the synthesis 

of prostaglandins by COX is sensitive to the enzyme’s oxidation state and the presence of 

peroxides, acetaminophen is likely not effective at inactivating COX at peripheral sites of 

inflammation because the presence of hydroperoxides such as PGG2 and others will be increased 

in these regions [182]. Therefore, acetaminophen is thought to act on COX primarily in tissues 

with low oxidant status such as the brain and certain endothelial cells [181].  
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 The endocannabinoid modulating effects of acetaminophen are thought to involve the 

metabolic conjugation of its metabolite, para-aminophenol, to arachidonic acid by FAAH to form 

a compound known as N-acylphenolamine (or AM404), with the greatest levels produced in the 

brain [183]. AM404 was reported by Beltramo and colleagues to inhibit cellular reuptake of 

anandamide (an endocannabinoid) and enhance its cannabinoid receptor-mediated analgesic 

effects in vivo [184]. Therefore, centrally-produced AM404 is thought to promote analgesia 

through indirectly enhancing cannabinoid receptor activation in the CNS. To support this 

finding, blockade of CB1 receptors has been shown to greatly inhibit the analgesic effect of 

acetaminophen in rats [185]. Additionally, AM404 has been found to activate both rat and 

human TRPV1 receptors at a 10 nM concentration [183,186,187]. It is therefore inferred that 

AM404 also acts on TRPV1 receptors of the CNS to mediate analgesia. Moreover, because 

FAAH is known to be co-localized with TRPV1 expression in primary sensory neurons [188], it 

is thought that the analgesic activity of AM404 at TRPV1 receptors may also take place in the 

periphery. 

 

1.8 β-Caryophyllene: A Sesquiterpene With Selective CB2 Agonist Activity 

1.8.1 Botanical Sources and Traditional Use 

 β-Caryophyllene is a small molecule (204.35 Da) produced in a variety of different 

botanicals including Copaifera spp. (copaiba balsam) [189], Eugenia caryophyllata (clove) 

[190], Piper spp. (black pepper) [191], Oreganum spp. (oregano) [192], Cinnamomum 

zeylanicum (cinnamon) [193] and Cannabis sativa[194]. Based on its chemical structure (see 

Figure 1.7), it is classified as a bicyclic sesquiterpene. β-caryophyllene has been identified as one 

of the principal constituents within the essential oil fraction of numerous botanicals which have a 
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history of traditional use in folk medicine. These include Copaifera spp. [195], Cordia 

verbenacea [196], Croton campestris [197], Callistemon citrinus [198], Pinus heldreichii [199], 

Peperomia serpens [200], Ocimum micranthum [201], Mosla dianthera [202], Vitex agnus-

castus [203], Senecio flammeus [204], Eremanthus erythropappus [205], Artemisia fukudo [206] 

and Saussurea lappa [207]. Only botanicals in which β-caryophyllene has been identified as the 

most abundant or the principal active compound will be discussed here. Preparations of the trunk 

resin from Copaifera spp. (commonly known as “cobaiba oil”), found to contain β-caryophyllene 

as the most abundant compound, have been used  traditionally in regions of Latin America for a 

vast number of medicinal uses, most commonly as an anti-inflammatory and anti-infective, since 

before the time of European colonization in the sixteenth century [195]. Today, commercial 

forms of cobaiba oil are marketed in several regions of South America, most abundantly in the 

Amazon region, where it is widely known as a medicinal plant [195]. In addition, β-

caryophyllene is one of the principal active constituents of Cordia verbenacea, known as “erva 

baleeira” in Brazil [196,208]. Here, the aerial parts of the plant have been prepared as alcoholic 

extracts, teas and infusions and used in folk medicine both internally and topically as an anti-

inflammatory, anti-rheumatic and analgesic [208,209]. Croton campestris is another botanical 

species used widely in folk medicine in Brazil for many wide-ranging ailments including pain, 

stroke, allergies, wounds, rheumatism and bronchitis [197,210]. β-caryophyllene is the most 

abundant and main active compound [197,210]. 
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Figure 1.8. Chemical structure of β-caryophyllene. 
 

1.8.2 Pharmacologic Properties 

1.8.2.1 Selective CB2 Agonist 

 As demonstrated by Gertsch and colleagues, β-caryophyllene is an agonist of the CB2 

cannabinoid receptor, binding with an apparent Ki of 155 nM in CB2-expressing HEK293 cells 

and inhibiting forskolin-induced cAMP production with an EC50 of 1.9 µM in CB2-expressing 

CHO cells [194]. Although Gertsch and colleagues demonstrated substantially lesser binding of 

β-caryophyllene in CB1-expressing HEK293 cells, neither binding affinity (Ki) nor agonist 

potency (EC50) at CB1 were determined [194].  

 

1.8.2.2 Anti-Inflammatory 

 As discussed in Section 1.6.2, pharmacologic activation of CB2 has been associated with 

anti-inflammatory effects via various CB2-mediated signaling cascades. Corroborating its 

pharmacologic activity as a CB2 agonist, β-caryophyllene has been found to mediate various 

anti-inflammatory effects in vitro and in vivo. Gertsch and colleagues demonstrated the ability of 

β-caryophyllene to reduce LPS-induced activation of  MAPK (ERK1/2) in human peripheral 

monocytes and inhibit IL-1β and TNFα production in human whole blood samples at a 500 nM 

treatment concentration [194]. This treatment was not able, however, to inhibit IL-6 and IL-8 
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production in whole blood [194]. Fernandes and colleagues demonstrated that orally-

administered β-caryophyllene reduced carrageenan-induced paw edema in rats at a 5 mg/kg dose 

[211]. At 50 mg/kg in this rat model, β-caryophyllene inhibited production of several 

carrageenan-induced pro-inflammatory mediators: TNFα, PGE2, COX-2, and iNOS [211].  In 

mice, 50 mg/kg orally-administered β-caryophyllene reduced edema in response to hind paw 

injection of carrageenan, bradykinin, platelet activating factor and ovalbumin [211]. 

Furthermore, β-caryophyllene inhibited neutrophil migration and NF-kB activation in LPS-

induced paw inflammation in rats [212].  In a study of CFA-induced arthritis in rats, orally 

administered β-caryophyllene at 100 and 300 mg/kg significantly reduced arthritis index scores 

and paw volume [213]. It was demonstrated to work through anti-inflammatory and anti-oxidant 

mechanisms which included decreasing serum NO and lipid peroxidation markers and increasing 

serum levels of the antioxidants glutathione and superoxide dismutase [213].  

 

1.8.2.3 Anti-Cancer 

 In addition to the anti-inflammatory effects described above, β-caryophyllene has also 

been implicated in exerting pharmacologic effects relevant to cancer treatment and/or prevention. 

These effects include induction of glutathione-S-transferase activity in mice [190,214], 

prevention of mutagenic activity and DNA damage [214-216], prolonged survival of Ehrlich 

ascites tumor-bearing mice and enhancement of natural killer cell cytotoxicity [190], 

enhancement of paclitaxel-induced anti-proliferative effects in cancer cells by increasing 

intracellular drug accumulation [217] and direct cytotoxic effects in melanoma and renal 

adenocarcinoma cell lines equivalent to that of vinblastine [218]. 
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1.8.2.4 Other  

 The pharmacologic effects of β-caryophyllene have also been studied in a diverse array 

of disease models in vivo. Specifically, the compound has been shown to exert beneficial effects 

in models of hepatic injury [219,220], alcoholic hepatitis [221], cisplatin-induced nephrotoxicity 

[222], ischemic stroke [223-225], seizure [226], colitis [219,227], Parkinson’s disease [228,229], 

diabetes [230,231], Alzheimer’s disease [232] Multiple Sclerosis [233,234], anxiety and 

depression [235], alcohol addiction [236], and endometriosis [237]. 

 

1.8.3 Evidence Suggesting Benefit for Pain Treatment 

 β-caryophyllene has been found to exert several effects which may be beneficial for the 

treatment of several types of pain including inflammatory, nociceptive and neuropathic forms. 

Although the mechanisms through which β-caryophyllene can confer analgesic effects may 

involve direct anti-inflammatory actions, as described above in Section 1.8.2.2, other analgesic 

properties have been reported which may or may not involve CB2-mediated effects. For 

example, Ghelardini and colleagues demonstrated local anesthetic effects of the compound, 

comparable to that of procaine [238]. In this investigation, β-caryophyllene significantly reduced 

the number of electrically-evoked hemidiaphragm contractions in rats in a dose-dependent 

manner, with contractions completely abolished at 4.9 µM [238]. Additionally, topical β-

caryophyllene treatment greatly increased the number of stimuli required to induce eye closure in 

rabbits in a concentration-dependent pattern with a minimum effective concentration of 146.8 

µM [238]. The mechanism of local anesthesia in this study was not investigated and therefore it 

is unknown whether the effects observed are CB2-mediated.  
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 A study by Katsuyama and colleagues demonstrated that locally-administered β-

caryophyllene significantly inhibited the behavioral pain response elicited by i.pl. injection of 

capsaicin in mice [239]. The effect was dose dependent and abolished by co-administration of 

the selective CB2 antagonist AM630, naloxone (a non-selective opioid receptor antagonist), the 

selective µ-opioid receptor antagonist β-funaltrexamine, and anti-sera against β-endorphin; 

however the analgesic effect of β-caryophyllene was not decreased by the selective CB1 

antagonist AM251, nor by δ- or κ-opioid receptor selective antagonists [239]. An earlier study by 

the same research group demonstrated that locally-administered β-caryophyllene inhibited 

behavioral pain responses in the partial sciatic nerve ligation model of neuropathic pain in mice 

[240]. The effect was abolished by pre-treatment with a selective CB2 antagonist, AM630, but 

not by AM251, a selective CB1 antagonist [240]. Together, these findings suggest that β-

caryophyllene works via peripheral CB2 receptors to evoke the release of β-endorphin to mediate 

analgesia [239]. This evidence is in parallel to that of Ibrahim and colleagues who demonstrated 

the ability of the selective CB2 agonist AM1241 to induce analgesia in rats via evoking release 

of β-endorphin in keratinocytes [145].  

 The effect of orally-administered β-caryophyllene has been studied in models of 

nociceptive, inflammatory and neuropathic pain in vivo. In the formalin test, a pain model 

characterized by both acute nociceptive and secondary inflammatory pain, both Klauke et al. and 

Paula-Feire et al. found that in mice, 5 mg/kg orally administered β-caryophyllene significantly 

reduced the secondary inflammatory pain response [241] while 10mg/kg also inhibited the acute 

nociceptive pain response [242]. Klauke and colleagues demonstrated that this effect was likely 

CB2-mediated as the analgesic effect was abolished in CB2 knockout mice and in mice pre-

treated with a selective CB2 antagonist SR144528 [241]. Paula-Freire et al. also found 5 mg/kg 
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of orally administered β-caryophyllene significantly diminished thermal nociception, an effect 

which was abolished in the presence of the CB2-selective antagonist AM630 [242]. The effect of 

orally administered β-caryophyllene was also evaluated in models of neuropathic pain by both 

research groups. At 1 mg/kg, the compound greatly reduced mechanical hyperalgesia in the 

partial sciatic nerve ligation model [241]. The analgesic effect was absent in CB2 knockout mice 

[241]. In addition, the rise in expression of both microglia and astrocyte markers (Iba-1 and 

GFAP, respectively) in the spinal cord dorsal horn was significantly reduced by β-caryophyllene 

treatment [241]. In parallel to this finding, 5 mg/kg of the compound given orally significantly 

diminished both mechanical and thermal hyperalgesia in the chronic sciatic nerve constriction 

model in a CB2 antagonist-sensitive manner [242]. The analgesic effect of 5 mg/kg β-

caryophyllene was approximately equal to 20 mg/kg pregabalin, the positive control treatment 

[194]. Furthermore, relative to the vehicle control, β-caryophyllene treatment was found to 

significantly reduce IL-1β production in the sciatic nerve [242]. In addition, Klauke and 

colleagues found an absence of CB1-mediated cannabinoid tetrad effects following both 1 and 

10 mg/kg oral β-caryophyllene while Paula-Freire et al. found no change in motor coordination 

(rota-rod test) at each dosage of the compound tested, up to 80 mg/kg orally [242].  

 In the acidic saline model of chronic widespread musculoskeletal pain developed by 

Skuka and colleagues, 10 mg/kg orally administered β-caryophyllene was found to significantly 

reduce behavioral pain responses [243]. Also, 20 mg/kg of the compound reduced the number of 

Fos-positive neurons in the spinal cord dorsal horn, suggesting that β-caryophyllene may reduce 

neuronal firing frequency in this STT region [243].  

 Together, these findings suggest that β-caryophyllene is capable of acting as an analgesic 

in a variety of pain models, largely through CB2-mediated mechanisms. 
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1.9 Centrally-Expressed CB2 as a Pharmacologic Target for Chronic Pain Involving 

Neuro-Inflammation 

 In the CNS, CB2 is expressed by neurons, microglia and astrocytes [158,244-246]. Under 

pathological conditions, the expression of the CB2 receptor has been found to be markedly up-

regulated.  Clinically, abundant CB2 expression has been observed on microglia associated with 

brain and spinal cord lesions in patients with Huntington’s disease [247], Alzheimer’s disease 

[248-250], ALS and MS [251]. Increases in CB2 expression have also been observed in the brain 

following LPS administration [252], experimental autoimmune encephalitis [158] and middle 

cerebral artery occlusion [253] in animal models. CB2 expression has also been found to 

increase within the dorsal horn of the spinal cord in animal models of post-surgical hyperalgesia 

[254], arthritis [244], nerve injury [245] and spinal cord ligation [255]. For these reasons, CB2 

has been considered a promising therapeutic target in conditions which involve neuro-

inflammation of the CNS. 

  
 As discussed in Section 1.3, pathophysiologic changes in the spinal cord dorsal horn have 

been implicated in the development and maintenance of chronic pain through various 

mechanisms, collectively known as neuro-inflammation. These changes, largely driven by the 

cAMP-PKA pathway, involve increased proliferation and pro-inflammatory activity of astrocytes 

and microglia coupled with enhanced sensitivity and depolarization of STT neurons. Owing to its 

abundant expression in glia and neurons during inflammatory processes and its ability to signal 

via Gi/o to downregulate the cAMP-PKA pathway, the CB2 receptor and its activation by ligands 

may therefore represent a pharmacologic pathway capable of mitigating CNS neuro-

inflammation and counteracting the pathophysiologic processes at play in certain chronic pain 
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states. The following paragraphs will describe these pathophysiologic processes and discuss 

existing evidence which supports the role of the CB2 receptor in mitigating them.  

 Gliosis is a hallmark feature of neuro-inflammation and is characterized by enhanced 

proliferation and localization of glial cells within the dorsal horn region coupled with increased 

secretion of pro-inflammatory mediators. One of the critical intracellular drivers of glial cell 

proliferation and pro-inflammatory activity is nuclear transcription factor kappa-B (NF-κB) 

[256,257]. Via PKA phosphorylation of its p65 subunit, increased NF-κB activity in the spinal 

cord dorsal horn is associated with central pain sensitization via up-regulation of cytokine and 

pro-nociceptive peptide transcription [258]. Suppression of NF-κB has been shown to 

significantly reduce hyperalgesia and cytokine production in chronic pain models [259].  

Previous studies have demonstrated the ability of JWH015, a selective CB2 agonist, to reduce 

microglial production of IL-1β, IL-6 and TNFα [260-262], which are transcriptional products 

promoted by NF-κB. In astrocytes, Sheng et al. demonstrated the ability of cannabinoid 

treatment to reduce production of TNFα and chemokines CCL2, CCL5, and CXCL 10 (also 

transcription products promoted by NF-κB) in a CB2 antagonist-sensitive manner [263].  

Moreover, in a rat model of inflammatory arthritis, systemic administration of the CB2-selective 

agonist JWH133 prevented the model-induced increase in astrocyte immunofluorescence in the 

spinal cord, reduced the increase in dorsal horn neuron action potentials and prevented the 

increase in serum TNFα and IL-1β levels [244]. Furthermore, in a mouse model of diabetic 

neuropathy, CB2 agonist treatment given via intranasal or intraperitoneal administration 

attenuated the development of the neuropathic pain state and reduced the accumulation and 

activation of microglia within the spinal cord dorsal horn [264]. Additionally, the CB2-selective 

agonist JWH015, administered to rats via intrathecal injection, reduced tactile allodynia and 



47 

 

thermal hyperalgesia in a model of remifentanyl-induced post-operative hyperalgesia and 

significantly reduced both microglia and astrocyte immunofluorescence within the dorsal horn 

[254].  Dorsal horn levels of TNFα and IL-6 were also significantly reduced compared to 

vehicle-treated animals [254]. The effects were abolished upon pre-treatment with a CB2 

antagonist. 

  Activation of the NMDA receptor in response to high glutamate levels in the dorsal horn 

is classically associated with central sensitization and increased pain perception [25]. We now 

know that phosphorylation of the NR2B subunit of NMDA by PKA is crucial in facilitating this 

process as it enhances NMDA receptor Ca2+ permeability [26]. In the post-operative 

hyperalgesia study described above, Sun and colleagues demonstrated that the reduction in 

behavioral pain response with JWH015 treatment was accompanied by significant reduction in 

immunofluorescence of phosphorylated NMDA NR2B in the dorsal horn of the spinal cord 

[254]. Also, in a model of bone cancer pain, Gu and colleagues demonstrated that JWH015 

treatment significantly reduced NMDA NR2B mRNA in the spinal cord in addition to 

diminishing measures of behavioral hyperalgesia [265]. 

 Cannabinoids may also reduce hyperalgesia associated with neuro-inflammation by de-

sensitizing TRPV1 channels [112,266,267]. As discussed in Section 1.3, pro-inflammatory 

messengers can up-regulate the activity of kinases PKA and PKC. As discussed in Section 1.3 

inflammation-induced activity of PKA and PKC can lead to phosphorylation of their intracellular 

targets. These include TRPV1 cation channels, which are expressed by both peripheral 

nociceptive C-fibers as well as STT neurons of the CNS [50,268]. The phosphorylation of 

TRPV1 by inflammation-induced post-translational modification is thought to induce receptor 

sensitization and play a critical role in mediating hyperalgesia in inflammatory pain models 
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[268,269]. The dual CB1 CB2 agonist WIN55,212-2 has been shown to de-phosphorylate 

TRPV1 via calcineurin, reduce TRPV1 activation in response to capsaicin stimulation in vitro, 

and reduce capsaicin-induced thermal hyperalgesia in vivo [112,266,267]. Therefore cannabinoid 

ligands may also reduce hyperalgesia associated with neuro-inflammation by de-sensitizing 

TRPV1 channels. 

 Stimulation of CB2 may therefore counteract important pro-nociceptive changes in the 

dorsal horn, providing a potential means of mitigating chronic pain involving neuro-

inflammation.  
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1.10 Overview of the Dissertation 

1.10.1 Research Aims 

 The general objective of this dissertation is to develop and evaluate selective small-

molecule CB2R ligands for application in chronic pain involving reactive gliosis of the CNS. 

The main aims of the work described in this dissertation are: 

 

Aim 1 

 To determine whether spino-thalamic tract gliosis is present in the acidic saline model of 

chronic widespread musculoskeletal pain and to characterize the relationship between behavioral 

pain response and glial cell expression. 

 

Aim 2 

 To design, model and synthesize novel small molecules which act as CB2R-selective 

agonists and to evaluate their pharmacologic activity at human CB1 and CB2 cannabinoid 

receptors. 

 

Aim 3 

 To evaluate the safety and potential therapeutic activity of the CB2R ligands by testing 

their effect on human cell proliferation, death, and mitochondrial respiration and by assessing 

their ability to exert anti-inflammatory and anti-proliferative effects in human glial cells. 
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The above aims are addressed in the following chapters: 

Aim 1  Chapter 2: Involvement of Glia in a Research Model of Chronic Widespread  

  Musculoskeletal Pain 

Aim 2   Chapter 3: Development of Novel CB2-Selective Ligands and Assessment of  

  Pharmacologic Activity at Cannabinoid Receptors  

Aim 3  Chapter 4: Investigation of the Safety and Potential Therapeutic Activity of CB2R 

  Ligands 
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Chapter 2: Involvement of Glia in a Research Model of Chronic Widespread 

Musculoskeletal Pain 

2.1 Introduction 

 Glial cells of the CNS, including microglia and astrocytes, are known to exhibit 

functional and morphological changes in response to noxious stimuli and, through crosstalk with 

neurons, have been implicated in the development and maintenance of central sensitization and 

hyperalgesia [33,270]. These pathologic changes, known as gliosis, may include cell 

proliferation, migration, release of pro-inflammatory mediators (i.e., cytokines, chemokines and 

neuropeptides) and enhancement of synaptic concentrations of excitatory amino acids (i.e., 

aspartate and glutamate) [35,271]. Gliosis has been found to play a role in a variety of 

experimental pain models and clinical disease states and, as such, pharmacologic agents targeting 

activated glial cells have been investigated for potential therapeutic application both in research 

models [272-276] and clinical trials [277-283]. However, the contribution of gliosis to chronic 

widespread musculoskeletal pain disorders has not been clearly established. 

 Chronic widespread musculoskeletal pain is a cardinal feature of fibromyalgia syndrome 

(FMS), as discussed in Section 1.5. The underlying pathophysiology is thought to involve 

peripheral and central sensitization coupled with abnormalities in central nervous system (CNS) 

pain processing [72,73]. Clinical research has identified elevated cerebrospinal fluid (CSF) 

concentrations of glutamate, substance P, interleukin-8, brain-derived neurotrophic factor and 

nerve growth factor in FMS patients, suggesting that neuro-inflammatory processes may be at 

play within the CNS [85-88]. 
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 As outlined in Section 1.6, cannabinoids have an established clinical role in pain 

treatment and hold Health Canada-approved indications for treatment of neuropathic pain in MS 

as well as pain in advanced cancer [178]. Furthermore, the non-clinical evidence presented in 

section 1.9 points to analgesic activity of cannabinoid ligands specifically at the CB2 receptor in 

multiple pain research models, with an important mechanism being amelioration of glial cell-

mediated neuro-inflammation within the CNS. We hypothesized that pharmacologic targeting of 

CB2 may potentially provide analgesic benefit for chronic widespread musculoskeletal pain, if 

indeed gliosis plays a role in the disease pathophysiology.   

 One of the few research models of chronic widespread musculoskeletal pain is the acidic 

saline (AS) model, developed by Sluka and colleagues [284]. In this model, two unilateral 

injections of acidic saline into the gastrocnemius muscle of male Sprague-Dawley rats, 

administered 5 days apart, produces bilateral hyperalgesia beginning 24 h following the second 

injection and persisting for 4-5 weeks [284] (See Figure 2.1). It is established that a portion of 

AS animals do not develop mechanical hyperalgesia and the rate of hyperalgesia response to the 

AS model in previous reports is widely varied [285-287]. 

 Several factors involved in the development of hyperalgesia in the AS model have been 

previously identified. Firstly, excitatory amino acid transmission in the CNS has been found to 

play a critical role. Within the rostroventral medulla (RVM), enhancement of descending 

facilitative glutamatergic transmission has been shown to promote the development of 

hyperalgesia via NMDA glutamate receptors [288-290]. Within the lumbar spinal cord, increased 

concentrations of glutamate and aspartate have been detected in the dorsal horn 90 min following 

the second acidic saline injection [291,292]. The effect was abolished upon pre-treatment with 

CoCl2, a non-specific calcium channel blocker, thereby demonstrating the involvement of 
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calcium-induced glutamate release immediately following the second injection [292]. At 1 week 

following the second injection, increases in glutamate, but not aspartate, were detected within the 

lumbar spinal cord dorsal horn [292] and blockade of both NMDA and non-NMDA glutamate 

receptors at this time point significantly diminished hyperalgesia responses [293]. As noted by 

the authors, astrocytes may contribute to the observed increases in dorsal horn glutamate by 

participation in calcium-induced vesicular release of excitatory amino acids, through glutamate-

induced glutamate release upon AMPA and kainate glutamate receptor activation, and via 

pathological alterations in glutamate re-uptake capacity through the high affinity glutamate 

transporter GLT-1 [292].  

 The cAMP pathway in the lumbar spinal cord has also been examined and found to 

mediate the acute phase of hyperalgesia in the AS model, whereas modulation of the pathway 

had no effect on the pain response 1 week following the second injection [294]. Jasper et al. 

demonstrated that administration of the microglia inhibitor minocycline immediately prior to the 

first but not the second injection inhibited the development of hyperalgesia [286]. In contrast, 

Ledeboer et al. found no effect of various intrathecal treatments targeting glial cell activation 

(fluorocitrate, plasmid interleukin-10 DNA, and interleukin-1 receptor antagonist) administered 

12-26 days following the second acidic saline injection [295]. The involvement of gliosis within 

this experimental model therefore remains inconclusive. 
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Figure 2.1. Schematic illustration of the acidic saline model of chronic widespread musculoskeletal pain.  

In the acidic saline model, two unilateral intramuscular (IM) injections of pH 4.0 saline are delivered to 
the gastrocnemius muscle, spaced apart by a five day interval. Twenty-four h following the second 
injection, animals are expected to develop bilateral hyperalgesia. 

 

2.1.1 Specific Aims 

 The specific aim of the present investigation was to quantitatively compare the 

expression of Iba-1 and GFAP in the AS model with controls and to assess the relationship 

between Iba-1 and GFAP expression and mechanical hyperalgesia. 

 

2.2 Materials and Methods 

 Monoclonal goat anti-GFAP, catalogue number sc-6171, was purchased from Santa Cruz 

Biotechnology, Dallas, USA. Monoclonal rabbit anti-Iba1 was purchased from Wako Chemicals, 

Richmond, VA, USA. Alexa Fluor® 647 donkey anti-rabbit IgG, catalogue number ab150075, 

and Alexa Fluor® 488 donkey anti-goat IgG, catalogue number ab150129 were purchased from 

Abcam, Cambridge, UK. Normal Donkey Serum, catalogue number D9663, was obtained from 

Millipore Sigma. Other reagents were obtained from different sources as indicated. 
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2.2.1 Animals and Experimental Grouping 

 The experimental protocol was approved by the University of British Columbia Animal 

Care Committee (protocol number A14-0334). Eight week-old male Sprague-Dawley rats 

(Charles River, Saint-Constant, QC, Canada) weighing 250 – 325 g at the time of the first acidic 

saline injection were used for the experiment. Animals were housed in an animal care facility 

having a 12 h dark (6:00 p.m. – 6:00 a.m.) and 12 h light cycle and allowed ad libitum access to 

standard rodent food and water. Prior to beginning the experiment, animals were acclimatized to 

the animal care facility for seven days. Pilot groups (n = 3) of AS model animals were sacrificed 

at each of four time points following induction of the AS model for CNS histology analysis. The 

control group consisted of n = 4 healthy animals sacrificed within the same time range as the AS 

model group. This study was repeated in a follow-up cohort of animals (“cohort 2”) after cohort 

1 data analysis revealed that only three animals in a single time point group showed a bilateral 

hyperalgesia response. In order to obtain histology data from hyperalgesia responder animals at 

different time points, nine cohort 2 animals were allocated to these time point groups, with n = 3 

per group.  

 

2.2.2 Acidic Saline Model 

 As per the previously published protocol, AS model animals received a 100 µL 

intramuscular injection of pH 4.0 saline into the right gastrocnemius muscle (“injection 1”) and a 

second identical injection after a 5 day interval (“injection 2”) [284]. To perform the injection, 

animals were placed in an anesthesia chamber and received a continuous flow of 4% isoflurane 

in oxygen (3 L/min). When the animal’s righting reflex was lost and the respiratory rate reached 

approximately 68 breaths per min, the animal was removed from the chamber and given a 
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reduced level of isoflurane (2.5% in oxygen at 3 L/min) through a custom-made nose cone. The 

injection was administered via a 27 gauge needle and the animal was allowed to recover from 

anaesthesia in a recovery cage before being returned to its home cage. The injection was 

prepared by adjusting preservative-free 0.9% Sodium Chloride for Injection USP (No. 04888010, 

Hospira, Saint-Laurent, Canada) to pH 4.0 (+/- 0.1 pH) using 0.1N HCl with subsequent 

filtration through a 0.22 µm polyethersulfone membrane (Millipore, Burlington, USA). 

 

2.2.3 Mechanical Hyperalgesia Assessment 

 Paw withdrawal threshold (PWT) measurements were conducted in a sensory testing 

room separate from the animal housing facility. Measurements were taken between 11:00 a.m. 

and 1:00 p.m. Prior to every PWT measurement, animals were allowed to acclimatize to the 

testing room in their home cage for 1 h, followed by a 10 min acclimatization period within the 

measurement stand (15 x 15 x 25 cm lucite cubicle with mesh flooring). Using an electronic von 

Frey meter with rigid tips (IITC Life Sciences, Woodland Hills, USA), gradually increasing 

force was applied to the plantar surface of the hindpaw until the animal exhibited a paw 

withdrawal response. The maximum force applied in grams was recorded. Three measurements 

were taken from each hindpaw with the mean of the three measurements reported as the paw 

withdrawal threshold. Prior to collecting experimental data, animals were taken through the 

measurement protocol on two separate occasions for training. 

 

2.2.4 CNS Tissue Collection and Immunohistochemistry 

 Animals underwent transcardiac perfusion using approximately 100 mL heparinized 

0.9% NaCl followed by approximately 100 mL 4% paraformaldehyde in phosphate-buffered 
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saline (PBS). The lumbar spinal cord was collected via laminectomy and the brain was dissected 

out and post-fixed for 3-5 h in 4% paraformaldehyde. After post-fixing, the tissues were 

transferred to 30% w/v sucrose aqueous solution and stored at 4°C until the time of sectioning. 

Thirty-five µm-thick free-floating vibratome sections were collected from the L5 and L6 spinal 

cord (transverse sections) and brain region passing through the thalamus (sagittal sections). 

Immunohistochemistry treatments took place in 24-well cell culture plates, all in PBS solutions. 

Sections underwent blocking in 5% v/v normal donkey serum (NDS) at room temperature for 1 h 

followed by overnight incubation in primary antibodies monoclonal goat anti-GFAP (1:1000) 

and monoclonal rabbit anti-Iba-1 (1:1000) prepared in 1% v/v NDS. Following three washes 

with 0.1% v/v Tween-20® in PBS (PBST), sections were incubated with Alexa Fluor® 647 

donkey anti-rabbit IgG (1:1000) and Alexa Fluor® 488 donkey anti-goat IgG (1:1000) in 1% v/v 

NDS. Following three washes in TBST, tissue sections were mounted on poly-L-lysine coated 

microscope slides. Antibody concentration optimization and secondary antibody control tests 

were performed prior to the experiment. 

 

2.2.5 Histology Imaging and Analysis 

 Histology images were acquired using an Aperio FL® digital pathology scanner (Leica 

Biosystems Buffalo Grove, IL, USA). All images were captured using identical, optimized 

settings. Spinal cord analysis was performed using Halo® software (Indica Labs, Albuquerque, 

NM, USA). For the analysis of microglia expression, the percent area of each tissue section 

having an immunofluorescence signal above a minimum threshold of 0.205 fluorescence units , 

was recorded. Astrocyte expression was analyzed using Halo® software to partition the 

superficial dorsal horn area into 2500 µm2 square tiles within a manually selected sample region. 
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Thirty percent of the tiles were then randomly removed by the software in order to reduce 

selection bias of the sample region. Within the remaining 70% of tiles, the total number of cells 

was counted and then divided by the number of tiles, giving the average number of cells per 

2500 µm2 dorsal horn tissue. Five tissue sections each from the L5 and L6 lumbar spinal cord 

were analyzed per animal. Glial cell expression in the ventrobasal complex (VBC) of the 

thalamus was analyzed by counting the total number of cells within the VBC, bilaterally, within 

each tissue section. Five tissue sections were analyzed per animal.  

 

2.2.6 Statistical Analysis 

 Statistical analyses were performed in R version 2.14.0 (R Foundation for Statistical 

Computing, Vienna, Austria). Paw withdrawal threshold data was analyzed by one-way ANOVA 

for differences between experimental days followed by Tukey’s HSD test for post-hoc analysis. 

Following this analysis, an animal was considered to be a hyperalgesia responder if two criteria, 

similar to those published previously [286], were met, bilaterally. The first criterion required that 

the animal’s PWT on day 1 and beyond was below 51.6 g. This value is the lower limit of the 

95% confidence interval around the mean PWT in healthy control animals. The second criterion 

required that the animal’s average PWT on day 1 and beyond decreased by at least 10 g, relative 

to its baseline PWT on day 0. For glial cell expression analysis, differences between the control 

and disease model groups were assessed using Welch’s t-test for Iba-1 expression and the 

student’s unpaired t-test for astrocyte cell count. Subgroup analysis was performed using one-

way ANOVA followed by Dunnett’s post-hoc test. For all statistical tests, p-values less than 0.05 

were considered statistically significant.  

 



59 

 

2.3 Results 

2.3.1 Incidence of Bilateral Hyperalgesia 

 Of the twenty-one animals subjected to the AS model protocol, a total of five were 

classified as bilateral hyperalgesia responders, according to our criteria, yielding a 23.8% 

response. Grouped according to the day of sacrifice following the second pH 4.0 injection, three 

animals in the Day 3 group and two animals in the Day 1 group met bilateral hyperalgesia 

responder criteria (Table 2.1). As shown in Figure 2.2, analysis of pooled data from bilateral 

hyperalgesia responder animals revealed significant reductions in both ipsilateral and 

contralateral hindpaw withdrawal thresholds, following the second pH 4.0 injection.  

 

Table  2.1. Number of animals classified as bilateral hyperalgesia responders out of total animals per group. 

 

Time Point 
Group 

Cohort 1 Cohort 2 

Day 1 0/3 2/3 

Day 3 3/3 - 

Day 7 0/3 0/3 

Day 10 0/3 0/3 

 

2.3.2 Increased Lumbar Spinal Cord Iba-1 and GFAP Expression, Dorsal Horn 

Localization and Morphological Changes  

 Overall, expression of both Iba-1 and GFAP appeared to be higher in AS animals relative 

to controls in both L5 and L6 spinal segments (Figure 2.3). Examination of immuno-staining 

revealed changes indicative of glial cell activation among AS animals, including increased cell 
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number and localization within the dorsal horn superficial laminae, larger and more densely 

stained cell bodies, and increased number and length of cell processes. 
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Figure 2.2. Pooled ipsilateral (A) and contralateral (B) hindpaw withdrawal thresholds from AS animals 

classified as bilateral hyperalgesia responders (n = 5).  
Arrows indicate days of acidic saline injections. Mechanical withdrawal thresholds were assessed thirty 
min prior to injection on injection days. Data points represent mean ± SD. * = P < 0.05 vs. all other 
experimental days. 
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A         B 

   
C        D  

   
Figure 2.3. Representative confocal microscopy images of the dorsal horn region from control (A,B) and AS 

(C,D) animals showing Iba-1 (red) and GFAP (green) expression in L5 (A,C) and L6 (C,D) spinal segments.  
AS images shown were obtained from hyperalgesia responders in the Day 3 group. Scale bar = 200 µm.  
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2.3.3 Hyperalgesia-dependent Increase in Spinal Cord Iba-1 Expression  

 Quantitative analysis of spinal cord Iba-1 expression in cohort 1 animals revealed 

significant increases in AS animals relative to controls in both L5 and L6 spinal segments 

(Figure 2.4 A and D). Analysis of time point groups indicated that L5 Iba-1 expression was 

greatest and significantly different from controls on day 3, whereas the modest increases 

observed on days 1, 7 and 10 did not reach statistical significance (Figure 2.4 B). The significant 

increase in L5 Iba-1 expression detected on day 3 corresponds directly to bilateral hyperalgesia 

responder animals. Furthermore, analysis of L5 Iba-1 expression in AS animals grouped 

according to behavioural pain response revealed significant increases in hyperalgesia responders 

only (Figure 2.4 C). Comparatively, L6 Iba-1 expression was greatest and significantly different 

than controls on day 7 only, with non-significant increases observed on days 1, 3 and 10 (Figure 

2.4 E). Although increases in L6 Iba-1 expression were observed in both responder and non-

responder subgroups versus controls, neither increase reached statistical significance (Figure 2.4 

F).  
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Figure 2.4. Percent tissue area positive for Iba-1 immunoreactivity in L5 (A – C) and L6 (D – F) spinal cord 

segments. 
Iba-1area in control (n = 4) vs. cohort 1 AS animals (n = 12) (A,D). Iba-1 area in control (n = 4) vs. AS 
animals in time point groups (n = 3 per group) (B,E). Iba-1 area in control vs. AS hyperalgesia responders 
(n = 3) and non-responders (n = 9) (C,F). Data points represent mean ± SD. * = P < 0.05. 
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2.3.4 Increased GFAP Expression in Spinal Cord is Independent of Hyperalgesia 

Response  

 Significant increases in spinal cord GFAP expression were detected in AS animals, 

relative to controls, in both L5 and L6 segments (Figure 2.5 A and D). Significantly increased 

GFAP expression was apparent in both L5 and L6 as early as day 1 following the final pH 4.0 

injection and subsequently in all other time point groups (Figure 2.5 B and E). GFAP expression 

reached the highest statistical significance on days 3 and 7 in both L5 and L6 segments. When 

analyzed as subgroups, both hyperalgesia responders and non-responder animals showed 

significantly higher astrocyte expression in the L5 and L6 spinal cord versus controls (Figure 2.5 

C and F). Therefore, increases in GFAP expression occurred independently of hyperalgesia 

response in AS animals. 
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Figure 2.5. Mean dorsal horn astrocyte cell count from L5 (A – C) and L6 (D – F) spinal cord segments.  
Cell count in control (n = 4) vs. all AS animals (n = 21) (A,D). Cell count in control (n = 4) vs. AS 
animals in time point groups (n = 3 – 6 per group) (B,E). Cell count in control versus AS hyperalgesia 
responders (n = 5) and non-responders (n = 16) (C,F). Data points represent mean ± SD. * = P < 0.05, ** 
= P < 0.01, *** = P < 0.001. 
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2.3.5 The Expression of Iba-1 and GFAP is Not Changed in the Thalamus Ventrobasal 

Complex  
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Figure 2.6. Mean VBC microglia cell count in control (n = 4) vs. all AS animals (n = 21) (A), in control (n = 4) 

vs. AS animals in time point groups (n = 3 – 6 per group) (B), in control versus AS hyperalgesia responders (n 

= 5) and non-responders (n = 16) (C).  
Data points represent mean ± SD. 

 

 No differences in VBC expression of Iba-1 and GFAP were detected in AS animals 

compared to controls. Notably, two out of six animals in the Day 10 group were found to have a 

markedly increased microglia cell count, contributing to considerable variation in AS group 

overall (Figure 2.6 A and B). Iba-1 expression was otherwise generally low and appeared similar 

to that of controls. When assessed according to behavioural pain response, neither hyperalgesia 

responders nor non-responders had significantly different VBC expression of Iba-1 versus 

controls (Figure 2.6 C).  
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2.4 Discussion 

 Determining whether gliosis plays a role in chronic widespread musculoskeletal pain 

disorders is crucial in order to further our understanding of the underlying pathophysiology. In 

the present study we assessed the response of spinothalamic glial cells to repeated insults of low 

pH to skeletal muscle tissue using the acidic saline model of chronic widespread musculoskeletal 

pain and examined the relationship between the expression of glial cell markers and the 

behavioral pain response observed. Glial cells can have both pro- and anti-inflammatory 

functions, depending upon the nature of the stimulus prompting their activation. It is generally 

recognized that glial cell activation which occurs in response to nociceptive input to the CNS 

(ex., ongoing release of SP, CGRP and glutamate) is pro-inflammatory. Although the activation 

pattern of glial cells can vary depending upon the specific injury or disease model, the presence 

of pro-inflammatory gliosis is usually characterized by up-regulation of glia-specific activation 

markers and distinct changes in morphological appearance [296]. Iba-1 and GFAP are well-

validated markers of microglia and astrocyte activation, respectively [297-300]. We found 

evidence of increased expression of both Iba-1 and GFAP in the lumbar spinal cord dorsal horn 

and a correlation between L5 Iba-1 expression and the development of bilateral hyperalgesia. In 

agreement with published literature in which up-regulation of glial cell markers has been found 

within the lumbar spinal cord in other experimental pain models [244,254,301], the increased 

glial marker expression we observed appeared most apparent within the superficial laminae of 

the dorsal horn. Furthermore, morphological changes were observed including larger and more 

densely stained glial cell bodies as well as increased length and number of cell processes. Our 

findings therefore suggest that gliosis develops in the majority of rats within the lumbar 

enlargement (L5 and L6 segments) of the spinal cord in the acidic saline model of chronic 
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widespread musculoskeletal pain. To our knowledge, this is the first report describing that 

repeated insult of reduced pH to peripheral skeletal muscle tissue is sufficient to provoke a dorsal 

horn glial cell response.  

 The control of synaptic transmission in the CNS is thought to be tripartite, involving pre- 

and post-synaptic nerve terminals as well as glial cells [302]. The exaggerated excitatory amino 

acid transmission in response to the second pH 4.0 injection, as previously reported, is critically 

important to the development of hyperalgesia in the AS model as evidenced by the rise in lumbar 

dorsal horn glutamate and aspartate concentrations following the second, but not the first, acid 

injection as well as the ability of NMDA receptor blockade during the second, but not the first, 

injection to prevent the development of hyperalgesia [285,292,293]. Glutamatergic transmission 

is also involved in the maintenance phase of hyperalgesia in this model. Increased lumbar dorsal 

horn glutamate concentrations have been found at 1 week, with mechanical hyperalgesia 

diminished at this time point upon NMDA and non-NMDA ionotropic glutamate receptor 

blockade [292,293]. In parallel to these findings, our data demonstrate the presence of astrocyte 

activation in the lumbar spinal cord dorsal horn 24 h following the second acidic saline injection 

and thereafter on days 3, 7 and 10.  These findings support the hypothesis of astrocyte 

involvement in the dysregulation of excitatory amino acid transmission which develops in this 

model. There may be several mechanisms through which this takes place.  

 Astrocytes in the dorsal horn surround glutamatergic synapses and normally maintain 

tight control of extracellular glutamate concentrations through glutamate re-uptake by Na+-

dependent low- and high-affinity glutamate transporters GLAST and GLT-1, respectively, 

thereby regulating the ability of glutamate to excite spinothalamic neurons. Handling of 

glutamate by astrocytes is, however, sensitive to a variety of extracellular signals, including 
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mediators secreted by microglia and neurons. In response to pro-inflammatory stimuli, glutamate 

transporters along with glutamate uptake capacity has been shown to decrease in astrocytes in 

vitro [303-305], while the expression and functional capacity of GLT-1 has been found to 

decrease significantly in chronic pain in vivo [276]. Furthermore, excessive spinal cord glutamate 

accumulation along with pain-related behaviours that are dependent upon ionotropic glutamate 

receptor activation have been invoked spontaneously in vivo upon blockade of high affinity 

glutamate transporters in the spinal cord [306]. Therefore, the ability of the second injection in 

the AS model to provoke rises in dorsal horn excitatory amino acid concentrations along with 

bilateral hyperalgesia could reflect a decrease in astrocyte-mediated glutamate clearance. Future 

studies could test this hypothesis by examining the cellular localization and magnitude of 

expression of glutamate transporters at different time points over the course of this model, 

specifically assessing differences before and after each acid injection.  

 Impaired glutamate uptake by astrocytes is not the only possible explanation for the 

exaggerated release of excitatory amino acids observed following the second injection. As 

previously demonstrated, cobalt chloride, a calcium channel antagonist capable of blocking 

synaptic voltage-gated calcium channels as well as NMDA and non-NMDA glutamate receptors, 

prevented the rise in dorsal horn excitatory amino acids following the second injection [292]. 

Indeed, the release of glutamate has been shown to occur through calcium-dependent vesicular 

release from both neurons and astrocytes [307-309]. Therefore, up-regulation of GFAP may 

point to an enhanced capacity for calcium-induced glutamate release from astrocytes in the 

lumbar dorsal horn following the second injection. Additionally, astrocytes express NMDA, 

AMPA and kainate ionotropic glutamate receptors as well as metabotropic glutamate receptors 

(i.e., mGluR) [310,311]. Activation of these receptors has been shown to trigger further 
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glutamate release by astrocytes, with a rise in intracellular calcium found to be the common 

underlying intracellular mechanism [308,312-314]. Indeed, increased intracellular calcium 

concentrations in stimulated astrocytes have been directly associated with NMDA-mediated 

excitatory transmission in neurons [314-316].  Therefore, in cases of increased extracellular 

glutamate concentrations in the dorsal horn, for example, due to pro-inflammatory dysregulation 

of glutamate clearance or metabolism, excitatory synaptic transmission can be amplified further 

through glutamate-induced glutamate release from glia via AMPA, kainite, and/or mGlu receptor 

activation. The role of astrocytes in mediating excitatory synaptic communication is thus of 

critical importance.  Taken together with previous findings, our data support the hypothesis that 

glial cells, in particular astrocytes, are involved in the pro-nociceptive changes in excitatory 

transmission that develop in the lumbar spinal cord in the AS model. 

 Enhancement of pain-like behaviours has been directly correlated with glial cell 

activation in previous studies [244,254,301,317,318]. Consistent with these observations, we 

found increased lumbar spinal cord expression of Iba-1 in bilateral hyperalgesia responder 

animals whereas no difference in Iba-1 expression was detected in non-responder animals versus 

controls. In contrast, however, increased lumbar GFAP expression was observed in both 

hyperalgesia responders and non-responders compared to healthy controls. Therefore, spinal cord 

glial cell activation is likely not the only pathophysiologic change required for a bilateral 

hyperalgesia response to develop in this animal model. Supporting this notion, previous studies 

have indicated that the second acidic saline injection in the AS model produces changes in the 

RVM (i.e., increased release of excitatory neurotransmitters and reduced release of inhibitory 

neurotransmitters), and, that blockade of NMDA receptors within either the RVM or the nucleus 

reticularis gigantocellularis (NGC) is sufficient to abolish mechanical hyperalgesia [289,291]. 
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Therefore, interplay between ascending nociceptive input from the spinal cord dorsal horn and 

descending excitatory facilitation from the RVM and NGC likely mediates the development of 

bilateral hyperalgesia in this model of musculoskeletal pain. Based on the results described here, 

it is expected that non-responder animals did not develop the same RVM changes in response to 

acidic saline injections, and therefore, despite the increased spinal cord GFAP expression 

detected, the absence of RVM hyper-excitation may have precluded the development of 

mechanical hyperalgesia in the non-responder subgroup. 

 Since the thalamus ventrobasal complex (VBC) is immediately afferent to the spinal cord 

dorsal horn along the ascending spinothalamic tract, examination of this region was included in 

the present investigation. Although no evidence of increased Iba-1 or GFAP expression in the 

VBC was found, the possibility of glial cell involvement here cannot be entirely discounted. 

Microglia activity within the VBC could potentially develop during a later time course within 

this model, given that a non-significant increase in Iba-1 expression was observed at day 10, the 

final time point of our study. Further data from an increased number of hyperalgesia responder 

animals captured from a broader range of time points is necessary to draw conclusions around 

thalamic gliosis in this animal model. 

 Despite the variable rates of bilateral hyperalgesia response reported in the AS model 

[285,286], the rate of response observed in our study was lower than expected. Interestingly, 

animals which developed hyperalgesia in our study were restricted to two of the four time point 

groups. In consideration of this observation, we note that the experimental protocol for each time 

point group was initiated on a different calendar day (i.e., the experimental schedules for each 

group were stratified over the calendar). Therefore, environmental factors and/or stressors 

experienced (ex. cage cleaning by animal care staff on the day of an injection) could have 
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differed between groups. It has been previously demonstrated that environmental stress from 

confined restraint increases serum cortisol levels and increases pain-like behavioral responses 

(i.e., reduced von Frey paw withdrawal thresholds), and, that sound stress enhances bradykinin-

induced hyperalgesia in rats [301,319]. Therefore, variation in environmental factors across 

experimental groups may be responsible for the between-group differences in hyperalgesia 

response observed in our study. 

 Taken together with previous studies in this research model along with clinical evidence 

of elevated inflammatory CSF markers [85,88], our experimental findings support the need for 

further investigation into the role of gliosis in chronic widespread musculoskeletal pain. The 

present pilot study involved only immunohistological detection of glial cell activation. Further 

investigations in this model are therefore recommended to test for additional indicators of gliosis 

and CNS neuro-inflammation. These may include measurement of Iba-1 and GFAP mRNA 

levels, quantification of NF-κB expression and phosphorylation to the active state (p-NF-κB), 

expression and phosphorylation of the NMDA receptor subunit NR2B, as well as concentrations 

of cytokines such as IL-1β, IL-6 and TNFα. This area of investigation may also be further 

advanced through the use of imaging modalities to assess the location and magnitude of glial cell 

activation both in research models and human subjects. Such methods may include positron 

emission tomography (PET) to image tracers such as 18F-PBR111 or 11C-PBR28 which bind to 

translocator protein (TPSO) expressed by activated glial cells. For example, PET imaging studies 

with 11C-PBR28 have detected increased thalamic glial cell activity in chronic low back pain as 

well as T11-T12 spinal cord neuro-inflammation in chronic lumbar radiculopathy [320,321]. 

Alternatively, the use of non-radioactive fluorinated TPSO ligands may allow for glial cell 

imaging through the use of 19F-MRI [322,323]. Candidate 19F-MRI tracers could include the high 
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affinity TPSO ligand FEDAA1106 or the fluorinated benzodiazepines SAS 643 and SAS 646 

[324,325].  

 In conclusion, the evidence of glial cell involvement presented here supports the need for 

further investigation into the contribution of gliosis to the pathophysiology underlying chronic 

widespread musculoskeletal pain disorders. Additional investigations both in research models 

and human subjects are recommended to further advance the research findings of this pilot study.  
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Chapter 3: Development of Novel CB2-Selective Ligands and Assessment of 

Pharmacologic Activity at Cannabinoid Receptors 

3.1 Introduction 

 Since the initial cloning of the CB1 receptor in 1991 by Matsuda et al. [326], followed by 

identification of the human CB2 receptor peptide sequence (Figure 3.1) in 1993 by Munro and 

colleagues [327], considerable research has enhanced our understanding of  cannabinoid receptor 

functions and ligand binding properties. Like other members of the GPCR superfamily, both 

CB1 and CB2 cannabinoid receptors consist of a continuous peptide sequence comprised of 

seven trans-membrane peptide helices. The CB1 and CB2 receptors share 44% overall amino 

acid identity, which rises to 68% in transmembrane domains [327].  

 

 
Figure 3.1. Peptide sequence and 2D receptor domain representation of the human cannabinoid 

receptor 2 (hCB2). 
Beginning at the N-terminus (N-ter.) in the extracellular space, the hCB2 peptide chain forms seven trans-
membrane helices linked by three intracellular (I-1 to I-3) and three extracellular (E-1 to E-3) loops. The 
C-terminus (C-ter.) is located within the intracellular space in close proximity to the intracellular loops. 
Amino acids are labelled according to IUPAC one-letter symbols [328] and are numbered according to 
their position in the peptide sequence, starting at the N-terminus. Reproduced from [327] permission 
pending. 
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 As shown in the ‘top-down’ schematic view of the seven transmembrane GPCR helices 

(Figure 3.2), ligand binding can confer a conformational change in the receptor, resulting in 

specific interactions with G-protein subunits at the intracellular C-terminus. Ligands are 

considered to have agonist activity if the receptor binding interaction induces a conformational 

change such that exchange of GDP for GTP occurs at the intracellular Gα subunit, resulting in 

release and down-stream activity of the Gβ/γ subunits.  

 

 

Figure 3.2. ‘Top-down’ schematic representation of the seven transmembrane domains (1-7) of an 

inactive GPCR (left) and active GPCR due to ligand binding (right).  
Ligand binding induces a shift in the transmembrane domain conformation, thereby leading to receptor 
activation. The conformational shift induced by an agonist results in exchange of GDP for GTP at the Gα 
subunit associated with the C-terminal (not shown). 
 

 

 Cannabinoid receptors generally couple to Gi/o in a pertussis toxin-sensitive manner, 

although CB1 has been shown to couple to Gs under certain conditions [329-332]. Based on Gi/o 

coupling, inhibition of adenylyl cyclase and reductions in intracellular cAMP concentration 

generally result in CB2-expressing cells upon agonist treatment. cAMP is a second-messenger 

formed by catalytic conversion of ATP by adenylyl cyclase which regulates the activity of 

several important intracellular signaling cascades and therefore plays a key role in GPCR-related 

signal transduction. Depending upon many factors including the particular cell type, degree of 
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cell surface CB2 expression and receptor coupling interactions, CB2 agonists have the ability to 

influence a variety of intracellular processes via the second messenger system. These may 

include cell proliferation, survival, and transcription of pro-inflammatory mediators. Specific 

effects of CB2 agonists on intracellular signaling cascades will be addressed in Chapter 4. 

 Cannabinoid receptors can be activated by plant-derived, synthetic, and endogenous 

cannabinoid ligands. These ligands are classified according to chemical structure into five 

diverse categories: the classical cannabinoids (Δ9-THC, Δ8-THC-dimethylheptyl (HU210)), non-

classical cannabinoids (CP-55,940), indoles (WIN 55,212), eicosanoids/endogenous ligands 

(anandamide, 2-AG), and antagonist/inverse agonists (SR141716A, SR145528) [333-339]. Aside 

from the antagonist/inverse agonists, these compounds, depicted in Figure 3.3, are all dual 

agonists of both CB1 and CB2 cannabinoid receptors. Structure-activity relationship studies 

using these compounds have been fundamental to our understanding of the cannabinoid receptor 

active site and have also elucidated key differences between CB1 and CB2 receptor-ligand 

interactions. 

 Based on the early studies involving Δ9-THC, its analogues, and non-classical 

cannabinoid compounds, it was originally thought that three structural properties were necessary 

in order for a ligand to bind within the cannabinoid receptor active site and act as an agonist: (1) 

the presence of a free phenolic hydroxyl group, (2) a suitable substituent at C9, preferably a 

hydroxyl group, and (3) a hydrophobic side chain [340-342]. This lead to the development of the 

non-classical, highly potent dual CB1-CB2 agonist CP-55,940 (Figure 3.3 C) [342].  
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A            B 

      
 

C            D    

              

E             F  

   
 

 

Figure 3.3. Dual CB1-CB2 receptor agonists Δ9-THC (A), Δ8-THC-dimethylheptyl (HU-210; B), CP-

55,940 (C), WIN-55,212 (D), anandamide (E), and 2-arachadonoylglycerol (F). 
Dibenzopyran numbering of the Δ9-THC cyclic backbone is shown in (A) for reference. 
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 In CP-55,940, the phenolic hydroxyl at C1 as well as the C9 hydroxyl are thought to 

interact with a hydrophilic region of the cannabinoid receptor binding pocket. Specifically, H-

bonding to a lysine residue in TMH 3, conserved in both CB1 and CB2 receptor subtypes, is 

thought to be a key interaction needed for ligand binding. Additionally, the hydrophobic side 

chain at C3 is thought to interact with a hydrophobic pocket formed by the hydrophobic cluster 

of amino acid residues in TMH 6 and 7. Further studies demonstrated that the phenolic hydroxyl 

group at C1 was not necessary for cannabinoid agonist activity, as long as another oxygen atom 

in the ligand is available for H-bonding to the TMH3 lysine residue [343]. Mutational studies 

then demonstrated that, although TMH3 lysine (K192) is critically important and necessary for 

classical and non-classical cannabinoid agonist binding to CB1, the agonist activity at CB2 could 

be maintained in the absence of the corresponding lysine residue, K109 [344]. Computational 

studies of the mutant CB2 receptor with alanine substituted in place of K109 suggested that a 

hydrogen bonding cluster comprised of serine (S112), threonine (T116) and asparagine (N295) 

interacted with the ligand hydroxyl groups, thereby compensating for the absence of K109 [344].  

The discovery of a new class of cannabinoid agonists, aminoalkylindoles, occurred accidentally 

by the Sterling Research Group in 1991 during development of nonsteroidal anti-inflammatory 

drugs [345,346]. Previous studies with the aminoalkylindole WIN-55,212 have contributed 

significantly to our understanding of ligand interactions with cannabinoid receptors including 

pharmacophore properties conferring CB2-selectivity. These studies revealed that although the 

mode of binding of WIN-55,212 to cannabinoid receptors was distinct from classical and non-

classical cannabinoids, its agonist activity was functionally equivalent to these compounds both 

in vitro and in vivo. Interestingly, binding of WIN-55,212 to TMH3 lysine was shown to be 

unnecessary for the receptor-ligand binding interaction, however, its binding within the active 
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site of both CB1 and CB2 receptors was sufficient to displace the binding of [3H]-CP-55,940, 

suggesting that it binds cannabinoid receptors through interactions distinct from classical and 

non-classical ligands, yet it binds within the same active site region [346-348].  

 Subsequently, WIN-55,212 was found to have modest (5 to 10 fold) selectivity for the 

CB2 receptor [349]. A study by Song and colleagues demonstrated that aromatic stacking (π-π) 

interactions between WIN-55,212 and TMH5 phenylalanine (F197) in the CB2 receptor are 

likely to be stronger than those occurring between the ligand and the equivalent residue in CB1 

(V282), therefore the ability of a ligand to engage in π-π stacking interactions with F197 was 

found to be an important property conferring CB2-selectivity [350]. Furthermore, H-bonding 

interactions with S112 in TMH3 of CB2 were also shown to confer CB2-selectivity to 

aminoalkylindoles [351].  

 Further molecular modelling studies of CB2 receptor-ligand interactions revealed that 

several aromatic residues, exclusive to CB2, are capable of interacting with ligands via π-π 

stacking, thereby underscoring the importance of aromaticity in conferring ligand selectivity for 

CB2. Specifically, phenylalanine residues F87, F94, F97, F117 as well as tryptophan residues 

W258 and W194 have been found to engage in ligand binding interactions within the CB2 

receptor active site [352-354]. Another key aromatic residue found to participate in receptor-

ligand binding interactions is histidine 95 (H95) [355]. Furthermore, asparagine 188 (N188) and 

serine 285 (S285) were identified as additional hydrophilic residues capable of engaging in H-

bond ligand interactions within the CB2 binding pocket [352,353,355]. Additionally, proline 

residues P178 and P187 have been found to line the CB2 binding pocket and engage in 

hydrophobic interactions with ligands [353]. 
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 Selectively targeting the CB2 receptor for potential therapeutic application in disease 

states including chronic pain is not a novel concept. Indeed, the CB2 receptor has been identified 

as a potential therapeutic target for a plethora of medical conditions, in addition to pain, some of 

which include autoimmune diseases, ischemia-reperfusion injury, endometriosis, and cancer 

[356,357]. Since the discovery of the aminoalylindoles’ modest CB2-selectivity, considerable 

efforts, both in academia and industry, have resulted in the development of many novel small 

molecule ligands with selective CB2 agonist properties. Recently, Nettekoven and colleagues 

identified a hit cluster of compounds containing an adamantyl moiety upon high-throughput 

screening for compounds with selective CB2 agonist properties [358]. As noted by the authors, 

adamantane is a well-known chemical substituent present in approved drugs such as amantadine 

and vildagliptin, agents which are used clinically for peripheral and CNS-related pathologies. 

Further optimization of the initial hit cluster yielded compounds consisting of an adamantyl 

group connected via amide linkage to a bi-cyclic structure, shown in Figure 3.4. The addition of 

a hydroxyl group to the adamantane structure (Figure 3.4 A) was found to improve compound 

solubility dramatically, however, reductions in CB2 agonist potency were observed. Only one 

compound having the amide linkage switched, such that the nitrogen component is linked to the 

adamantyl scaffold, was evaluated (Figure 3.4 B). Although the compound was found to have 

lesser solubility, its agonist potency at CB2 was high, with low agonist activity at CB1 [358]. 
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A         B 

               

Figure 3.4. Adamantyl CB2-selective agonist compounds developed by Nettekoven and colleagues.  
Agonist potencies (EC50) at CB2, determined by cAMP assay in transfected CHO cells, were 0.49 µM (A) 
and 0.022 µM (B). cAMP EC50 at CB1 was > 10 µM for both compounds. LogP values reported were 
2.77 and 4.26 for (A) and (B), respectively [358] . 
 

 

3.1.1 Specific Aims 

 To design, model and synthesize novel small molecules which act as CB2R-selective 

agonists and to evaluate their pharmacologic activity at human CB1 and CB2 cannabinoid 

receptors. 

 

3.2 Design and Modeling of CB2 Receptor Ligands 

3.2.1 Development of a Mini-Library of Potential CB2 Agonists 

 Based on the previous work by Nettekoven and colleagues, compounds having an 

adamantyl group linked via amide bond to a bi-cyclic structure could reasonably be expected to 

have some degree of CB2 agonist activity [358]. Although specific receptor binding interactions 

were not reported by the authors, it can be hypothesized that the adamantyl group of such 

structures interacts with the hydrophobic pocket of the CB2 binding cavity, analogous to the C3 

hydrophobic tail present on classical cannabinoids. The amide oxygen atom is likely binding 

within the CB2 active site via polar H-bond interactions with K109, and possibly with other 
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members of the hydrogen bonding cluster exclusive to CB2 (i.e., S112) or other hydrophilic 

residues previously identified to mediate CB2-ligand binding. The presence of the aromatic 

benzene ring on the isoindoline group may also facilitate aromatic stacking interactions with 

F197 and possibly several other aromatic residues in the CB2 binding pocket previously reported 

to engage in π-π interactions with ligands. Although several variations of the final optimized 

compounds shown in Figure 3.4 were included in the study, none included a benzimidazole 

group as the bi-cyclic component. With the entire bi-cyclic structure of benzimidazole being 

aromatic, compared to only a single benzene ring, we postulated that such a chemical 

modification may enhance π-π interactions with the aromatic amino acid residues found 

exclusively in the CB2 receptor. Specifically, these may include F197, F87, F94, F97, F117, 

W258, W194 and H95, as discussed above in Section 3.1. Taking into account that the addition 

of a hydroxyl group at the 3 position of the adamantyl scaffold (as in Figure 3.4 A) imparted an 

increase in aqueous solubility, we hypothesized that such a modification may also confer 

favorable solubility properties on benzimidazole-containing compounds. This rationale led us to 

the design of four structures, shown in Table 3.2. 

 Surprisingly, modification of the bi-cyclic structure from the isoindoline (as in Figure 3.4 

B) to a benzimidazole group (as in the Table 3.2 library) provided a considerable improvement to 

the clogP value, even in case of DML-3 and DML-4 with no adamantyl hydroxyl group. That is, 

a LogP value of 4.26 was reported for compound (B) in Figure 3.4, whereas the cLogP values for 

DML-3 and DML-4 were found to be 2.80 and 2.78, respectively. These values are highly 

similar to the reported LogP of 2.77 for the hydroxylated compound (A) in Figure 3.4 which was 

found to have good aqueous solubility (> 318 µg/mL [358]). Since DML-3 and DML-4 would be 

expected to have good aqueous solubility comparable to compound (B) based on the similarity in 
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LogP values, the addition of the adamantyl hydroxyl group was deemed to be unnecessary for 

imparting suitable solubility properties on the compounds. Furthermore, addition of the 

adamantyl hydroxyl in compound A (Figure 3.4) was found to reduce cAMP EC50 agonist 

potency at CB2 22-fold [358]. Therefore, we selected DML-3 and DML-4, along with β-

caryophyllene (discussed in Chapter 1.8) for further investigation. 

 

Table  3.1. Structure and calculated physicochemical parameters of test compounds 

Molecular weight (MW) and topological polar surface area (TPSA) were calculated using Instant JChem 
v. 14.7.21.0 (IJC) software [359]. The logarithm of octanol-water partition co-efficient (LogP) has been 
estimated using the calculated log P (cLogP) from BioByte Corporation software [360]. 
 

Compound 
Name 

Structure 
MW 

(g/mol) 
Formula 

TPSA   
(Å2) 

cLogP 

DML-1 

 

311.37 C18H21N3O2 78.01 1.41 

DML-2 

 

325.40 C19H23N3O2 78.01 1.39 

DML-3 

 

295.38 C18H21N3O 57.78 2.80 

DML-4 

 

309.41 C19H23N3O 57.78 2.78 
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3.2.2 CB2 Receptor Homology Modelling 

 The use of CB2 homology modelling and ligand docking studies in silico have played an 

integral role in furthering our understanding of receptor-ligand interactions and structure-activity 

relationships and served as an important tool in the development of novel CB2-selective ligands. 

Early models of the CB2 receptor were developed based upon the x-ray crystallography structure 

of bovine rhodopsin GPCR [352,353,361]. Subsequent CB2 homology models were developed 

based upon the 3D crystal structure of the human β2 adrenergic receptor [354,362] and A2a 

adenosine receptor [363]. 

 In the present investigation, a 3D homology model of the human CB2 receptor (UniProt 

accession number P34972) was established using the X-ray structure of the human adenosine 

A2a receptor (Protein Data Bank entry 3QAK) as a template. The sequence alignment was done 

using CLUSTALW, followed by the manual refinement of non-conserved regions. Based on the 

resulting alignment, the CB2 homology model was generated by Modeller v.9.10 software. The 

loops obtained from gaps in the sequence alignment were energy-optimized to obtain a refined, 

energetically favorable structure according to the dope-score. The resulting model was subjected 

to energy minimization to remove unfavorable contacts and optimize its geometry by the 

implemented AMBER89 force field using the default parameters. The quality of the protein was 

assessed by Ramanchandran plot analysis, PROCHECK, and PROSA. The ligand binding pocket 

was determined using SPACER [364]. 
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Figure 3.5. CB2 receptor homology model with the predicted ligand binding pocket.  
The 3D structure of the CB2 receptor homology model is depicted in line and ribbon format. The seven 
transmembrane α-helix structures are shown in red. The estimated area of the binding pocket is 351.74 A3 

(blue). 
 

3.2.3 Ligand Docking Experiments 

 The 3D structure of CB2 ligands were generated using Avogadro [365] and their 

molecular geometries were optimized using Gaussian 09 [366]. The MGL AutoDockTools 

package was employed to prepare the protein and the ligands for molecular docking. For each 

ligand, hydrogens were added and Gasteiger–Hückel partial charges plus proper atomic types 

were assigned. Autotors was then used to define rotatable bonds. The receptor was prepared 

adding hydrogen polar atoms to amino acid residues, and partial atomic charges were assigned to 
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all the atoms using the Kollman method. Docking experiments were carried out taking into 

account the flexibility of both ligand and receptor. Docking calculations were performed with 

AutoDock 4.2 [367], increasing default parameters to obtain 2.5 million Lamarkian Genetic 

Algorithm (LGA) evaluations, with a population of 150. A grid box was defined to cover the 

binding cavity of the protein with dimensions 126 Å x 126 Å x 126 Å placed on the center of 

mass of the gorge (3.55, 5.15, 2.30). Grid spacing 0.413 Å step and 100 docking runs were 

conducted. After clustering the resultant poses with a tolerance of 2 Å root mean square standard 

deviation (RMSD), docking results were classified in different groups taking into account 

scoring and population criteria for each analysis as well as the main interactions between the 

ligand and the binding site of the receptor. Conformations with the lowest overall binding energy 

were further analyzed in order to quantify individual amino acid-ligand binding energies (in 

kcal/mol). 

3.2.3.1 Active Site Residues 

 Amino acid residues located within 3 angstroms of the ligand binding pocket (Figure 3.5) 

were identified. Of these 25 residues, 19 have been identified as lining the CB2 ligand binding 

pocket and/or participating in ligand binding interactions directly. Specifically, the amino acid 

residues we identified, which have been reported previously [351-355,362], include, in 

alphabetical order D189, C288, H95, L262, K109, M265, F87, F91, F94, F97, F117, F197, 

N188, P187, S112, S285, W194, W258 and V261. 

 Given that the majority of the amino acids found in the binding pocket matched those 

identified previously, it was concluded that our CB2 homology model should be capable of 

accurately identifying receptor-ligand interactions with our test compounds. 
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3.2.3.2 Ligand Docking 

 
Figure 3.6. Molecular docking of DML-3 in CB2 homology model.  
A ‘top-down’ view of the CB2 binding pocket (gray) with the most stable docking position of DML-3 
(green) shown. Hydrophilic atoms, oxygen and nitrogen, are shown in red and blue, respectively. Amino 
acid residues located within 5 Å of the ligand are labelled (white) and include F94, F91, H95, K109, S285 
and M286. 
 
 

Table  3.2. Binding energies (kcal/mol) of CB2 active site residues with DML-3. The strongest 

detected interactions are shown, from left to right. 

 

Active Site Residue Energy of Binding with DML-3 (kcal/mol) 

Residue F F H N K P F F F W V S F 

Position 94 91 95 188 109 187 87 117 97 258 261 112 197 

Binding 

Energy 
-19.5 -16.0 -12.4 -12.1 -9.5 -4.6 -4.2 -3.0 -2.9 -2.9 -2.7 -2.4 -1.6 

N188 
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 As shown in Figure 3.6, DML-3 was found to bind stably within the CB2 active site. The 

adamantyl structure appears to penetrate furthest into the receptor binding cavity, interacting 

with residues of the hydrophobic pocket. As shown in Table 3.2, residues providing the strongest 

energetic interactions with DML-3 are the aromatic residues F94, F91 and H95. As predicted, the 

benzimidazole structure appears to be engaging in π-π stacking and/or aromatic T-stacking with 

several aromatic residues exclusive to the CB2 binding pocket. Important hydrophilic 

interactions also appear to take place between DML-3 and K109 as well as N188. Based on the 

spatial docking position shown in Figure 3.6, N188 and K109 are likely engaging in H-bond 

interactions with the DML-3 amide oxygen atom, as predicted. S112, another member of the 

CB2 hydrophilic cluster, was also found to contribute to energetically favorable interactions with 

DML-3, and, although not shown in Figure 3.6, is likely also interacting with the amide oxygen 

atom. P187 was also found to contribute energetically to DML-3 active site binding, likely 

through hydrophobic van der Waals interactions. Several other aromatic residues were found to 

engage in ligand interactions, including F87, F97, F117, F197 and W258. These residues likely 

contribute to energetically favorable π-π stacking and/or aromatic T-stacking with the DML-3 

benzimidazole. Highly similar interactions were observed upon docking of DML-4 (not shown). 

 Previously, Gertsch et al. reported that β-caryophyllene docks within the hydrophobic 

cavity of the CB2 binding pocket, using a homology model based upon the bovine rhodopsin 

crystal structure, and engages in π-π stacking interactions with F177 and W258 [194]. Additional 

hydrophobic ligand-receptor interactions reported involved I198, M265 and V113 [194]. Here, 

for the first time in a CB2 homology model based upon the human A2a crystal structure, we 

report a variety of CB2 active site residue interactions with β-caryophyllene (Table 3.3) along 

with its most stable docking pose in the receptor binding cavity (Figure 3.7). As shown in Figure 
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3.7, β-caryophyllene docks most stably in closest proximity to H95, F283, F94, F91, F97, N188 

and V36. The residues providing the strongest energetic interactions with β-caryophyllene, in 

descending order, are the aromatic residues H95, F283, F94 and F91 (see Table 3.3). These 

residues likely engage in π-π interactions with the two alkyl double bonds present in β-

caryophyllene. N188 was also found to contribute considerably to stabilizing β-caryophyllene in 

the binding pocket. No hydrophilic oxygen or nitrogen atoms are present in the chemical 

structure of β-caryophyllene and therefore the typical H-bonding interactions between 

cannabinoid ligands and N188 would not be possible. However, based upon the most stable 

docking position of β-caryophyllene within the CB2 active site, shown in Figure 3.7, the 

nitrogen-bound hydrogen atom in N188 may be interacting with π electrons present in the β-

caryophyllene C8 double bond. Although not depicted in Figure 3.7, S285 was also found to 

contribute to energetically favorable interactions with β-caryophyllene within the active site 

(Table 3.3). This may occur through similar hydrogen-π bond interactions with the β-

caryophyllene double bonds. Additional CB2 receptor-ligand interactions found in the docking 

simulation involved F97, which likely interacts with β-caryophyllene via the same π-π 

interactions described above. Other hydrophobic interactions with A282 and P187 also 

contributed to the energetic docking stability of β-caryophyllene within the active site. 

 The total binding energy (kcal/mol) of the most stable docking pose found for each test 

compound (termed the minimum binding energy) is compared to that of two control CB2 

agonists in Table 3.4. The control compounds, WIN-55,212 and SER-601 were found to have the 

strongest binding affinity to the CB2 active site (-105.15 and -103.20 kcal/mol, respectively). In 

rank order, DML-4, DML-3 and β-caryophyllene were found to have binding affinities of -92.73, 
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Figure 3.7. Molecular docking of β-caryophyllene in CB2 homology model.  
The most stable binding position of β-caryophyllene (green) in the CB2 homology model binding pocket 
(gray) is shown. Hydrophilic atoms oxygen and nitrogen are shown in red and blue, respectively. Amino 
acid residues involved in the ligand binding interaction are labelled (white) and include H95, F283, F94, 
F91, F97, N188 and V36. 
 
 
Table  3.3. Binding energies (kcal/mol) of CB2 active site residues with β-Caryophyllene. The 

strongest detected interactions are shown, from left to right. 

 

Active Site Residue Energy of Binding with β-Caryophyllene (kcal/mol) 

Residue H F F F N F A P S M D I V 

Position 95 283 94 91 188 97 282 187 285 286 189 186 36 

Binding 

Energy 
-18.3 -11.6 -9.3 -9.2 -5.6 -3.6 -3.2 -3.2 -2.4 -1.4 -0.9 -0.8 -0.8 
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-71.16 and -63.95 kcal/mol, respectively. The predicted binding affinities of DML-3 and DML-4 

fell within the range found for WIN-55,212, SER-601 and β-caryophyllene (i.e., compounds with 

previously reported CB2 agonist activity). Therefore, it was inferred that DML-3 and DML-4 

may potentially have CB2 agonist activity given their energetically favorable interactions within 

the active site, as shown in our homology model. DML-3 and DML-4 were synthesized for 

further characterization and pharmacologic testing. 

 

Table  3.4. Minimum binding energies (kcal/mol) of control CB2 agonists (WIN-55,212, SER-601) 

and test compounds within the CB2 homology model active site. 

 

Compound ID 
Minimum Binding Energy 

(kcal/mol) 

WIN-55,212 - 105.15 

SER-601 - 103.20 

DML-4 - 92.73 

DML-3 - 71.16 

β-Caryophyllene - 63.95 

 
 

 
3.3 Synthesis of Compounds DML-3 and DML-4 

 Both DML-3 and DML-4 were synthesized under identical conditions following the 

amide coupling reaction scheme depicted in Figure 3.8. The solid reactants consisted of 1-H-1-

benzimidazole carboxylic acid, 1-adamantyl amine, 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC) and hydroxybenzotriazole (HOBt), all from Sigma-Aldrich 
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(St. Louis, MO). The reaction was carried out in a dried round-bottom flask within a closed 

system under vacuum. The flask was filled with argon gas followed by the addition of dried 

dimethylformamide (DMF; Sigma-Aldrich, St. Louis, MO) and solid reactants. The reaction was 

stirred overnight at room temperature. Solvent was removed by rotoevaporation and the crude 

product was washed first with sodium bicarbonate (1.0 M) then with brine, then with water and 

finally dried over magnesium sulfate. The crude product was dissolved in dichloromethane and 

purified by column chromatography. 

 

 

 

Figure 3.8. Amide coupling scheme using EDC and HOBt.   
In reaction 1, R1-carboxylic acid reacts with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
hydrochloride (EDC), a water-soluble carbodiimide, to form an unstable O-acylurea intermediate which is 
susceptible to nucleophilic attack. In the presence of water, the O-acylurea may react and result in the 
formation of its urea derivative and regenerate the original R1-carboxylic acid. It is also possible for the 
O-acylurea to spontaneously re-arrange forming an undesirable N-acylurea product.  Formation of this 
product is avoided by carrying out the reaction in the presence of HOBt. As shown in reaction 2, HOBt 
reacts with the R1-O-acylcurea to form HOBt ester along with a urea derivative. Subject to nucleophilic 
attack, the R2-amine reacts with the HOBt ester to form an amide bond with release of HOBt base 
(reaction 3). R1 = 1-H-benzimidazole; R2 = adamantane. 
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3.4 Chemical Analysis of DML-3 and DML-4 

 After synthesis, DML-3 and DML-4 were subjected to elemental, 1H-NMR and mass 

spectrometry analyses. NMR spectra with shifts assigned to the compound structures are shown 

in Figures 3.9 and 3.10. Mass spectrometry analysis is listed in Appendix A.1. The 1H-NMR 

spectra of both DML-3 and DML-4 revealed ppm shifts corresponding to each of the carbon-

bound hydrogen atoms in the molecular structures, confirming the chemical synthesis was 

successful in producing both compounds. Some solvent contamination was observed in DML-3. 

 
Figure 3.9. 1H-NMR analysis of DML-3.   
1H (CDCl3, 400 MHz): δ 1.57 (e, CH2), 1.99 (c+d, CH2,CH), 7.17 (a, CH), 7.47 (b, CH). 
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Figure 3.10. 1H-NMR analysis of DML-4.   
1H (CDCl3, 400 MHz): δ 1.68 (g, CH2), 2.11 (e+f, CH2,CH), 4.50 (c, CH2), 7.53 (a, CH), 7.75 (b, CH), 8.48 (d, NH). 
 
 
 

Table  3.5. Elemental Analysis of DML-3 and DML-4, with elemental content reported as percentage (%). 

 

 

DML-3 DML-4 

Theoretical 
Analysis 
Result 

Theoretical 
Analysis 
Result 

Nitrogen 
14.17 14.04 13.40 13.58 

Carbon 
73.16 73.23 74.06 73.73 

Hydrogen 
7.10 7.17 7.59 7.49 
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 Elemental analysis (Table 3.5) revealed that an acceptably high level of purity was 

attained for both DML-3 and DML-4. 

 
3.5 Determination of Solubility 

 Solubility of test compounds was determined in water, DMSO and cell culture media 

following the National Institute of Health (NIH) test method for determination of solubility [368] 

with some minor modifications. All dissolution tests were done using a stepwise mixing protocol 

(see Appendix A.2). Dissolution was initially attempted in distilled water at a 1 mg/mL 

concentration. If dissolution was not attained, an increased volume of distilled water was added 

to dilute the sample by 5 times. Dilution was repeated in subsequent steps if dissolution was not 

observed. The presence of dissolved compound in the aqueous solution was tested by 

centrifugation of the sample at 1000 x g for 5 min followed by measurement of absorbance at 

292 nm. 

 Solubility in DMSO was tested by attempting to dissolve a quantity of test compound 

sufficient to produce a 50 mM solution. If solubility was not achieved, a dilution was performed 

and solubility was re-tested. If unsuccessful, dilution was repeated until solubility was achieved. 

The highest molarity solution produced in DMSO was used as a stock solution for subsequent 

testing of solubility in cell culture medium consisting of DMEM with 10% fetal bovine serum 

and 1% w/v penicillin/streptomycin (10,000 units/mL penicillin and 10 mg/mL streptomycin in 

sterile 0.9% NaCl). The maximum concentration of test compound soluble in cell culture 

medium using the DMSO stock solution was determined by first attempting to produce a 500 µM 

concentration. If precipitate or signs of cloudiness appeared, solutions of decreasing 

concentration were prepared. 
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Table  3.6. Aqueous solubility of DML-3 and DML-4. 

 

Test Concentration 
(mg/mL) 

1 0.2 0.1 0.01 0.002 0.001 

DML-3 Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 

DML-4 Insoluble Insoluble Insoluble Insoluble Insoluble Insoluble 

 

Table  3.7. DMSO solubility of DML-3 and DML-4. 

 

Test Concentration 
(mM) 

50 25 10 5 2 

DML-3 Insoluble Insoluble Insoluble Insoluble Soluble 

DML-4 Insoluble Insoluble Soluble Soluble Soluble 

 

 As shown in Table 3.6, aqueous solubility of both compounds was extremely low (< 1 

µg/mL). DML-3 was completely soluble in DMSO at a 2 mM concentration whereas DML-4 

was increasingly soluble in DMSO and a 10 mM solution could be prepared (Table 3.7). The 

highest achievable concentration of DML-3 in cell culture media using the 2 mM DMSO stock 

solution was 100 µM. Using the 10 mM DMSO stock solution of DML-4, the highest achievable 

concentration in cell culture media was also 100 µM. 
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3.6 Pharmacologic Characterization of Test Compounds at Cannabinoid Receptors 

3.6.1 Materials and Methods 

 All cell culture supplies were obtained from Thermo Fisher Scientific (Waltham, USA), 

unless otherwise specified.  

 

3.6.1.1 Cell Culture and Stable Transfection 

 Human embryonic kidney (HEK-293) cells as well a HEK-293 cell line stably transfected 

with human CB1 cDNA (HEK-CB1) were generously donated by the Kumar Laboratory, UBC 

Faculty of Pharmaceutical Sciences. In order to create a HEK-293 cell line stably transfected 

with human CB2 cDNA, HEK-293 cells were cultured in DMEM with 10% fetal bovine serum 

and 1% w/v penicillin/streptomycin (10,000 units/mL penicillin and 10 mg/mL streptomycin in 

sterile 0.9% NaCl). Purified CB2 cDNA plasmid containing G418 resistance (OriGene, 

Rockville, MD) was mixed with HEKfectin transfection reagent in a 1:2 ratio and added to cell 

culture media such that 5 µg DNA was added per 28.2 cm2 cell culture flask. Cells were 

incubated at 37○C and 5% CO2 for 40 h, with addition of extra cell culture media at the 24 h time 

point. Cells were then incubated in selection media (above cell culture media containing 725 

µg/mL G418), allowed to proliferate, and stored in liquid nitrogen in cryotubes containing 5 x 

106 cells/mL with 10% DMSO as cryo-protectant.  
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3.6.1.2 Cannabinoid Receptor Radioligand Displacement Assay 

3.6.1.2.1 Membrane Preparation 

 Cell pellets of cultured HEK-CB1 and HEK-CB2 cells were suspended in a 

homogenization buffer, pH 7.2, containing 250 mM sucrose, 10 mM Tris HCl and a protease 

inhibitor cocktail containing 2 mM 4-(2-aminoethyl)benzenesulfonyl fluoride, 0.3 µM aprotinin, 

130 µM bestatin, 1 mM EDTA, 14 µM E-64 and 1 µM leupeptin. The suspension was 

transferred to a 20 mL Dounce glass homogenizer and subjected to 20 manual strokes. The 

homogenate was transferred to microcentrifuge tubes and sonicated, on ice, at 30% power for 

two 10 s pulses with 30 s in between pulses. Nuclei and cell debris were removed by 

centrifugation at 500 x g for 10 min at 4°C. The supernatant was collected and centrifuged at 

100,000 x g for 60 min at 4°C. The supernatant was discarded and the pellet was washed in 

homogenization buffer and re-centrifuged at 100,000 x g for 60 min at 4°C. The supernatant was 

discarded and the pellet (containing the cell membrane fraction) was resuspended in buffer to 

achieve a concentration of approximately 4 mg/mL protein. Samples were aliquoted and stored at 

-80°C. 

 

3.6.1.2.2 Cannabinoid Receptor Saturation Binding Studies 

 Binding was initiated by the addition of 50 µg membrane protein to silanized glass tubes 

containing [3H]CP-55,940 and a sufficient volume of binding buffer (50 mM Tris HCl, 1 mM 

EDTA, 3 mM MgCl2, and 0.5% fatty acid-free BSA, pH 7.4) to bring the total volume to 0.2 mL. 

Total binding of [3H]CP-55,940 (164.9 Ci/mmol; Perkin Elmer, Waltham, USA) was determined 

at concentrations ranging from 0.01 – 5 nM. Non-specific binding at each test concentration was 

determined by the addition of 10 µM unlabeled CP-55,940 (BioTechne, Abingdon, UK). 



99 

 

Following incubation (1 h at 37°C with mild agitation), the reaction was terminated by addition 

of 0.8 mL ice cold wash buffer (50 mM Tris HCl and 0.1% fatty acid-free BSA, pH 7.4) to the 

incubation tube followed by rapid vacuum filtration through Whatman GF/C glass fiber filters 

(pre-treated with aqueous polyethyleneimine 0.1% for 1 h at 4°C) in 96 well harvest plates 

(Perkin Elmer, Waltham, USA). Wells were then washed twice under vacuum with ice cold wash 

buffer. Harvest plates were then back-sealed and filters were incubated in scintillation fluid for 

30 min at room temperature. Radioactivity was quantified as CPM on a Microlux beta counter 

(Perkin Elmer, Waltham, USA) which was normalized to a known tritium standard. Specific 

binding of [3H]CP-55,940 was calculated as total binding minus non-specific binding. Specific 

binding data was plotted and the saturation curve was used to determine the binding saturation 

constant (Bmax) and the equilibrium dissociation constant (KD) of [3H]CP-55,940 using the 

saturation binding nonlinear regression function (one site, specific binding) in GraphPad Prism 

6.0 software. Saturation binding curves are listed in Appendix A.3. 

 

3.6.1.2.3 Competition Binding Studies of Test Compounds 

 Binding incubation, sample harvesting and radioactivity measurement was performed 

using the procedure described immediately above using the competitor ligands at varying test 

concentrations plus 0.5 nM [3H]CP-55,940. IC50 values were determined using the competitive 

binding nonlinear regression function (one site, fit IC50) for sigmoidal data, and linear 

regression for Hill plot transform data, in GraphPad Prism 6.0 software. Binding affinity 

constants (Ki) of each competitor ligand for CB1 and CB2 receptors was then calculated using 

the method of Cheng and Prusoff (Ki = IC50/(1 + L/KD)) [369].  
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3.6.1.3 cAMP Assay for Agonist Activity 

 cAMP assays in CB1 and CB2-transfected HEK293 cells were conducted using the 

homogenous time-resolved fluorescence resonance energy transfer (HTRF) method with the 

cAMP dynamic 2 kit (Cisbio, Bedford, MA), following the manufacturer’s protocol. An 

optimization experiment was conducted to determine the ideal assay parameters with our 

experimental cell line, as per the manufacturer’s instructions. Optimization data is shown in 

Appendix A.4. Briefly, cells were suspended in cell culture media and plated in 384-well 

microplates (1,000 cells/well) followed by the addition of 0.5 mM IBMX, 20 µM forskolin, and 

test compounds at varying concentrations. Following a 30 min incubation, cAMP-d2 conjugate 

plus the anti-cAMP-cryptate conjugate were added to each well in lysis buffer. Fluorescence at 

665 nM was analyzed on a PHERAstar microplate reader equipped with an HTRF optical 

module (BMG Lab technologies, Offenburg, Germany). EC50 values were determined using non-

linear regression (log agonist versus response function) in Graphpad Prism 6.0 Software. 

 

3.6.2 Results 

 As shown in Table 3.8, the equilibrium dissociation constant values (KD) obtained for the 

radio-ligand [3H]CP-55,940 were 1.25 ± 0.024 nM and 0.73 ± 0.09 nM at CB1 and CB2 

receptors, respectively. β-caryophyllene, DML-3 and DML-4, bind to the cannabinoid binding 

site in CB2 with nanomolar affinity, as demonstrated by the concentration-dependent 

displacement of [3H]CP-55,940 (Figure 3.11.A). In rank order, DML-3 showed the strongest 

affinity (Ki = 95.1 nM), followed by DML-4 (Ki = 185.2 nM) and β-caryophyllene (Ki = 548.9 

nM; see Table 3.9). Neither DML-3 nor DML-4 showed considerable binding affinity for CB1 
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(Ki = >10 µM), while β-caryophyllene bound with modest affinity (Ki = 7.3 µM; see Figure 

3.11.B). 

 It was determined that all three test compounds acted as full agonists at the CB2 receptor 

(see Figure 3.13). DML-4 was found to inhibit cAMP production in CB2-HEK 293 cells with an 

EC50 value corresponding to 0.17 nM (Table 3.10). β-caryophyllene also had strong agonist 

activity at CB2 with an EC50 of 8.7 nM. DML-3 was also a full agonist at CB2 with an EC50 

value of 223 nM. In contrast, at CB1, both DML-3 and DML-4 displayed very low activity (EC50 

>10 µM), indicating >40- fold and >10,000-fold CB2 agonist selectivity for each compound, 

respectively. In comparison, β-caryophyllene was found to have weak agonist activity at CB1 

(EC50 = 0.95 µM). Nonetheless, it displayed strong CB2 selectivity, with the agonist potency at 

CB2 being 109-fold higher than at CB1. 

 

Table  3.8. Calculated Equilibrium Dissociation Constants (KD) ± SE for [3H]CP-55,940 at cannabinoid 

receptors. 

 

Constant CB1 CB2 

KD 
1.25 ±  0.24 

nM 

0.73 ±  0.09 

nM 
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Figure 3.11. [3H]CP-55,940 displacement following cannabinoid treatment of membranes isolated 

from HEK293 cells stably transfected with either CB2 (A) or CB1 (B).  
The specific binding of 0.5 nM [3H]CP-55,940 in competition with non-labeled CP-55,940 (■), β-
caryophyllene (□), DML-3 (▲) and DML-4 (○) is displayed, as a percent of control. The specific binding 
of 0.5 nM [3H]CP-55,940 measured in the absence of competitor was taken as 100% [3H]CP-55,940 
binding and the specific binding of 0.5 nM [3H]CP-55,940 in the presence of 10 µM non-labeled CP-
55,940 was taken as 0% [3H]CP-55,940 binding. Data points represent the mean of three independent 
experiments. 
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Figure 3.12. Hill Plot transformation of Figure 3.11 data showing linearized [3H]CP-55,940 

displacement in HEK293 cells stably transfected with either CB2 (A) or CB1 (B).  
The linearized specific binding of 0.5 nM [3H]CP-55,940 in competition with non-labeled CP-55,940 (■), 
β-caryophyllene (□), DML-3 (▲) and DML-4 (○) is displayed, in Hill Plot transform.  
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Figure 3.13. Inhibition of cAMP in CB2-HEK293 cells treated with cannabinoid test compounds.    
Inhibition of cAMP production in CB2-tranfected HEK293 cells following treatment with SER-601 (A), 
β-caryophyllene (B), DML-3 (C) and DML-4 (D), expressed as a percent of control. The cAMP 
concentration following vehicle treatment with 20 µM forskolin was taken as 100% whereas the cAMP 
concentration following vehicle treatment in the absence of forskolin was taken as 0%. Data represents 
the mean ± SD of three independent experiments. 
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Figure 3.14. Inhibition of cAMP in CB1-HEK293 cells treated with cannabinoid test compounds.    
Inhibition of cAMP production in CB1-tranfected HEK293 cells following treatment with ACEA (A), β-
caryophyllene (B), DML-3 (C) and DML-4 (D), expressed as a percent of control. The cAMP 
concentration following vehicle treatment with 20 µM forskolin was taken as 100% whereas the cAMP 
concentration following vehicle treatment in the absence of forskolin was taken as 0%. Data represents 
the mean ± SD of three independent experiments. 
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Table  3.9. Binding Affinities (Ki) of test compounds at cannabinoid receptors. 

 

Test Compound CB1 CB2 

 Sigmoidal Hill Mean Sigmoidal Hill Mean 

β-Caryophyllene 9.16 µM 5.44 µM 7.30 µM 797 nM 301 nM 548.9 nM 

DML-3 > 10 µM > 10 µM > 10 µM 190 nM 0.22 nM 95.1 nM 

DML-4 > 10 µM > 10 µM > 10 µM 370 nM 0.42 nM 185.2 nM 

 
 
Table  3.10. Agonist activity (cAMP, EC50) of test compounds at cannabinoid receptors. 

 

Test Compound CB1 CB2 

β-Caryophyllene 0.95 µM 8.7 nM 

DML-3 > 10 µM 223 nM 

DML-4 > 10 µM 0.17 nM 

 

3.7 Discussion 

 Based on the published literature describing cannabinoid receptor-ligand interactions, it 

was possible to design, model and synthesize two novel compounds, DML-3 and DML-4, having 

strong binding affinity and potent agonist activity at CB2 with limited interactions at CB1. 

Furthermore, new information regarding the specific CB2 active site interactions of the natural 

sesquiterpene β-caryophyllene has been generated, and additionally, the degree of selectivity of 

the compound for the CB2 receptor over CB1 has been established. 

 The in silico CB2 homology model accurately predicted the ability of the test compounds 

to stably bind within the CB2 active site, as confirmed in vitro via radio-ligand displacement 
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assay. The CB2 binding pocket residues found to be chiefly responsible for providing 

energetically favorable interactions with of each of our test compounds in silico have all been 

previously reported to mediate CB2 ligand binding (as discussed in Section 3.1 and 3.2.3.1). As 

predicted, increasing the aromaticity of the bicyclic component of the adamantyl derivatives 

reported previously by Nettekoven and colleagues [358] resulted in improved CB2 agonist 

potency in the present investigation in the case of DML-4. As demonstrated by receptor docking 

studies in silico, the aromatic benzimidazole group engages with several aromatic binding cavity 

residues exclusive to the CB2 receptor, likely accounting for the strong binding affinity at CB2 

and the low affinity for CB1. 

 The rank order of compound binding affinities calculated in silico (i.e., DML-4 > DML-3 

> β-caryophyllene) was semi-predictive of the relative corresponding CB2 agonist potencies 

determined in vitro via cAMP assay (i.e., DML-4 > β-caryophyllene > DML-3). Surprisingly, the 

agonist potency of DML-4 was considerably greater than DML-3 (i.e., EC50 of 0.17 nM versus 

223 nM), which was not reflective of the relative CB2 binding affinity estimated via radio-ligand 

displacement assay (i.e., Ki = 185.2 nM and 95.1 nM for DML-4 and DML-3, respectively). This 

difference may be explained, at least partially, by the inherent variability present in both assays. 

This may also exemplify a case in which receptor functionality (i.e., G-protein-mediated 

intracellular signaling) is generated in a manner which is independent of ligand binding affinity. 

This scenario also appears to be true in the case of β-caryophyllene. Given that it scored lowest, 

relative to DML-3 and DML-4, in terms of its CB2 binding affinity in silico and actual binding 

affinity in vitro, the EC50 agonist potency of 8.7 nM was somewhat unexpected.  Comparatively, 

however, both the CB2 agonist potency and binding affinity (i.e., Ki = 548.9 nM) values 
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determined for β-caryophyllene in the present investigation are highly similar to those reported 

previously by Gertsch and colleagues [194].  

 The residue interactions found to stabilize β-caryophyllene within the CB2 active site are 

distinctly different than those reported previously by Gertsch and colleagues [194]. The CB2 

homology model developed in the present investigation is based upon the known crystal 

structure of the human A2a receptor with bound ligand, whereas the previously reported CB2 

binding interactions of β-caryophyllene were generated from a homology model based upon the 

bovine rhodopsin GPCR structure. Therefore, the disparity between the findings is likely owing 

to small differences in the crystal structure of the bovine versus human GPCR and possibly to 

differences in alignment of the peptide sequence to the 3D receptor structure. In both reports, 

however, it was determined that aromatic residues stabilize β-caryophyllene within the 

hydrophobic pocket of the active site, likely through π-π interactions with the two alkyl double 

bonds present in the ligand. These findings are therefore consistent, overall, in terms of the 

binding site location and mechanism of ligand stabilization. 

 The finding that β-caryophyllene has mild CB1 binding affinity and weak agonist activity 

is novel. The 109-fold selectivity at CB2 versus CB1 is consistent with the observation that folk 

medicines containing β-caryophyllene as the principal active constituent (i.e., copaiba oil) are not 

considered to be psychotropic [195]. Given the agonist potency of the compound at CB2 (i.e., 

EC50 of 8.7 nM) versus CB1 (i.e., EC50 of 0.95 µM), it would be expected that therapeutic effects 

of β-caryophyllene would be observed at concentrations well below those which have activity at 

CB1. Furthermore, the magnitude of cAMP inhibition in CB1-transfected HEK293 cells upon 

treatment with β-caryophyllene was relatively low (i.e., cAMP was ~80% of the vehicle control 

at 1 µM). Therefore, mild intracellular reductions in cAMP may not be sufficient to evoke 
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downstream intracellular responses classically associated with agonist treatment, given that cells 

will be receiving multiple competing inputs from other ligands present in vivo. Future studies 

could evaluate the ability of β-caryophyllene to signal through CB1 by investigating, for 

example, inhibitory effects on neuronal firing. 

 The cLogP values for both DML-3 and DML-4 were not predictive of the actual aqueous 

solubility determined for both compounds (i.e., < 1 µg/mL for both compounds). Given that 

aqueous solubility of 318 µg/mL was reported by Nettekoven and colleagues for an adamantyl 

amine derivative with a LogP of 2.77 [358] (see Figure 3.4), it was anticipated that DML-3 and 

DML-4 would have reasonable aqueous solubility given their virtually identical cLogP values 

(i.e., 2.80 and 2.78 for DML-3 and DML-4, respectively). Given that the chemical analysis data 

presented for DML-3 and DML-4 confirms structural integrity and compound purity, this is a 

case in which cLogP is not predictive of aqueous solubility. This is not an uncommon 

phenomenon, as the LogP coefficient indicates the preference of a compound to partition into 

water within a two phase octanol-water system, and does not necessarily reflect the ability of a 

compound to dissolve in water alone.  

 Finally, the lower degree of DMSO solubility of DML-3 relative to DML-4 may be 

explained by greater conformational freedom DML-4 imparted by the added 1-carbon akyl 

spacer between the amide and benzimidazole. Given that it was possible to prepare both 

compounds as treatment solutions in cell culture media with the use of DMSO as a co-solvent, at 

concentrations up to 100 µM, both compounds were considered to be suitable for further 

investigation in vitro.  

 

 



110 

 

Chapter 4: Investigation of the Safety and Potential Therapeutic Activity of 

the CB2 Agonist Compounds In Vitro 

4.1 Specific Aim 

 The specific aim of the research described in this chapter is to evaluate the safety and 

potential therapeutic activity of the novel CB2 receptor ligands developed (Chapter 3) by testing 

their effect on human cell proliferation, death, and mitochondrial respiration, by assessing their 

ability to modulate key intracellular pathways that mediate glial cell proliferation and 

inflammation, and by assessing their ability to exert anti-inflammatory effects on human glial 

cells. 

 

4.2 Introduction 

 The data presented in the previous chapter confirm the ability of our test compounds to 

bind and act as selective agonists at the CB2 receptor with limited activity at CB1. We postulate 

that by targeting CB2-expressing CNS glial cells with these compounds, a therapeutic benefit 

may be conferred for chronic pain mediated by gliosis. Therefore, further investigations were 

conducted to evaluate the potential utility of these molecules as therapeutic agents within the 

context of gliosis. The first component of this process included assessment of the compounds’ 

safety. Studies were therefore conducted to examine each compound’s effect of mitochondrial 

respiration, cell proliferation, and cell death in a variety of cell lines. This was achieved using a 

combination of MTT assays, cell confluence imaging, and YOYO®-1-based cell death detection. 

 Based on existing data suggesting that certain CB2 ligands are capable of reducing 

behavioral pain measures and ameliorating pro-inflammatory glial cell activity in vivo (see 
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Chapter 1, Section 1.9), we may expect our test compounds to achieve similar results. However, 

cannabinoid receptor-mediated modulation of intracellular signaling appears to vary across cell 

types and differ depending on the specific CB2 agonist involved. For example, cannabinoid 

receptor activation by anandamide was found to inhibit the activity of ERK1/2 in neuronal cells 

[370]. In contrast to this finding, Shoemaker and colleagues demonstrated that cannabinoid 

agonists CP-55,940, noladin ether and 2AG increase intracellular activation of ERK1/2 in CB2-

transfected CHO cells at substantially different EC50 concentrations (2.6 nM, 240 nM and 12.4 

nM, respectively) [371]. It has also been discovered that cannabinoid treatment increased the 

activity of ERK1/2 in PC-3 cells transfected with either CB1 or CB2. This action appeared to be 

driven by activation of phosphatidylinositol-3-kinase (PI3K). While inhibition of ERK1/2 

activity by cannabinoids may confer therapeutic benefits in gliosis (mechanisms are discussed in 

Section 4.1.1), activation of ERK1/2 may promote increases in cell growth and proliferation and 

may therefore be detrimental. Therefore, elucidating the specific effects of our cannabinoid 

compounds on relevant intracellular signaling cascades within our target cell type is crucial for 

determining their potential utility in gliosis. Using U87-MG cells, a malignant astrocyte cell line 

(astroglioma) as an in vitro model for our investigation, the effects of our test compounds on key 

intracellular signaling pathways were probed using Western blot techniques. The relevance of 

the biochemical effectors we investigated in this study, including those identified above, is 

discussed below in Section 4.1.1. 

 Finally, we tested the ability of our CB2 ligands to exert anti-inflammatory effects in 

vitro within U87-MG astrocytes. This cell line is an ideal model system for this investigation 

since previous studies indicate that U87-MG are a pro-inflammatory cell phenotype which 

secrete cytokines IL6 and IL8 under normal cell culture conditions [372,373], mimicking the 
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pro-inflammatory glial cell activity present in gliosis. Therefore, noxious stimulation or pre-

treatment to induce an inflammatory response was not necessary. The effect of our test 

compounds on pro-inflammatory cytokine secretion by U87-MG cells was investigated using 

ELISA techniques. 

 

4.2.1 Relevant Biochemical Signaling Cascades 

4.2.1.1 NF-κB 

 As discussed in Section 1.9 (Chapter 1), the NF-κB complex is a nuclear transcription 

factor, which, when activated by phosphorylation of its IκBα subunit, translocates to the cell 

nucleus where it binds to several different DNA response elements. With binding of further co-

activators and RNA-polymerase, phosphorylated NF-κB (p-NF-κB) facilitates transcription of 

cytokines and other proteins involved in immune responses, inflammation, and cell survival. For 

example, NF-kB binding sites are located on the promoter region of the IL6 and IL8 genes, and 

expression of both IL6 and IL8 has been found to increase in response to NF-κB activation 

[374]. NF-κB is an important intracellular driver of biochemical processes associated with 

gliosis. Increased NF-κB activity in the spinal cord dorsal horn is associated with central pain 

sensitization via up-regulation of cytokines and pro-nociceptive peptides [258,375] while 

suppression of NF-κB has been shown to significantly reduce hyperalgesia and cytokine 

production in chronic pain models [259,376].  Since activation of NF-κB occurs via 

phosphorylation by PKA, cannabinoids may therefore be capable of down-regulating this process 

through Gi/o-mediated inhibition of cAMP synthesis and subsequent PKA activity. 

 In U87-MG astrocytes, NF-kB plays an important role in regulating cell survival and 

proliferation. For example, Bao et al. found that inhibition of the NF-κB pathway in U87-MG 
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impaired cell proliferation [256]. Additionally, pharmacologic inhibition of NF-κB resulted in 

apoptosis, reduced mRNA expression of survivin, c-Myc and hTERT, and diminished expression 

of down-stream targets involved in cell proliferation and invasion, including cathepsin B, matrix 

metalloprotease (MMP) -2, MMP-9 and MMP-14 in this cell line [377].  Further data published 

by Xia et al. demonstrated that angiogenin treatment activated NF-κB in U87-MG and increased 

cell proliferation, whereas knockdown of the NK-κB pathway suppressed angiogenin-induced 

cell proliferation [257]. Therefore, determining the effect of our cannabinoid test compounds on 

NF-κB activity is critical due to the important role played by this effector in driving both glial 

cell proliferation and pro-inflammatory activity.  

 

4.2.1.2 ERK1/2 

 ERK1/2 (also known as ERK42/44) is part of a complex intracellular signaling cascade 

which regulates cell proliferation and cell survival. ERK1/2 is converted into its active form 

upon phosphorylation. Phosphorylated ERK1/2 (p-ERK1/2) translocates to the nucleus where it 

ultimately works to enhance transcription of growth-related proteins, including c-Fos. 

Translocation of p-ERK1/2 to the nucleus is required for the G0 to G1 cell cycle transition [378] 

and is also involved in driving the transition from G1 to S phase during cell proliferation 

[379,380]. Furthermore, CB2 receptor activation has been shown previously to reduce pro-

inflammatory activity and cell migration in microglia specifically via inhibition of ERK1/2 

phosphorylation [381].  The ability of the test compounds to reduce p-ERK1/2 levels may 

therefore confer a possible therapeutic benefit by limiting glial cell differentiation, proliferation 

and pro-inflammatory activity within the context of gliosis. On the other hand, some CB2 

receptor agonists have been found to increase the activity of ERK1/2, as noted above. Such 
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actions of our test compounds may therefore promote glial cell proliferation and inflammation. 

Therefore, discerning the specific effect of each of the CB2 test compounds on ERK1/2 

activation in glial cells is critical. 

 

4.2.1.3 PI3K 

 Activated PI3K (i.e., phosphorylated PI3K or p-PI3K) is involved in driving cell 

proliferation, survival, as well as tumorigenesis and cell invasion in several cell types, including 

U87-MG astrocytes [382,383]. Given the literature discussed above implicating cannabinoids in 

driving PI3K activation and increased activity of ERK1/2 in PC-3 cells, it is critical to screen our 

compounds for the presence of this undesired effect. I.e., activation of p-PI3K in response to 

treatment with our test compounds may drive gliosis by enhancement of proliferation in concert 

with ERK1/2. Reduction in p-PI3K concentrations, on the other hand, would suggest that the test 

compounds may be capable of limiting cell proliferation. 

 

4.3 Materials and Methods 

 All experimental reagents and cell culture supplies were obtained from Thermo Fisher 

Scientific (Waltham, USA), unless otherwise specified. HEK-293 cells were generously donated 

from the Kumar Laboratory in UBC Pharmaceutical Sciences. THP-1 cells were generously 

shared by the Dutz Laboratory at BC Children's Hospital Research Institute. U87-MG cells were 

kindly shared by Dr. Guillaume Amouroux at the BC Cancer Research Centre. 

 HEK-293 and U87-MG cells were cultured in DMEM with 10% fetal bovine serum and 

1% w/v penicillin/streptomycin (10,000 units/mL penicillin and 10 mg/mL streptomycin in 

sterile 0.9% NaCl). THP-1 cells were cultured in suspension in RPMI with 10% fetal bovine 
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serum and 1% w/v penicillin/streptomycin. Prior to assays, THP-1 cells were incubated in media 

containing 100 nM phorbol 12-myristate 13-acetate (Abcam, Cambridge, UK) for 72 h to induce 

cell differentiation into the adherent macrophage phenotype. 

 

4.3.1 MTT, Cell Proliferation and Cell Death Assays 

4.3.1.1 MTT Assay 

 Mitochondrial respiration was assessed via MTT assay in HEK-293, THP-1 and U87-MG 

cells. In order to perform the assay, an optimized number of cells were seeded in 96-well cell 

culture plates in 200 µL media per well. Cells were incubated at 37°C in 5% CO2 for a 24 h 

growth period. Media was then aspirated and replaced with serum-free media followed by 

another 24 h incubation period. Media was then aspirated and replaced with treatment-containing 

media with full serum. Cells were then incubated for another 24 h (treatment period). Twenty µL 

of 5 mg/mL sterile-filtered methylthiazolyldiphenyl-tetrazolium bromide (Millipore-Sigma, 

Oakville, Canada) in PBS was then added to each well and cells were then incubated for 3 h. All 

wells were aspirated and replaced with 100 µL DMSO for formazan dissolution. Absorbance at 

570 nm was read in a PherastarTM spectrophotometer. All absorbance data was normalized to 

control (vehicle treatment) wells. Each experimental treatment was assayed in triplicate and data 

shown represent the average of three independent experiments. IC50 values were calculated using 

non-linear regression to a three parameter sigmoidal dose-response curve using GraphPad 

Prism® software. 
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4.3.1.2 Cell Proliferation 

 To measure cell proliferation, cells were seeded in 96 well plates and incubated in 200 

µL media for a 24 h growth period. Media was then aspirated and replaced with serum-free 

media followed by another 24 h incubation period. Media was then aspirated and replaced with 

treatment-containing media with full serum. Cells were then incubated for another 24 h 

(treatment period). At the end of the treatment period, cell confluence was determined using 

Incucyte® imaging software. Cell proliferation was defined as the mean cell confluence of the 

treatment group divided by the mean cell confluence with vehicle treatment. Each experimental 

treatment was assayed in triplicate and data shown represent the average of three independent 

experiments. 

 

4.3.1.3 Cell Death 

 To measure cell death, cells were seeded in 96 well plates and incubated in 200 µL media 

for a 24 h growth period. Media was then aspirated and replaced with serum-free media followed 

by another 24 h incubation period. Media was then aspirated and replaced with treatment-

containing media with full serum as well as 100 nM YOYO®-1 (Life Technologies, Carlsbad, 

USA), followed by incubation for another 24 h (treatment period). At the end of the treatment 

period, cell death was determined using Incucyte® with phase microscopy combined with 

fluorescence imaging. Cell death was calculated as the percent YOYO®-1 fluorescence area 

divided by overall cell confluence area. Overall cell death was defined as mean cell death with 

treatment divided by mean cell death with vehicle treatment. Treatments were assayed in 

triplicate and data presented represent the average of three independent experiments. 
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4.3.2 Western Blot Intracellular Marker Probing  

4.3.2.1 Cell Culture, Treatment, Sample Preparation 

 U87-MG cells were seeded into 6-well plates at a density of 750,000 cells/well in DMEM 

supplemented with 10% fetal bovine serum, and 1% w/v penicillin/streptomycin. Following 20 h 

of incubation at 37°C and 5% CO2, media was aspirated, cells were washed once with PBS and 1 

mL of treatment-containing media was added to each well. N=3 wells per treatment group. The 

treatment concentration of each test compound was 50 µM and the treatment period was 16 h at 

37°C and 5% CO2. The vehicle for β-caryophyllene and DML-4 was 0.5% v/v DMSO, while the 

vehicle for DML-3 was 1.5% v/v DMSO. At the end of the treatment period, media was 

aspirated and the cells were washed twice in PBS. The cells in each well were then lysed using 

150 µL RIPA with protease and phosphatase inhibitors (New England Biolabs, product number 

9806) on ice for 10 min. The lysate was collected and homogenized via sonication, and then 

centrifuged to remove cell debris and nuclei (500 x g for 10 min). The sample protein 

concentration was then determined via fluorescamine assay, as described by Udenfriend et al. 

[384] and adapted to 96-well plate format by Lorenzen et al. [385] (fluorescamine assay protocol 

listed in Appendix B.1). 

 

4.3.2.2 SDS-PAGE Electrophoresis 

 Samples were mixed with an equal volume of Laemmli buffer 2X (BioRad, Hercules, 

USA) and boiled at 100 °C for five min for protein denaturing. Samples were loaded, 30 µg 

protein per lane, into 1.5 mm thick 8% polyacrylamide gel and run at 100 V for 80 min under 

constant voltage. Protein in the gel was then transferred to a PVDF membrane using 

electrophoresis, 100 V for 90 min.  
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4.3.2.3 Immunoblotting and Imaging 

 Membranes were blocked in tris-buffered saline, pH 7.4, with 0.1% v/v Tween-20 

(TBST) containing 5% w/v skim milk powder at room temperature for 1 h with mild agitation. 

Blocking buffer was removed and fresh blocking buffer containing all three primary antibodies 

was added to the membranes followed by overnight incubation at 4°C with gentle rocking. The 

following primary antibodies and optimized dilutions were used: New England Biolabs® rabbit 

anti-phospho NF-κB (Product number 3033), 1:1000 dilution; rabbit anti-phospho-p44/42 

MAPK (ERK1/2) (Product number 9101), 1:700 dilution; and Sigma® rabbit anti-phospho-PI3-

kinase p85 (SAB4504315), 1:500 dilution. The membrane was then washed in TBST 3 times, for 

5 min each with mild agitation at room temperature. Blocking buffer containing Jackson® goat 

anti-rabbit-HRP-conjugated secondary antibody, 1:1000 dilution, was then added to the 

membranes and incubated for 1 h at room temperature with mild agitation. After 3 washes in 

TBST, 5 min each, ECL solution (Cell Signaling, Danvers, USA) was then added to the 

membrane for HRP development (approximately 5 min development time) and the membranes 

were imaged using a chemiluminescence imaging system. Densitometry analysis was performed 

using Image Pro® software and data were normalized to β-actin. 

 

4.3.2.4 Membrane Stripping and Re-probing for Beta-Actin 

 Membranes were then washed four times, 5 min each, in TBST, then stripped of 

antibodies by incubation at 50°C for 30 min with mild agitation in stripping buffer.  Following 6 

washes in TBST, 5 min each, the membranes were blocked in TBST-5% milk blocking buffer at 

room temperature for 1 h with mild agitation. The buffer was removed and mouse HRP-
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conjugated anti-beta-actin (BioLegend product number 643807), 1:1000 dilution, in blocking 

buffer was added. Following an overnight incubation at 4°C with mild agitation and three 

subsequent washes in TBST, 5 min each, the membrane was developed with ECL solution an 

imaged, as per the procedure described above. 

 

4.3.3 Cytokine Secretion Assays 

 U87-MG cells were seeded at 750,000 cells per well in 6 well cell culture plates in 2 mL 

media and were incubated for an 18 h growth period at 37°C and 5% CO2. Following the growth 

period, the media was aspirated and each well was washed twice with PBS. One mL of fresh, 

treatment-containing media was added to each well followed by a 2 h treatment incubation 

period. Optimization experiments justifying the use of these parameters are presented in 

Appendix B.2. Following the treatment period, the cell culture supernatant was collected and 

immediately frozen at -80°C until the assay was performed.  

 IL-6 and IL-8 supernatant concentrations were determined using ELISA (R&D Systems 

Human IL-6 and IL-8 Quantikine ELISA Kits; respective product numbers 6050 and 8000C) 

following the manufacturer’s protocol. One sample was obtained per cell culture well and each 

treatment group consisted of n=3 wells. All samples were assayed in duplicate. Absorbance was 

read at both 450 nm and 540 nm. The signal at 540 nm has been subtracted from the OD 450 nm 

value reported (as per the manufacturer’s protocol). Cell culture media was used as the assay 

blank. Cytokine concentrations were interpolated from the assay standard curves (shown in 

Appendix B.2) using GraphPad Prism® software. 
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4.3.4 Statistical Analysis 

 For both Western blot intracellular marker experiments and cytokine secretion assays, 

statistical analysis was performed using one-way ANOVA followed by Dunnett’s post-hoc 

analysis to test for differences between treatment and vehicle control. A p-value of less than 0.05 

was considered statistically significant. 

 

4.4 Results 

4.4.1 Effects of CB2 Ligands on Mitochondrial Respiration, Cell Proliferation and Cell 

Death 

 In vitro experiments to measure cell proliferation and mitochondrial respiration in 

response to CB2 ligand treatment were initially conducted in an endothelial cell line (HEK-293 

cells) and immune cell line (THP-1 monocytes). Subsequently, the effect of the test compounds 

on proliferation, mitochondrial respiration and cell death was studied in U87-MG astrocytes 

using Triton X-100® as a cytotoxic comparator. 

 

4.4.1.1 HEK-293 and THP-1 Cell Proliferation and Mitochondrial Respiration 

 Upon cannabinoid treatment of HEK-293 cells, concentration-dependent anti-

proliferative effects were observed. Specifically, β-caryophyllene treatment resulted in the 

strongest anti-proliferative effect out the three CB2 ligands (Figure 4.1). Cell proliferation was 

reduced to 53% of the vehicle control at the 25 µM treatment concentration. Although higher 

data variability was observed at the highest three β-caryophyllene treatment concentrations, cell 

proliferation was reduced to 40.4% of the control group as a maximal effect of the treatment. The 

estimated IC50 value was 0.64 µM (Table 4.1).  In contrast, only a minor anti-proliferative effect 
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was observed with DML-3 treatment at concentrations above 10 µM, with considerable 

variability in the data. The maximal effect was a reduction in cell proliferation to 79.6% of the 

vehicle control. The estimated IC50 value was 5.7 µM (Table 4.1). More robust anti-proliferative 

effects were, however, observed with DML-4 treatment at concentrations above 1 µM. The 

strongest anti-proliferative effect observed with DML-4 treatment was 58% of vehicle control at 

the 100 µM concentration. The estimated IC50 value was 24.7 µM (Table 4.1). 
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Figure 4.1. HEK-293 cell proliferation in response to cannabinoid treatment. Data points represent 
the average of three independent experiments ± SD. 
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Figure 4.2. THP-1 cell proliferation in response to cannabinoid treatment. Data points represent the 
average of three independent experiments ± SD. 
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 In contrast to HEK-293 cells, anti-proliferative effects were not apparent in THP-1 cells 

with β-caryophyllene treatment (Figure 4.2). DML-3 treatment did, however result in reduced 

cell proliferation with a maximum reduction of 74.6% of the vehicle control and an estimated 

IC50 of 0.59 µM (Table 4.1). Modest anti-proliferative effects were also observed with DML-4 

treatment in THP-1 cells. The inhibition of proliferation was strongest (70.1% of the control) at 

the highest concentration of 100 µM and the estimated IC50 was 22.4 µM (Table 4.1).  
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Figure 4.3. HEK-293 mitochondrial respiration in response to cannabinoid treatment. 

Data points represent the average of three independent experiments ± SD. 
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Figure 4.4. THP-1 mitochondrial respiration in response to cannabinoid treatment. 

Data points represent the average of three independent experiments ± SD. 
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 In HEK-293 cells, mitochondrial respiration was profoundly impacted by treatment with 

both β-caryophyllene and DML-4 (Figure 4.3). The maximum reduction in mitochondrial 

respiration (21.2% of vehicle) occurred with 100 µM β-caryophyllene treatment while the top 

concentration of DML-4 tested (100 µM) resulted in a reduction of mitochondrial respiration to 

27.5% of vehicle control (Table 4.2). In contrast, DML-3 treatment had considerably less impact 

on HEK-293 mitochondrial respiration. The maximal effect of DML-3 treatment was 85% of the 

vehicle control at 50 µM treatment while the estimated IC50 value was 6.2 µM (Table 4.2). 

 In THP-1 cells, treatment with each of the CB2 ligands resulted in only minor effects on 

mitochondrial respiration (Figure 4.4). β-caryophyllene produced the greatest effect (84.8% of 

vehicle control) at 100 µM while dose-response effects on mitochondrial respiration were not 

observed with DML-3 and DML-4 treatment (Table 4.2). 

 

4.4.1.1.1 Cell Death Observations 

 The considerable decline in cell proliferation and mitochondrial respiration observed in 

HEK-293 cells in response to β-caryophyllene and DML-4 treatment (Figures 4.1 and 4.3, 

respectively) prompted a visual inspection of the phase microscopy images captured by the 

Incucyte® system (see Figures 4.5 and 4.6 below). 
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A    B             C           D  
25 µM   50 µM               100 µM             200 µM 

 
E    F             G           H  
0.25% DMSO   0.5% DMSO              1% DMSO            2% DMSO 

   
Figure 4.5. Phase microscopy images of HEK-293 cells following 24 h treatment with β-caryophyllene (top 

row) and the corresponding DMSO vehicle (bottom row) at the specified concentrations 

 
A    B             C           D  
10 µM   25 µM               50 µM             100 µM 

   
E    F             G           H  
0.1% DMSO   0.25% DMSO              0.5% DMSO            1% DMSO 

    
Figure 4.6. Phase microscopy images of HEK-293 cells following 24 h treatment with DML-4 (top row) and 

the corresponding DMSO vehicle (bottom row) at the concentrations specified. 
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 As seen in Figure 4.5, the uniformly different morphology of the cells treated with 50 to 

200 µM β-caryophyllene (i.e., smaller size, round shape, non-adherence) suggests widespread 

cell death. Cell death also appeared to be present, based on morphological appearance, in the 25 

µM treatment group in a lesser proportion of cells. Although the morphological changes 

suggesting cell death with β-caryophyllene treatment may be attributable to the presence of the 

DMSO vehicle, the same morphological changes are not present in the majority of vehicle-

treated cells (Figure 4.5, bottom row), suggesting that β-caryophyllene, and not the vehicle, is 

responsible for the effect. Although a portion of the cells appear dead in the 2% DMSO vehicle 

group, much of the cell population appears to be adherent with typical HEK-293 cell 

morphology. In contrast, DML-4 treatment did not seem to induce the same widespread 

morphological changes, suggestive of cell death, as β-caryophyllene (Figure 4.6). The effect of 

DML-4 in limiting cell proliferation, relative to the vehicle, was apparent in a dose-dependent 

manner. 

 Based on these observations, it was suspected that β-caryophyllene may cause cell death 

at concentrations above 25 µM, rather than exerting a true anti-proliferative effect in living cells. 

YOYO®-1 (Life Technologies, Carlsbad, USA), a fluorescent cyanine dimer nucleic acid stain 

impermeable to living cells, was therefore utilized to quantify cell death in subsequent studies in 

U87-MG astrocytes. 

 

4.4.1.2 U87-MG Cell Proliferation, Mitochondrial Respiration and Death 

4.4.1.2.1 β-caryophyllene 

 In U87-MG cells, reductions in cell proliferation were observable only at the top two 

concentrations of β-caryophyllene tested (100 and 200 µM; Figure 4.7). The magnitude of the 
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maximal effect was high (14.7% of vehicle control; Table 4.1). Importantly though, signs of 

cytotoxicity were apparent within this concentration range. Specifically, reductions in 

mitochondrial respiration became apparent at 25 µM and markedly increased upon treatment 

with higher concentrations (Figure 4.8). Mitochondrial respiration was maximally reduced with 

200 µM β-caryophyllene treatment (13.7% of vehicle; Table 4.2). Furthermore, considerable cell 

death was observed with 100 µM and 200 µM treatments (334.9% and 3818.0% death of the 

vehicle control, respectively; Figure 4.9). The cell death observed with 200 µM β-caryophyllene 

treatment was roughly equivalent to that produced by 0.5% v/v Triton X-100® (Figure 4.9). 
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Figure 4.7. U87-MG proliferation in response to cannabinoid treatment. 

Data points represent the average of three independent experiments ± SD. 
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Figure 4.8. U87-MG mitochondrial respiration in response to cannabinoid treatment. 

Data points represent the average of three independent experiments ± SD. 
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Figure 4.9. U87-MG cell death in response to cannabinoid treatment. 

Data points represent the average of three independent experiments ± SD. 

 

 

4.4.1.2.2 DML-3 

 In U87-MG, a minor anti-proliferative effect was observed with DML-3 treatment 

(Figure 4.7). The maximum response was 82.7% of vehicle proliferation with 50 µM treatment 

and the estimated IC50 was 89.5 µM (Table 4.1). In terms of cell toxicity, DML-3 produced 

modest reductions in mitochondrial respiration (Figure 4.8), and no indication of cell death, at 

concentrations up to 50 µM (Figure 4.9). Mitochondrial respiration was maximally reduced to 

70.1% of vehicle control with 50 µM DML-3 treatment and the estimated IC50 value was 1.2 µM 

(Table 4.2). 
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Table 4.1. Maximal inhibition of cell proliferation and IC50 values in response to CB2 ligand 

treatment. 

Table values represent the average from three independent experiments. 
aData did not converge to fit the non-linear regression model or fit was poor (R2 < 0.25). 
 

Test Compound 
Cell Proliferation 

Maximal Inhibition 
(% Vehicle Proliferation) 

IC50 (µM) 

 
HEK293 THP-1 U87-MG HEK293 THP-1 U87-MG 

β-Caryophyllene 40.4 88.4 14.7 0.64 47.6  

DML-3 79.7 74.6 82.7 5.7 0.59 89.5 

DML-4 57.8 70.5 99.4 24.7 22.4 -a 

 
 
Table 4.2. Maximal inhibition of mitochondrial respiration and IC50 values in response to CB2 

ligand treatment. 

Table values represent the average from three independent experiments. 
aData did not converge to fit the non-linear regression model or fit was poor (R2 < 0.25). 
 

Test Compound 
Mitochondrial Respiration 

Maximal Inhibition 
(% Vehicle Respiration) 

IC50 (µM) 

 
HEK293 THP-1 U87-MG HEK293 THP-1 U87-MG 

β-Caryophyllene 21.2 84.8 13.7 22.8 35.9 4.9 

DML-3 85.0 97.4 70.1 6.2 -a 3.6 

DML-4 30.2 86.8 73.5 3.2 -a -a 

 

 

Table 4.3. Maximal U87-MG cell death and EC50 values in response to CB2 ligand treatment. 

Table values represent the average from three independent experiments. 
aData did not converge to fit the non-linear regression model or fit was poor (R2 < 0.25). 
 

Test Compound 
Maximal Death 

(% Vehicle) 
EC50 (µM) 

β-Caryophyllene 3818.0 291 

DML-3 132.8 4.0 

DML-4 117.4 -a 
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4.4.1.2.3 DML-4 

 Reductions in U87-MG cell proliferation were not detected with DML-4 treatment at 

concentrations up to 100 µM (Figure 4.7). With respect to cell toxicity, DML-4 treatment caused 

modest reductions in mitochondrial respiration at concentrations of 25 µM and above (Figure 

4.8). The maximum effect of DML-4 on mitochondrial respiration was 73.5% of the vehicle 

control (Table 4.2). DML-4 did not appear to be cytotoxic to U87-MG cells as very low rates of 

cell death were observed across all treatment concentrations tested (Figure 4.9). 

 

 
4.4.2 Effects of CB2 Agonists on Intracellular Pathways Modulated by CB2 in Astrocytes 

 Using western blot experiments, the effect of our investigational CB2 agonists on 

expression of p-PI3K, p-NF-κB and p-ERK1/2 was tested in U87-MG astrocytes (Figure 4.10). 

Densitometry data in Tables 4.4, 4.5 and 4.6 show reasonably good agreement between the two 

experimental replicates performed. The average data plotted in Figure 4.11 indicate that β-

caryophyllene, DML-3 and DML-4 all significantly reduced the expression of each active 

biomarker. 
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A 

 

B 

 

Figure 4.10. Western blots showing expression of phosphorylated PI3K, NF-κB and ERK1/2 in response to 

cannabinoid treatment. 

U87-MG cell lysates were probed for expression of biomarkers following treatment with 50 µM β-caryophyllene, 
DML-4 (A) and DML-3 (B) and the corresponding vehicle treatment.  
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Table 4.4. Mean densitometry of p-PI3K following CB2 ligand treatment, expressed as percent of vehicle, as 

calculated from western blot replicates 1 and 2. 

 

Test Compound Rep 1 Rep 2 Mean SD 

β-Caryophyllene 74.02 52.16 63.12 15.50 

DML-3 58.31 77.02 67.66 13.23 

DML-4 80.37 60.41 70.39 14.11 

 

Table 4.5. Mean densitometry of p-NF-κB following CB2 ligand treatment, expressed as percent of vehicle, as 

calculated from western blot replicates 1 and 2. 

 

Test Compound Rep 1 Rep 2 Mean SD 

β-Caryophyllene 27.52 30.00 28.76 1.75 

DML-3 33.92 26.16 30.04 5.48 

DML-4 78.69 61.32 70.00 12.29 

 

Table 4.6. Mean densitometry of p-ERK1/2 following CB2 ligand treatment, expressed as percent of vehicle, 

as calculated from western blot replicates 1 and 2. 

 

Test Compound Rep 1 Rep 2 Mean SD 

β-Caryophyllene 71.21 50.81 61.01 14.42 

DML-3 55.47 75.98 65.72 14.51 

DML-4 38.94 45.72 42.33 4.79 
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Figure 4.11. Intracellular expression of phosphorylated PI3K, NF-κB and ERK1/2 in response to cannabinoid 

treatment. 

Mean band densitometry, normalized to beta-actin, shows the expression of phosphorylated biomarkers in U87-MG 
cell lysates in response to treatment with 50 µM β-caryophyllene, DML-3 and DML-4, expressed as percent of 
vehicle. The mean of 2 independent experimental replicates is shown ± SD. * p<0.05; ** p<0.01. 
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 All three CB2 agonist compounds lowered the expression of p-PI3K to a similar extent, 

ranging from 63 – 70% of vehicle control (Figure 4.11). Reductions in p-ERK1/2 expression 

were also observed in response to treatment with each CB2 agonist, with the greatest effect 

observed with DML-4 treatment (42% of the vehicle control; Figure 4.11). Based on the 

reductions in both p-PI3K and p-ERK1/2, each of the CB2 agonists may be capable of limiting 

glial cell growth and proliferation by limiting the activation of downstream molecular targets 

involved in cell cycle regulation.  

 With respect to NF-κB regulation, both β-caryophyllene and DML-3 showed a strong 

ability to reduce its activation (29 and 30% p-NF-κB expression of the vehicle control, 

respectively). DML-4 treatment also significantly reduced p-NF-κB expression (70% of the 

vehicle; Figure 4.11). This data suggests that each of the CB2 ligand compounds may be capable 

of limiting the expression of downstream transcription targets of NF-κB including cytokines and 

other pro-inflammatory mediators.  

 

 
4.4.3 Effects of CB2 Ligands on Pro-Inflammatory Cytokine Secretion in Astrocytes 

 As shown in Figure 4.12, 1 µM β-caryophyllene treatment significantly reduced secretion 

of IL-6 and IL-8 in U87-MG astrocytes in a CB2 antagonist (AM630)-dependent manner. The 

magnitude of the effect was comparable to the positive control cannabinoid WIN-55,212-2. In 

contrast, neither DML-3 nor DML-4 reduced cytokine secretion at 1 µM treatment 

concentrations, although a non-significant trend suggesting lower cytokine levels was observed 

(Figure 4.12). 
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Figure 4.12. Changes in pro-inflammatory cytokine secretion in U87-MG astrocytes in response to 1 µM 

cannabinoid treatment. 

IL-6 (A) and IL-8 (B) concentrations measured in U87-MG culture supernatant following 2 h treatment with 
cannabinoid test compounds. The mean of n=3 culture supernatants is shown ± SD. * p<0.05. 
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Figure 4.13. Changes in pro-inflammatory cytokine secretion in U87-MG astrocytes in response to 25 µM 

cannabinoid treatment. 

IL-6 (A) and IL-8 (B) concentrations measured in U87-MG culture supernatant following 2 h treatment with 
cannabinoid test compounds. The mean of n=3 culture supernatants is shown ± SD. * p<0.05. 
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 At a 25 µM treatment concentration, DML-4 significantly reduced IL-6 and IL-8 

secretion in U87-MG cells (Figure 4.13). Although marginal reductions in cytokine secretion 

were observed with DML-3 treatment, the effects at 25 µM were not statistically significant. 

 

4.5 Discussion 

4.5.1 Toxicity 

 Several assays are commonly used to evaluate end-point parameters indicative of 

cytotoxicity during screening of investigational compounds. These include the use of MTT for 

evaluation of mitochondrial respiration (also considered an evaluation of cell viability), 

sulphorhodamine B (SRB) for evaluation of cell proliferation, measurement of lactate 

dehydrogenase (LDH) and glutathione (GSH) which become released when the cell membrane 

loses integrity, as well as the use of cell impermeable fluorescent nuclear stains to determine 

membrane integrity loss and cell death, such as YOYO®-1. In the present study, cytotoxicity of 

our three CB2 agonist test compounds, β-caryophyllene, DML-3 and DML-4 was evaluated 

using MTT and YOYO®-1 assays to measure mitochondrial respiration and cell death, 

respectively. We also employed the use of Incucyte® imaging software to measure cell 

confluence as a means of quantifying cell proliferation.  

 As a general rule when assessing toxicity small molecules, assay IC50 values of less than 

20 µg/mL are considered indicative of cytotoxicity. With respect to our test compounds, 20 

µg/mL is equivalent to 97.9 µM, 67.7 µM and 64.6 µM for β-caryophyllene, DML-3 and DML-

4, respectively. Considering only the assay IC50 value for a compound is not, however, sufficient 

to gauge the compound’s cytotoxicity since the IC50 does not give an indication of the magnitude 

of the cytotoxic effect observed in the assay. IC50 simply indicates the drug concentration at 
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which the half-maximal response was observed. Therefore, a compound with an IC50 of, for 

example, 1 µg/mL may not in fact be cytotoxic if the maximal response observed in the assay 

was of low magnitude (ex. 90% cell viability, relative to the control). Therefore, both the 

magnitude of the maximal effect, relative to the vehicle control, and the IC50 value should be 

taken into account when gauging the cytotoxicity of a compound. 

 Out of the three investigational CB2 agonists, DML-3 appeared to be the least cytotoxic, 

with modest reductions in mitochondrial respiration in HEK-293 and U87-MG observed 

(maximal effects were 85.0 and 70.1% of the vehicle control, respectively), no apparent effect on 

mitochondrial respiration in THP-1 cells and no considerable ability to induce cell death. 

Similarly, minor, dose-dependent reductions in mitochondrial respiration were observed with 

DML-4 treatment in U87-MG (maximal reduction in respiration was 73.5% of the vehicle 

control at 100 µM) and no apparent effect on mitochondrial respiration observed in THP-1 cells. 

DML-4 did, however cause a considerable dose-dependent decrease in mitochondrial respiration 

in HEK-293 cells (maximal decline in respiration was 30.2% of the vehicle control and IC50 was 

3.2 µM). This effect did not appear to be associated with cell death, however (Figure 4.6). Data 

from the YOYO®-1 cell death assay in U87-MG cells indicated that DML-4 treatment was not 

associated with cell death, at concentrations of up to 100 µM. In contrast, β-caryophyllene was 

associated with dose-dependent decreases in mitochondrial respiration in both HEK-293 and 

U87-MG (maximal decreases in respiration were 21.2 and 13.7% of vehicle control, 

respectively). Furthermore, concentrations at and above 50 µM appeared to cause considerable 

cell death in HEK-293 cells (Figure 4.5). The YOYO®-1 cell death assay in U87-MG cells 

revealed 335% and 3818% cell death relative to vehicle control at 100 and 200 µM β-

caryophyllene concentrations, respectively.  
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 The cytotoxic effects of β-caryophyllene in HEK293 and U87-MG cells were surprising, 

given that the compound is generally considered safe and the oral and acute dermal LD50 values 

both exceed 5 g/kg in rats and rabbits, respectively [176,386]. Furthermore, β-caryophyllene has 

been found to display low cytotoxicity upon MTT assay in cervical carcinoma (HeLa), 

hepatocarcinoma (Hep-G2), and fibroblast cells [387,388].  Some studies have, however, found 

cytotoxic effects of β-caryophyllene in certain cancer cell lines. For example, Kubo et al. 

reported IC50 values ranging from 19.0 – 23.8 µM β-caryophyllene in cervical carcinoma 

(HeLa), breast (BT-20) and melanoma (B-16 and HTB) cell lines using MTT assay [389]; 

Tundis et al. report IC50 values of 98.4 and 106.7 µM in treatment of melanoma (C32) and renal 

adenocarcinoma (ACHN) cell lines, respectively, using SRB assay [390]; Costa et al. found β-

caryophyllene had an IC50 of 63.5 and 66.9 µM in hepatocarcinoma (Hep-G2) and promyelocytic 

leukemia (HL-60) cells, respectively, using the Alamar blue cytotoxicity assay [391]. However, 

in some cases, a botanically-derived essential oil containing β-caryophyllene as principal 

constituent, but not β-caryophyllene itself has produced cytotoxicity in cancer cells. These 

examples include the essential oil of Guatteria pogonopus, but not β-caryophyllene alone, having 

an IC50 < 20 µg/mL in ovarian adenocarcinoma (OVCAR-8), bronchoalveolar lung carcinoma 

(NCI-H358M) and metastatic prostate cancer (PC-3M) cell lines and the essential oil of Zornia 

brasiliensis but not β-caryophyllene alone having an IC50 < 20 µg/mL in melanoma (B16-F10) 

and chronic myelocytic leukemia (K562) cells [391,392]. β-caryophyllene was found to have low 

cytotoxicity in non-cancerous human peripheral macrophages (PBMC; IC50 > 25 µg/mL) [391]. 

Because our data demonstrate cytotoxicity of β-caryophyllene in both cancerous (U87-MG) and 

non-malignant (HEK-293) human cells, producing considerable cell death and reductions in 

mitochondrial respiration (with IC50 values well below < 20 µg/mL), there is reason to suspect 
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that the compound may not be selectively toxic to malignant cells and potentially harmful to 

healthy human cells above certain concentration thresholds.  The cytotoxic effects observed in 

the present investigation were clearly dose-dependent, however, it is unknown whether the 

therapeutic doses of β-caryophyllene (i.e., those ingested within the context of traditional herbal 

medicine) would result in potentially toxic concentrations in humans. Although pharmacokinetic 

data in humans is lacking, a single 50 mg/kg dose of β-caryophyllene administered orally to rats 

in complex with an absorption enhancer, β-cyclodextran, resulted in peak serum concentrations 

of 2.7 µM and no signs of toxicity [393]. It is, however, conceivable that through higher acute 

oral doses or via repeated administration, concentrations may be attained in vivo which have 

potentially cytotoxic effects.  

 

4.5.2 Anti-proliferative Effects 

 With respect to β-caryophyllene, the anti-proliferative effects observed in HEK-293 

occurred at concentrations of 1 µM and above while those observed in U87-MG occurred at only 

the 100 and 200 µM concentrations. In HEK-293 cells, β-caryophyllene treatment was not 

associated with declines in mitochondrial respiration at concentrations up to 10 µM.  However, 

concentrations of 25 µM and above were associated with marked declines in mitochondrial 

respiration and the appearance of cell death. Therefore, treatment concentrations of β-

caryophyllene between 1 – 10 µM may limit cell proliferation in the absence of cytotoxic effects 

in HEK-293 cells. In the case of U87-MG, the reduced cell proliferation observed at 100 µM and 

200 µM concentrations was directly associated with reduced mitochondrial respiration and cell 

death. Therefore, the anti-proliferative effect in U87-MG astroglia with 100 – 200 µM β-

caryophyllene may be due to the appearance of cell death. Although the western blot 
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investigations revealed that 50 µM β-caryophyllene strongly inhibits NF-κB activation, and, to a 

lesser extent ERK1/2 and PI3K activation, this treatment concentration was not associated with a 

significant decline in cell proliferation in U87-MG, and, higher concentrations were associated 

with considerable cytotoxicity. 

 Anti-proliferative effects were observed consistently at 25 µM and 50 µM concentrations 

of DML-3 in all three human cell lines tested. Although the magnitude of the effect was modest, 

treatment with DML-3 at these concentrations was not associated with reductions in 

mitochondrial respiration in HEK-293 and THP-1 cells and signs of cell death were not apparent. 

Although declines in mitochondrial respiration were observed at these treatment concentrations 

in U87-MG, cell death was not visible and the YOYO®-1 assay indicated no considerable cell 

death occurred. Since 50 µM DML-3 treatment also significantly reduced NF-κB and ERK1/2 

activation, the reductions in cell proliferation observed with DML-3 treatment, particularly those 

in U87-MG astrocytes, may be mediated by the these intracellular transcription factors. DML-3 

may therefore be capable of limiting cell proliferation within the context of gliosis. 

 DML-4 treatment was associated with concentration-dependent anti-proliferative effects 

in both HEK-293 and THP-1 cells, at concentrations starting at 1µM and 10 µM, respectively. 

No anti-proliferative effects were observed, however, in U87-MG cells. Although reductions in 

cell viability were observed upon MTT assay in both HEK-293 and U87-MG cells with an IC50 

of approximately 3 µM, DML-4 treatment was not associated with reductions in cell viability in 

THP-1 cells, nor was any considerable cell death observed or measured in the YOYO®-1 assay. 

Therefore, anti-proliferative effects of DML-4 are not expected to coincide with any significant 

cytotoxicity. The western blot results indicating reduced activity of ERK1/2 and NF-κB with 
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DML-4 treatment were not, however, correlated with an observable reduction in U87-MG cell 

proliferation. DML-4 therefore may not be able to limit glial cell proliferation. 

 

4.5.3 Anti-inflammatory Effects 

 While all three CB2 agonist compounds significantly reduced activation of NF-κB and 

ERK1/2 at 50 µM in U87-MG, suggesting the ability to mitigate pro-inflammatory effects in 

glia, β-caryophyllene was the only compound found to inhibit cytokine IL-6 and IL-8 secretion 

at 1 µM in a CB2-dependent manner.  Although both β-caryophyllene and DML-3 reduced NF- 

κB and ERK1/2 activation with virtually identical magnitude, the expression of these 

intracellular markers did not correlate with reduced cytokine secretion upon DML-3 treatment as 

IL-6 and IL-8 production was not lowered to a significant extent at both 1 µM and 25 µM 

treatment concentrations. Although DML-3 treatment did produce an observable decline in 

cytokine levels at both 1 µM and 25 µM concentrations, there was considerable variation in the 

data and the effects were non-significant. An increased sample size and/or further experimental 

replicates may therefore be required to detect a reduction in cytokine secretion at these treatment 

concentrations if an effect truly exists. The results of the present investigation may also suggest 

that if DML-3 does possess anti-inflammatory effects, a longer treatment duration may be 

required in order for the effects to be observed, since the treatment period for the western blot of 

intracellular markers was 16 h, versus 2 h for the cytokine secretion assay. Therefore, a longer 

treatment period and/or an increased treatment concentration may have produced a detectable 

effect on cytokine secretion.  

 Although DML-4 did significantly reduce NF-κB activation, the magnitude of the effect 

and statistical significance were not as high compared to β-caryophyllene and DML-3. DML-4 
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was, however, the compound which exerted the strongest ability to reduce ERK1/2 activation. 

The effects of DML-4 on U87-MG cytokine secretion were non-significant at 1 µM, however a 

non-significant trend in reduced IL-8 concentrations were observed. At 25 µM, however a 

significant reductions in both IL-6 and IL-8 secretion were observed. Based on the intracellular 

marker data, these actions may be mediated by reductions in both ERK1/2 and NF-κB activity. 
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Chapter 5: Conclusions 

 The research described in the preceding chapters aimed firstly, to determine whether 

gliosis may contribute to the pathophysiology of chronic widespread musculoskeletal pain, and 

secondly, to develop and evaluate novel and existing CB2 agonist compounds for potential 

therapeutic application in centrally-mediated chronic pain.  

 

5.1 Significance and Contribution of the Research 

 The findings presented in Chapter 2 provide evidence that chronic widespread 

musculoskeletal pain, such as that present in fibromyalgia syndrome, may indeed be centrally-

mediated by gliosis. This is the first report demonstrating that glial cell activation develops in the 

lumbar spinal cord within a research model of chronic widespread musculoskeletal pain in vivo. 

The data suggest specifically that lumbar spinal cord astrocytes become activated in response to 

repeated peripheral skeletal muscle insults of reduced pH regardless of whether a behavioral pain 

response (i.e., mechanical hyperalgesia) develops, implying sensitivity of this cell type to 

noxious peripheral input. These findings also suggest that astrocyte activation alone is 

insufficient for the development of bilateral hyperalgesia in this research model. The data 

furthermore point to microglia activation as a specific indicator of hyperalgesia development. 

This research provides the first specific evidence that spinal cord glial cell activation may be 

present in chronic widespread musculoskeletal pain. These findings also suggest that targeting 

gliosis may be a potentially viable pharmacotherapeutic strategy for addressing chronic 

widespread musculoskeletal pain. 

 Taking into account the research evidence suggesting that pharmacologic targeting of the 

endocannabinoid system, specifically, the CB2 cannabinoid receptor, may be beneficial for the 
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treatment of centrally-mediated chronic pain in the absence of adverse CNS effects, two novel 

compounds having such pharmacologic activity were developed and evaluated, as presented in 

Chapter 3. This work resulted in further optimization of previously identified adamantyl 

chemical compounds for the selective activation of the human CB2 receptor. Specifically, the 

novel compound DML-4 was found to act more potently as a CB2 agonist than the previous 

adamantyl compounds, with a cAMP EC50 value in the sub-nanomolar range. DML-3, a second 

novel compound, also had potent CB2 agonist activity in the low nanomolar range. Furthermore, 

DML-3 and DML-4 retained CB2-selectivity, with the fold-selectivity over CB1 being > 40 and 

> 10,000, respectively. This research investigation also led to the first full characterization of the 

binding affinity and agonist activity of the naturally occurring sesquiterpene compound, β-

caryophyllene, at both cannabinoid receptors. As per the data presented in Chapter 3, β-

caryophyllene is a full agonist at the human CB2 receptor with weak agonist activity at CB1, the 

selectivity toward CB2 being approximately 109-fold.  Furthermore, this was the first 

investigation into the CB2 receptor binding interactions of β-caryophyllene within a CB2 

homology model based on a human GPCR structure. Analogous to the previous homology model 

report, β-caryophyllene was found to adopt the most stable binding interaction within the 

hydrophobic pocket region of the CB2 active site. However, the strongest interactions in our 

model took place with aromatic residues distinct from those reported previously, likely owing to 

the minor conformational differences between the human and bovine GPCR crystal structure. 

 As demonstrated in Chapter 4, the novel compounds DML-3 and DML-4 have 

reasonably good in vitro cell toxicity profiles, although a great deal of further safety data would 

be required in order to determine the compounds’ suitability for clinical study. This would need 

to include characterization of biodistribution, organ-specific toxicity, toxicokinetics, genotoxicity 
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and potential, reproductive toxicity, as well as LD50 values. Although β-caryophyllene has a 

previous history of safe use in humans, including LD50 values in excess of 5 g/kg in two 

mammalian species (as described in Section 1.8), the research data presented in Chapter 4 

demonstrate considerable concentration-dependent cytotoxic effects both in malignant and non-

malignant human cell types. Specifically, concentrations above 50 µM were associated with 

pronounced cell death. Based on previous pharmacokinetic data, the likelihood of reaching 

serum concentrations within this range following a single oral dose of 5 mg/kg is low. Typical 

dosages administered may therefore exert therapeutic CB2-mediated effects without toxicity, 

given the low nanomolar CB2 agonist potency of the compound. However, the organ-specific 

biodistribution of β-caryophyllene has not been evaluated and it may therefore be possible for 

exposure to concentrations at or above 50 µM to occur, particularly following higher oral doses 

and/or repeated doses. The present research points to the need for further studies in human cells 

to determine the mechanism of cell death (i.e., necrosis versus apoptosis) as well as in vivo 

toxicokinetic studies examining biodistribution and organ-specific toxicity.   

 With the aim of targeting cannabinoid receptors expressed by glia for application in 

chronic pain mediated by gliosis, the effects of the CB2 test compounds on intracellular 

signaling pathways involved in glial cell inflammatory responses, which may be influenced by 

CB2 activation, were studied in vitro in a pro-inflammatory astrocyte cell line (U87MG). All 

three CB2 agonist compounds appeared to have pharmacologic properties relevant to the 

treatment of gliosis. Specifically, DML-3 strongly reduced intracellular activation of NF-κB and 

also limited the activation of ERK1/2 and PI3K. DML-4 strongly reduced the activation of 

ERK1/2 with lesser reductions in NF-kB and PI3K activity observed. β-caryophyllene showed a 

pattern analogous to DML-3, with a comparable ability to reduce  activation of NF-κB, and, to a 
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lesser extent, ERK1/2 and PI3K. In terms of direct anti-inflammatory activity, β-caryophyllene 

significantly inhibited U87MG secretion of IL-6 and IL-8 at 1 µM. The anti-inflammatory effect 

reached statistical significance following 25 µM DML-4 treatment, while non-significant 

reductions in cytokine secretion were observed following the same concentration of DML-3 

treatment. Together, the data indicate that each compound may have the potential to limit cell 

proliferation, migration and pro-inflammatory activity such as cytokine secretion within the 

context of gliosis. Therefore, all three compounds are considered to be candidates for further 

investigation in the treatment of centrally-mediated chronic pain. 

 

5.2 Limitations of the Research 

 Given the scope and limitations of the in vivo study in the acidic saline model, there is a 

need for further investigation both in research models and clinically in diagnosed individuals 

before firm conclusions can be drawn around the involvement of gliosis in chronic widespread 

musculoskeletal pain. Despite the fact that our research findings were statistically significant, the 

limited number of animals which developed bilateral hyperalgesia in our experimental cohorts 

precluded a complete estimation of the specific time course of glial cell activation in the acidic 

saline model. Furthermore, the data demonstrated up-regulation of glial cell activation markers 

only. No specific markers of neuro-inflammation were tested and therefore it cannot be 

concluded that the glial cell activation observed was indeed pro-inflammatory in nature. For 

example, it has been previously reported that microglia activation in response to minor injury 

may be associated with surveillance and regenerative functions which are protective, rather than 

pro-inflammatory [394]. Additionally, this study examined differences between acidic saline 

model animals and healthy controls. The effect of pH could have been more specifically studied 
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through the use of a control group which received neutral pH saline injections. Finally, this 

research may not hold relevance to females with chronic widespread musculoskeletal pain 

disorders since the experiments described herein were conducted in male animals only, whereas 

the majority of individuals affected by CWP are female. Importantly, sex differences in neuro-

inflammatory responses have been found within various models of chronic pain and CNS 

pathology. For example, in a cortical stab wound model of brain injury, males showed increased 

Iba-1 immunoreactivity in the wound proximity, increased microglia expression of arginase-1 

and neuroglobin, increased astrocyte expression of CCL2, and increased neuronal density in the 

lesion edge, relative to females [395]. Therefore, the observations of the present research may 

only carry relevance to male subjects.  

 The drug discovery research was limited to the synthesis and pharmacologic 

characterization of two novel CB2 agonist compounds.  Further structure-activity relationship 

studies using the methods and tools described in Chapter 3 could have allowed for development 

of a greater number of compounds, possibly having enhanced agonist potency and improved 

solubility properties. Although the use of a co-solvent was sufficient to facilitate biological 

testing of our compounds, enhanced aqueous solubility may be preferred from the future 

perspective of human drug delivery (i.e., to ensure proper drug dissolution in order to facilitate 

oral absorption). Nonetheless, many options exist in the field of pharmaceutics to mitigate poor 

aqueous drug solubility. Examples of these include the use of surfactants, co-solvents, 

emulsifying agents, as well as vesicle-forming lipids (liposomes) and polymers (polymersomes). 

 The investigation of the pharmacologic properties of the CB2 agonist compounds for 

potential application in gliosis was limited to an in vitro model. Although the U87MG cell line 

aptly models glial cells in a pro-inflammatory state, this cell line is derived from a malignant 
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glioma, and therefore, fundamental differences between malignant and normal cells may limit 

the applicability of the research findings to non-malignant glia. Furthermore, as the findings 

from the in vivo study suggest, microglia activation may have a stronger influence on 

hyperalgesia in chronic widespread musculoskeletal pain than astrocytes. The effect of the CB2 

agonist compounds on microglia was not evaluated in the present investigation; therefore it is 

unknown whether this glial cell type would respond favorably (i.e., reduced inflammatory 

activity and reduced proliferation/migration) to treatment with the compounds within the context 

of gliosis. In addition, it cannot be concluded that the CB2 agonist compounds may have the 

ability to treat pain mediated by gliosis without further investigation within an in vivo system, 

since pain perception is a multi-factorial phenomenon, as discussed in the Introduction, which is 

influenced by more components than gliosis alone. Should the CB2 agonist test compounds have 

the ability to mitigate gliosis in vivo, the ultimate effect on pain perception may not be of 

significance. Although CB2 agonists may work to mediate pain perception through other 

mechanisms, in addition to those involving glial cells (i.e., as described in the Introduction, 

peripheral anti-inflammatory effects, actions at vanilloid receptors, CB2-evoked release of 

endorphins, etc.), the true effect of the CB2 agonist compounds described here on pain 

perception can only be discerned through careful study in vivo, and, specifically within the target 

patient population in a clinical setting. 

 

5.3 Future Perspectives 

 During the course of this research investigation, several other independently developed 

CB2 agonist compounds were investigated through commercial development programs, with 

examples shown in Table 5.1. As indicated in the table, the development of clinically useful CB2 
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agonist compounds has proven to be challenging. The first two drug candidates failed phase II 

clinical trials for the treatment of osteoarthritis pain and pain following dental tooth extraction 

surgery. To date, no CB2 agonist compound has successfully completed the phase II clinical trial 

stage for a pain-related indication. A CB2 agonist known as olorinab is, however, currently 

undergoing phase II trials for pain in Crohn’s disease. Interestingly, several commercial CB2 

agonist compounds have successfully completed phase II clinical trials for treatment of cystic 

fibrosis as well as atopic dermatitis, with further phase II trials underway for several other 

autoimmune conditions, including SLE. One CB2 agonist compound which previously failed for 

osteoarthritis pain, LY2828360, is being re-investigated for potential application in neuropathic 

pain, while another is undergoing pre-clinical study for treatment of pain in endometriosis. 

 

Table  5.1. Commercial development status of CB2-selective agonists. 

 

Compound Name Chemical Class Therapeutic Indication Stage of Development 

GW142866X Pyrimidine 

Pain following third 

molar tooth extraction 

surgery; osteoarthritis 

pain 

Phase II – failure 

[396,397] 

LY2828360 Purine Osteoarthritis pain 
Phase II – failure 

[398,399] 

LY2828360 Purine Neuropathic pain Pre-clinical [398] 

S-777469 Dihydropyridine Atopic dermatitis Phase II – complete  [400] 

JBT-101 
THC-11-oic acid 

analogue 
Cystic fibrosis Phase II – complete [401] 

JBT-101 
THC-11-oic acid 

analogue 

Systemic Lupus 

Erythematosis (SLE); 

Sermatomyositis; 

Scleroderma 

Phase II – in progress 

[402,403] 

Olorinab (APD37D) Cyclopentapyrazole 
Pain associated with 

Crohn’s disease 

Phase II – in progress 

[356,404] 

rel-(5aR, 9aR)-3-(1,1-

Dimethyl-heptyl)-7,7-

dimethyl-5a, 6,7,8, 9,9a-

hexahydro-dibenzo-[b, d]-

furan-1-ol 

Dimethylheptyl 

bezofuran 
Endometriosis Pre-clinical [405] 
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 Reasons for the early failures of CB2 agonists for pain treatment are thought to be 

several-fold. Poor translatability of pre-clinical animal model efficacy to the clinical setting is a 

likely contributing factor. Clinical studies typically involve a heterogenous patient population, 

including both males and females, with varying ages, medical backgrounds and pain severities. 

In contrast, pre-clinical studies are usually conducted in a highly uniform group of animals (i.e., 

animals of the same sex, age and weight) with the same artificially-induced disease pathology. It 

is therefore unrealistic to expect that the conditions of an animal model study will be faithfully 

recapitulated within a clinical study population. Furthermore, species differences are present 

between rodent and human cannabinoid receptors which can affect the specific pharmacologic 

action of the test compound. For example, the compound AM1241 acts as an agonist at human 

CB2 receptors, whereas in mouse and rat CB2 receptors, it acts as an inverse agonist [146]. 

Although the activity of a candidate drug compound is likely to be studied in vitro in human 

receptors, subtle differences in the pharmacologic action of the compound in rodent receptors in 

pre-clinical models may produce misleading results. Receptor coupling and downstream 

intracellular effects elicited by a given compound may be species-dependent. Therefore, positive 

results in pre-clinical rodent models may not predict the same pharmacologic effects and efficacy 

in humans. In addition, fundamental differences in the underlying pain mechanism between 

research models and the actual human disease may preclude the translatability of pre-clinical 

efficacy to patients. 

 Another concept thought to be of crucial importance for the development of clinically 

effective CB2 agonists is the functional selectivity of the given compound at the receptor 

[406,407]. Functional selectivity refers to the specific intracellular effects a compound elicits 

through action at a receptor. With previous data to suggest that different CB2 agonists are 
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capable of eliciting varying intracellular responses (discussed in Section 4.1), the CB2 agonist 

compounds in the present research investigation were tested for their effects on various 

intracellular signaling pathways in the target cell type. However, recent literature has highlighted 

the concept of biased agonism, that is, a compound may signal at a GPCR by activating either a 

g-protein-mediated response or a β-arrestin-mediated response (biased agonism) or the 

compound may elicit a mixture of both responses (unbiased agonism). Since β-arrestin is known 

to mediate receptor de-sensitization, and promote receptor removal from the cell membrane, such 

activity is expected to limit the potentially beneficial effects mediated by g-protein signaling. It 

is therefore important that CB2 agonist compounds undergo careful evaluation for functional 

selectivity, in order to ensure that the ligand is not biased toward β-arrestin activation. This may 

include in vitro screening for β-arrestin recruitment as well as examination of membrane receptor 

expression following treatment. Overall, the lessons learned from the current commercial 

development of CB2 agonists suggest that thorough pre-clinical testing and pharmacologic 

characterization is essential. 

 The research described here supports the potential of the CB2 agonist compounds studied 

to have possible therapeutic effects, specifically for chronic pain disorders associated with neuro-

inflammation and gliosis. There are, however, several further investigations recommended prior 

to testing the compounds in patients. In addition to the toxicology work described above, the 

functional selectivity of each compound must be assessed by screening for β-arrestin-mediated 

activity. Next, the affinity of the compounds for additional receptor targets and the potential for 

off-target effects must be investigated. Should positive results be attained from in vivo studies in 

suitable research models, pharmacokinetic investigations should then be conducted in order to 

help guide the drug delivery and formulation strategy.  
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 In conclusion, this research has produced important data suggesting gliosis may be a 

pathophysiologic component of chronic widespread musculoskeletal pain disorders, prompting 

further investigation. This work has also added to the current body of knowledge on the 

pharmacologic activity of β-caryophyllene at human cannabinoid receptors. In addition, this 

work has laid the foundation to support further study of β-caryophyllene as well as two novel 

adamantyl derivative compounds, DML-3 and DML-4, for application in centrally-mediated 

chronic pain.  
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Appendix A    

A.1 Mass Spectrometry Analysis 

 

Figure A.1. Mass spectrometry analysis of DML-3 

Measurement was conducted in electrospray positive ionization mode in an AB Sciex mass spectrometer. The mass 
to charge ratio (m/z) peak at 296.1 Da corresponds to the theoretical molecular mass plus proton (M + 1) of DML-3. 
Theoretical mass (M) = 295.38 Da. 

 

Figure A.2. Mass spectrometry analysis of DML-4 

Measurement was conducted in electrospray positive ionization mode in an AB Sciex mass spectrometer. The mass 
to charge ratio (m/z) peak at 309.6 Da corresponds to the theoretical molecular mass plus proton (M + 1) of DML-4. 
Theoretical mass (M) = 309.41 Da. 
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A.2 Dissolution Test Mixing Protocol 

 The protocol was stopped at the end of each step listed below if dissolution was observed. 

Test compounds were considered to be dissolved if the solution was found to be clear with no 

signs of cloudiness or precipitation. 

1. Vortexing of the sample tube for 1 min at high intensity. Up to three vortexing attempts 

of 1 min each. 

2. Waterbath sonication for 5 min. 

3. Heated waterbath sonication at 37°C for up to 60 min. 

 

 

A.3 [3H]CP-55,940 Saturation Binding 
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Figure A.3. CB1 (A) and CB2 (B) saturation binding curves.  

Specific binding at each concentration [3H]CP-55,940 was calculated as total binding minus non-specific binding 
measured with the addition of 10 µM nonlabeled CP-55,940. Each data point represents the mean of 3 independent 
experiments ± SEM.  
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A.4 cAMP Assay Parameter Optimization 

A 

 

B 

 

Figure A.4. Differences in fluorescence ratio between basal and forskolin-treated cells under varying assay 

conditions using the HTRF cAMP dynamic 2 kit (Cisbio, Bedford, MA). 

The assay was conducted following a 12 h cell incubation (A) or immediately following cell plating as per the 
manufacturer’s protocol (B). The effects of varying cells plated per well were examined as well as two different 
forskolin treatment concentrations. Data represent the mean from a single experimental replicate.  
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Appendix B   

B.1 Fluorescamine Protein Quantification Assay 

 The method utilized for determining total protein concentration in biological samples is 

as follows: 

1. Protein standard solution was prepared by dissolving 1 mg ovalbumin (Milipore-Sigma, 

Oakville, Canada) in 1 mL Milli-Q® water. Standard solutions were prepared by serial 

dilution of the 1 mg/mL ovalbumin solution such that seven standard concentrations 

ranging from 7.8 to 500 µg/mL were obtained. 

2. 100 µL of each standard solution and samples were loaded into 96 well plates. Both 

standards and samples were assayed in triplicate. 

3. 20 µL of 3 mg/mL fluorescamine (Milipore-Sigma) in acetone was added to each well. 

4. Fluorescence emission at 470 nm was read upon 390 nm excitation using a fluorescence 

spectrophotometer. 

5. Sample protein concentrations were interpolated from the assay standard curve. Standard 

curves were generated with each experiment. 

 

B.2 Cytokine Secretion Assay Optimization 

 Cell proliferation rates and confluence at varying cell seeding densities along with 

supernatant cytokine concentrations after various incubation periods were studied in order to 

select appropriate experimental parameters for the cytokine secretion assay in U87-MG 

astrocytes presented in Chapter 4. 

 Based on the data shown in Figures B.1 and B.2 below, 18 h of incubation was selected 

as the initial cell culture growth period following seeding. At this time point, the cell culture was 
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established and into a steady growth phase without nearing the time of growth rate decline. Since 

cell crowding and decline in growth rate appeared in the 1,000,000 cell seeding density group 

after approximately 45 h (Figure B.1), only the lower 3 seeding density groups were carried 

forward into the next round of optimization studies. Figure B.2 demonstrates that 18 h of 

incubation allows for proper establishment and growth of U87-MG cells in the 250, 500 and 750 

thousand seeding density groups, with room for further, uncrowded growth to occur during the 

subsequent experimental treatment period. 
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Figure B.5. Mean cell confluence over time of U87-MG cells at varying seeding densities in 6 well cell culture 

plates.  

Each data point represents the mean of 3 wells ± SD. The confluence in each well at every time point was 
determined from the average six phase microscopy images by the Incucyte system.  
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A                     B 

     
C                           D 

    

Figure B.6. Representative phase microscopy images of U87-MG cells in six-well culture plates at varying 

seeding densities.  

U87-MG cells seeded at 250,000 (A), 500,000 (B), 750,000 (C) and 1,000,000 cells per well following 18 h 
incubation.  
 

 In order to determine the best cell seeding number and a suitable treatment time period, 

cytokine concentrations were measured from differing cell seeding density groups (250,000, 

500,000 and 750,000 cells per well) after varying time durations (mock treatment periods) using 

the ELISA system. The assay standard curves generated from IL6 and IL8 standards (R&D 

Systems, Minneapolis, USA) are shown below in Figure B.3. As determined by the 
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manufacturer, the assay detection limits of human IL-6 and IL-8 are 0.7 pg/mL and 3.5 pg/mL, 

respectively. 
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Figure B.7. IL-6 (A) and IL-8 (B) standard curves generated using standard cytokine solutions.  

Optical density was read at 450 nm and corrected for background signal at 540 nm, as per the manufacturer’s 
protocol. The standard curve was generated, as per the manufacturer’s recommendation, using non-linear regression 
and four parametric logistic (4-PL) curve fit with GraphPad Prism® software. Each standard concentration was 
assayed in triplicate with the mean value plotted. 

 

 Using trial experiments, the study parameters which allowed our ELISA systems to 

detect IL-6 and IL-8 from the culture supernatant at concentrations which fell within the assay 

dynamic range were determined. An optimum result was obtained from 750,000 cells per well 

grown for 18 h, with the media aspirated then replaced with fresh media followed by a 2 h 

incubation period as the treatment duration for the experiment (data shown below in Tables B.1 

and B.2).  
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Table  B.1. Determination of the mean U87-MG culture supernatant IL-6 concentration following a 

2 h mock treatment period. 

Supernatant samples were obtained from independent culture wells of U87-MG cells incubated for 2 h in 
fresh media. Cells were grown in 6-well culture plates at a seeding density of 750,000 cells per well and 
an initial growth period of 18 h. Samples were assayed in duplicate and the IL-6 concentration was 
interpolated from the assay standard curve using GraphPad Prism® software. 
 

Sample 

Mean 
Optical 
Density 

(450 nm) 

Corrected 
Optical 
Density 

Interpolated 
IL6 

Concentration 
(pg/mL) 

Mean IL6 
Concentration 

(pg/mL) 

Standard 
Deviation 
(pg/mL) 

C.V. (%) 

Blank 0.017 
     

Supernatant 1 1.0375 1.0205 165.6 178.7 12.3 6.9 

Supernatant 2 1.133 1.116 190.1 
   

Supernatant 3 1.0965 1.0795 180.4 
   

 
Table B.2. Determination of the mean U87-MG culture supernatant IL-8 concentration following a 

2 h mock treatment period. 

Supernatant samples were obtained from independent culture wells of U87-MG cells incubated for 2 h in 
fresh media. Cells were grown in 6-well culture plates at a seeding density of 750,000 cells per well and 
an initial growth period of 18 h. Samples were assayed in duplicate and the IL-8 concentration was 
interpolated from the assay standard curve using GraphPad Prism® software. 
 

Sample 

Mean 
Optical 
Density 

(450 nm) 

Corrected 
Optical 
Density 

Interpolated 
IL8 

Concentration 
(pg/mL) 

Mean IL8 
Concentration 

(pg/mL) 

Standard 
Deviation 
(pg/mL) 

C.V. (%) 

Blank 0.0185 
     

Supernatant 1 0.484 0.4655 345.4 361.6 18.4 5.1 

Supernatant 2 0.499 0.4805 357.8 
   

Supernatant 3 0.5275 0.509 381.6 
   

 

 

 

 

 

 

 

 


