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Abstract 

 Pathological pain is a significant public health issue driven by many complex biological 

mechanisms which are not fully understood, and current pharmacotherapies for long-term pain 

management are highly variable in their efficacy while also presenting numerous detrimental 

drawbacks. Many clinical drugs are designed to target GPCRs, but a sizeable proportion of GPCRs 

remain understudied despite presenting opportunities for new druggable targets. Our lab has 

chosen four orphan GPCRs – GPR63, GPR141, GPR150, and GPR153 – for investigation in the 

context of pain and opioid-induced antinociception across multiple mouse models of nociceptive 

and pathological pain. All four of these targets are known to be expressed in the mouse and human 

spinal cord according to transcriptomic data from other groups, but their endogenous ligands and 

functions are poorly understood. We performed CRISPR knockdown of all four receptors in the 

mouse spinal cord by delivering predesigned CRISPR constructs via the IT route and evaluated 

their effects in the hot water tail flick assay and CIPN and paw incision pain models with von Frey. 

We observed no effects of any knockdown on baseline nociceptive responses or the antinociceptive 

effects of a 3.2 mg/kg screening dose of morphine (SC) in the tail flick assay. GPR63 and GPR153 

knockdowns completely ablated the analgesic effects of morphine in the CIPN model, however. 

Furthermore, GPR153 knockdown yielded a similar result in the paw incision model and showed 

impairments in recovery from mechanical allodynia post-surgery while GPR63 knockdown had 

no effect in either regard. Considering that the knockdown of GPR63 and GPR153 had no 

influence in acute nociceptive pain but did influence behavioral responses to morphine in 

pathological models, we hypothesized that these receptors may play roles in modulating glial cells 
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in the spinal cord which are considered to play significant roles in the development and/or 

maintenance of persistent pathological pain. 

 Colocalization studies of the expression of GPR63 and GPR153 mRNAs with markers for 

microglia (Aif1) and astrocytes (Gfap) demonstrated that both receptors are expressed in 

approximately 50% of each cell type in the spinal dorsal horns of naïve mice with the exception 

that GPR153 appears to be expressed in 80-90% of microglia. To interrogate if this expression in 

glial cells was biologically relevant to the behavioral outcomes we observed previously, we 

performed selective CRISPR knockdowns targeting GPR63 and GPR153 in microglia or 

astrocytes alone. We found that when both targets were knocked down in microglia only, the 

blockade of opioid-induced antinociception and impairments to recovery were recapitulated in 

CIPN and paw incision models whereas astrocyte-specific knockdown had no effect. From this 

finding we hypothesized that GPR63 and GPR153 knockdown are enhancing microgliosis in the 

spinal cord. To test this, we administered minocycline to the spinal cord after GPR63 and GPR153 

knockdown to inhibit microglia and were able to rescue opioid analgesia in the CIPN model. 

Morphological analysis of microglia in GPR63 and GPR153 CRISPR-treated spinal cords also 

depicted microglia with more amoeboid soma and less complex arborization compared to negative 

control treatments, both phenotypic indicators of microgliosis. Together, the above findings 

provide a scientific premise for further investigation of GPR63 and GPR153 as novel targets for 

analgesic drug discovery through the modulation of microglia in pathological pain states.  
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1.1: Introduction to Pain 

 
Pain sensation is a key sensory system that serves as a protective and learning mechanism 

for many living organisms, signaling that the body is at risk of serious injury and allowing the 

organism to react accordingly. As such, acute pain is vital for survival. Chronic pain, however, has 

become a significant public health issue estimated to affect 24.3% of U.S. adults as of 2023 [1]. 

Furthermore, the financial burden of chronic pain was estimated at $560 - $635 billion in 2010 

U.S. dollars [2]. Chronic pain also introduces a severe mental health burden in the United States 

with 23.9% of adults experiencing chronic pain also reporting incessant anxiety/depressive 

symptoms [3]. Concerningly, these comorbidities are worsened by the finding that chronic pain 

sufferers experiencing mental health challenges are less likely to receive effective mental 

healthcare compared to those without chronic pain [4]. Taking into consideration the breadth of 

issues that chronic pain imposes on our society, effective pain management strategies are a critical 

unmet need. 

 

1.2: Nociceptive vs. Pathological Pain 

To identify means by which we can effectively treat chronic pain, it is vital to define pain 

and understand its underlying biological mechanisms. According to the International Association 

for the Study of Pain (IASP), pain is defined as “An unpleasant sensory and emotional experience 

associated with, or resembling that associated with, actual or potential tissue damage” [5]. Pain 

that you feel in the event of an injury (e.g. a paper cut or stubbing your toe) can be classified as 

nociceptive pain. This type of pain stems from damage to tissue that activates neurons outside of 
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the central nervous system (CNS) responsible for sensing pain known as nociceptors. For all 

intents and purposes, nociceptive pain is a normal physiological response to harmful stimuli and 

is necessary for survival. The problem that society faces with pain, however, arises when the 

systems that sense pain become dysfunctional, which results in the chronic pain cases that present 

themselves in the clinic. Classifying chronic pain introduces challenges when considering effective 

treatment as its definition according to IASP is somewhat vague, described as “pain that persists 

or recurs for longer than 3 months.” One type of chronic pain commonly observed in clinical 

settings is neuropathic pain which can result from the dysfunction of the body’s nociceptive 

pathways due to a wide variety of etiological and pathophysiological causes such as nerve damage, 

chronic inflammation, and metabolic stressors which can all be introduced by other diseases [6-

10] (Fig. 1.1). It is important to note, however, that not all cases of chronic pain are neuropathic 

(e.g., fibromyalgia, low back pain) [11; 12]. Nonetheless, a shared feature of all chronic pain 

conditions is the presence of maladaptive or dysfunctional activities of the nociceptive pathways 

or interrelated inflammatory pathways. These perturbation often result in patients presenting with 

allodynia, a condition where normally non-noxious stimuli become painful, and/or hyperalgesia, 

a condition where sensitivity to painful stimuli is augmented [13; 14]. Consequently, treating 

chronic pain becomes challenging because the health history and context of a patient’s 

circumstance matters, and there simply cannot be a “one size fits all” solution. With these factors 

in mind, the scientific community has extensively studied the biological mechanisms that enable 

the sensation of pain and the many ways it can be dysregulated in an effort to develop a viable 

repertoire of therapies. 
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Our lab has performed experiments using various pathological pain models in mice to 

appropriately assess the viability of novel pain management strategies [15-18]. Mouse models of 

nociceptive pain generally revolve around noxious thermal and mechanical stimuli being applied 

to a healthy mouse such as the hot water tail flick, cold acetone, and Randall -Selitto assays and 

evaluating the antinociceptive effects of experimental treatments. To study pathological pain 

conditions, however, we must induce an appropriate pain state in animal subjects. For post -

operative pain, a common rodent model is the plantar paw incision procedure where the skin and 

underlying muscle of the mouse’s hind paw is incised and sutured to mimic surgery and induce 

tactile allodynia [19]. Post-surgical pain often becomes persistent with prevalence rates ranging 

from 5%-85% dependent on the type and location of the surgery [20]. The underlying biological 

mechanisms by which this occurs can include increased spontaneous firing of nociceptors during 

recovery through mechanisms of peripheral inflammation like cytokine release and neutrophil 

infiltration at the surgical site [21-23]. Increased peripheral input then exacerbates nociceptive 

signaling by central sensitization in which spinal dorsal horn neurons respond more readily to 

nociceptive inputs (e.g., increase in expression of receptors for excitatory neurotransmitters) or 

develop their own spontaneous firing [20; 24; 25].  

Neuropathic pain models are also commonplace in the development of analgesic drug 

targets and are designed to mirror what is observed in the clinic. Our most used model for 

neuropathic pain is the chemotherapy-induced peripheral neuropathy (CIPN) model generated by 

the scheduled delivery of chemotherapy agents. Most chemotherapy patients report burning, 

tingling, and numbness in the extremities as a side effect of treatment, and many chemotherapy 

drugs have been shown to damage peripheral nerves by multiple known and unknown mechanisms 
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[7; 26-29]. CIPN produces similar outcomes when compared to post-surgical pain at the peripheral 

and central domains albeit by different mechanisms. Several chemotherapy drugs including 

paclitaxel, our lab’s routine drug for propagating CIPN, stabilize microtubules which often results 

in peripheral axonal degeneration by disrupting axonal transport [7; 30]. This pathological 

response often triggers peripheral neuroinflammatory responses, or chemotherapy agents 

themselves can also directly induce glial reactivity [31; 32]. These outcomes often contribute to 

central sensitization in similar manner to what was described above in the chronification of post -

surgical pain. 

Several other models of neuropathic pain are used throughout the literature to model other 

conditions that produce neuropathy such as sciatic nerve ligation as a nerve injury model or high 

fat/sugar diets to induce diabetic neuropathy [33; 34]. Inflammatory conditions are also commonly 

associated with chronic pain and can be modeled in rodents by introducing an immunological 

challenge with lipopolysaccharide (LPS) or Complete Freund’s Adjuvant (CFA), the latter of 

which producing a reliable model for arthritic pain [10; 35; 36]. To conclude, the wide breadth of 

chronic and pathological pain cases that present clinically has required the scientific community 

to creatively adapt to model pain pathologies as accurately as possible for effective pre-clinical 

evaluations of potential analgesic drugs. 
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Figure 1.1: IASP classification of chronic pain.  Due to the complex nature of chronic pain and 

its underlying etiology and pathophysiology, there is a wide variety of diagnostic considerations 

for patients. Chronic primary pain is defined as pain restricted to one or more anatomic regions 

that cannot be effectively classified by another chronic pain condition (e.g., back pain or 
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fibromyalgia). By contrast, chronic secondary pain classifications are dependent on their 

relationship to an underlying condition or medical injury as in cases of cancer-related pain, post-

surgical pain, or neuropathies to name a few. Diagnoses can be difficult to perform, however, as 

numerous chronic pain states can present similarities in their symptomologies. This is evidenced 

by this chart’s demonstration of the potential for differential diagnoses between primary and 

secondary classifications. Figure adapted from [37]. 
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1.3: The Neurocircuitry of Pain 

1.3.1: Nociception at the Periphery 

The means by which the nervous system perceives and interacts with pain, hereafter 

referred to as nociception, can be separated into two main phases: pain transduction and pain 

sensation. Pain transduction begins when peripheral nerve endings receive stimuli that are 

indicative of tissue stress or damage. These stimuli can manifest themselves in a variety of 

modalities such as chemical, thermal, or physical insults. Nociceptors that innervate the periphery 

at the site of injury are equipped with a vast array of receptors that can sense these signals and 

trigger neuronal firing which conveys this information to the CNS (Fig. 1.2A). Common chemical 

stimuli associated with pain and nociceptor activation are typically related to direct tissue damage 

and the associated inflammatory milieu such as H+ ions acting at acid-sensing ion channels 

(ASICs), bradykinin and prostaglandins acting at their respective G-protein coupled receptors 

(GPCRs), and neuromodulators such as serotonin (5-HT) [38-41]. Thermal stimuli are sensed by 

temperature-gated cation channels belonging to the transient receptor potential (TRP) family of 

ion channels (e.g. TRPV, TRPM, TRPA, etc.) [42; 43]. These channels are vital for sensing hot 

and cold stimuli and for notifying us of temperatures extreme enough to cause significant damage 

(i.e. placing your hand on a hot stove or holding dry ice with your bare hands). Interestingly, the 

TRP receptors can also respond to chemical substances which we perceive as hot or cold (e.g. 

capsaicin from peppers or menthol from mint) [44; 45]. Mechanical sensation can also often cause 

pain in the form of strong and deep pressure. This phenomenon is mediated by a group of 
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mechanically gated ion channels known as the Piezo1/2 receptors that are opened by physical 

perturbations of the cellular membrane caused by touch and pressure [46].  

All these receptors act in a concerted effort to stimulate nociceptors through the influx of 

the cations Na+ and Ca2+ or by the activity of intracellular secondary messenger systems in the 

case of the GPCRs. Nociceptors integrate all of these stimuli as they occur in the periphery and 

fire action potentials along nerve fibers to the spinal cord when sufficient depolarization is 

achieved. All nociceptor nerve fibers are composed of pseudounipolar neurons whose soma reside 

just outside of the spinal cord in the dorsal root ganglia (DRG) [47; 48]. These neurons are 

morphologically unique in that they contain only one axonal projection from the soma which 

bifurcates and extends to the periphery, where it senses all the aforementioned stimuli, and to the 

spinal cord thus appearing similar to a bipolar neuron but differing in physiology [47; 48]. 

Nociceptors are characterized as Aδ or C fibers based on their size and degree of myelination as 

neurons of the former type are larger and myelinated while neurons of the latter type are smaller 

and unmyelinated [48]. These physical features have important roles in how we sense pain as Aδ 

fibers offer higher conduction velocities compared to C fibers, resulting in our ability to perceive 

sharp “first pain” and dull, burning “second pain” by Aδ and C fibers, respectively [42; 48]. 

Finally, another key feature in which Aδ and C fibers differ is the pain modalities, types of pain 

stimuli, they can transduce. Aδ fibers are typically activated by noxious thermal or mechanical 

stimuli whereas C fibers are equipped with receptors for thermal, mechanical, and chemical stimuli 

[48-50]. 
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1.3.2: Pain Signaling in the Spinal Cord and the Ascending Pain Circuit 

Once a nociceptive neuron fires and sends an action potential along its axon to the CNS, 

that action potential arrives at a synapse in the dorsal horn of the spinal cord. The spinal cord gray 

matter is organized into laminae I-X where their respective neurons differ in the types of 

information they are responsible for transmitting [48; 51]. In the context of pain, the primary focus 

lies in laminae I, II, and V where all nociceptive afferents make their synaptic inputs [48; 51]. 

These primary afferents interact with dendrites of second order projection neurons in these laminae 

and release excitatory neurotransmitters such as glutamate, calcitonin gene-related peptide 

(CGRP), and Substance P [42; 51]. The second order projection neuron in the spinal cord then 

responds by firing an action potential that conveys pain information up through the brainstem and 

into the brain.  

First, the second order neurons’ axons cross the midline of the spinal cord and enter the 

contralateral white matter where most ascend through the spinothalamic tract. This tract passes 

through and forms branching synaptic connections with the rostroventral medulla (RVM), pons, 

and midbrain with until it reaches a third order projection neuron in the thalamus that routes the 

nociceptive input to other regions of the brain for processing [52; 53] (Fig. 1.2B). The spinal cord 

also has some dedicated local circuits for processing nociceptive inputs and preventing tissue 

damage known as reflex arcs. The same primary afferent neurons that enter the dorsal horn from 

the periphery are also known to form synapses on shorter relay neurons, or interneurons, that then 

excite motor neurons in the ipsilateral ventral gray matter of the spinal cord [54]. These motor 

neurons are then able to stimulate muscle contraction and move the body part that is at risk.  
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1.3.3: Pain Perception Happens in the Brain 

The thalamus is well understood to function as the sensory relay of the brain, receiving 

most of the incoming sensory inputs transmitted by the spinal cord and cranial nerves. Nociceptive 

inputs enter the thalamus through its ventroposterior nuclei where they are then redirected to the 

appropriate cortical regions for processing (Fig. 1.2B) [55]. In the cortex, our brains are then able 

to perform affective processing to the incoming sensory information allowing for higher order 

processing to make decisions and assign valence to the painful stimulus accordingly. 

 The main sensory features of pain are evaluated by the primary somatosensory cortex (S1) 

of the brain which localizes the painful stimulus through its somatotopic mapping and 

characterizes its intensity [56]. By contrast, affective processing of pain is associated with a more 

widespread and complex network of cortical structures. The anterior cingulate cortex (ACC) and 

insular cortex (IC) are well established to have functions correlating to perception of pain 

unpleasantness and intensity [57; 58]. Pain information is also processed in the amygdala for the 

assignment of emotion and value to a noxious stimulus [59]. Ultimately, the cortical representation 

of pain and its associated components allows for decision-making via integration and interaction 

between these brain regions and the prefrontal cortex (PFC) which is tightly linked to pain 

processing and activation of the pain modulatory networks of the CNS [60]. 

 

1.3.4: Neuromodulation of Pain 

Inputs from higher brain structures such as the PFC and amygdala are known to send inputs 

to a region in the brainstem known as the periaqueductal gray (PAG) which in turn is able to 

modulate pain transmission at the level of the spinal cord by stimulating the rostroventral medulla 
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(RVM) and the locus coeruleus (LC) [61; 62] (Fig. 1.2B). In the PAG-RVM pathway, PAG 

neurons stimulate GABAergic/opioidergic neurons in the RVM known as “OFF” cells that project 

to the spinal dorsal horn and inhibit the primary afferent [63; 64]. Conversely, the RVM also has 

pronociceptive modulatory capabilities through the presence of GABAergic/opioidergic “ON” 

cells which respond to noxious stimuli and inhibit opioidergic interneurons in the spinal cord 

needed for pain modulation [64]. The neuromodulatory outcome of both ON and OFF cells is 

mediated by influencing the release of endogenous opioids such as enkephalin at the synapse that 

connects the primary afferent and second order projection neurons in the spinal dorsal horn 

resulting in the inhibition of pronociceptive signaling by acting on μ-opioid receptors (MORs) on 

the pre- and post-synaptic terminals (Fig. 1.3). Similarly, the PAG-LC pathway results in the 

delivery of norepinephrine to the same synapse in the spinal dorsal horn but this neuromodulator 

only exerts an inhibitory effect on the presynaptic terminal of the synapse via α2 receptors [61]. 

The discovery of the endogenous opioid system and its neuromodulatory capacity in the context 

of pain revolutionized the pharmacological space and provided a pivotal target for pain therapies 

through the development of opioid drugs. 
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Figure 1.2: Mechanisms of pain transduction at the periphery and the central ascending and 

descending pain pathways. (A) (Top) Peripheral nociceptors are equipped with a wide variety of 

receptors that are responsive to noxious stimuli of different modalities such as chemical, heat, 

mechanical, and electrical signals. Nociceptors differ in that they transduce different modali ties of 

nociceptive inputs depending on their physiology with Aδ fibers being more specifically attuned 

to thermal or mechanical stimuli whereas C fibers are highly polymodal and typically transduce 

all modalities. Stimulation of these different receptors from peripheral signals yields overall 

depolarization of the nociceptor and triggers an action potential. (Bottom) The synaptic terminal 

of primary nociceptors is located in the dorsal horn of the spinal cord where it interfaces with a 

second order projection neuron. Excitatory neurotransmitters such as glutamate, CGRP, and 

A B 
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Substance P are released following an action potential to stimulate the second order projection 

neuron and carry the nociceptive signal further into the CNS. This synapse is also heavily 

influenced by other factors such as the activity of modulatory interneurons and glial cells. Figure 

adapted from [65] (B) Second order projection neurons receiving nociceptive inputs from the 

periphery decussate to the contralateral white matter of the spinal cord and ascend through the 

spinothalamic tract amongst others. These neurons’ projections have branching terminations in the 

brainstem, midbrain, and most importantly the thalamus within the cerebral cortex where it can be 

conveyed to other cortical regions for sensory and affective processing. Higher-order processing 

of nociceptive inputs then contributes to executive functions such as decision-making or top-down 

modulation of pain signals through descending pathways. Figure adapted from [53].  
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1.4: Current Pharmacotherapies for Pain Management and the Opioid 

Crisis 

Many of the current pharmacotherapies for pain management consist of several classes of 

drugs that generally target the ascending pain pathways or the descending modulatory pathways 

described in Section 1.3. These drug classes include opioids, cannabinoids, non-steroidal anti-

inflammatory drugs (NSAIDs), local anesthetics, anticonvulsants, and antidepressants. All classes 

have their own set of advantages and disadvantages when evaluating their clinical effectiveness, 

and many cases may see combinations of these drugs prescribed to try and maximize pain relief 

while mitigating the potentially harmful side effects. In this section, we will briefly examine the 

mechanisms of action of the most common analgesic drugs as well as their benefits and drawbacks.  

 

1.4.1: Opioids 

As introduced briefly in Section 1.3.4, the human body contains endogenous mechanisms 

to modulate pain with the most significant being the opioid system. Historically, humans have long 

taken advantage of the opioid system for pain relief with the use of hashish, opium, and similar 

products derived from Papaver somniferum [66]. The pharmaceutical industry has since used 

morphine, the active analgesic component of opium, to generate numerous semi-synthetic opioid 

drugs (e.g. heroin, codeine, oxycodone) for various medical applications [66]. Fully synthetic 

opioid drugs that are structurally unique from morphine (e.g. methadone and fentanyl) have also 

been developed but still have similar pharmacological effects. 
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 Currently, opioids are considered the “gold standard” for pain relief because they are highly 

efficacious for some to most pain types. Opioid drugs act on the MOR, the same receptor target of 

endogenous opioids described above, which is a Gα i/o-coupled GPCR that is expressed throughout 

the CNS. The MOR is expressed at every node of the ascending and descending pain pathways, 

from the periphery to the higher brain centers, making the activity of MORs in the pain pathway 

critical and highly effective for mediating the analgesic properties of opioid drugs [67-69]. MOR 

stimulation on primary nociceptors inhibits the initial transduction of pain signals through the 

downstream inhibition of cyclic adenosine monophosphate (cAMP) via adenylyl cyclase. The 

resulting decrease in cAMP reduces the activity of protein kinase A (PKA) which is necessary for 

sensitizing cation channels responsible for initiating the nociceptive action potential [68; 70]. At 

the first synapse in the ascending pain circuit between the primary afferent and second order 

projection neuron in the spinal cord, MORs are expressed both pre- and post-synaptically which 

results in a highly effective inhibitory neuromodulator [71] (Fig. 1.3). Similar to what is observed 

in peripheral MOR activation, MOR stimulation at the pre-synaptic terminal and the subsequent 

decrease in PKA phosphorylation desensitizes voltage-gated Ca2+ channels (VGCCs) which 

normally respond to an action potential from the primary afferent by allowing the influx of Ca2+ 

to trigger synaptic vesicle fusion and neurotransmitter release [67; 71]. On the post-synaptic side, 

the other components of the heterotrimeric G-protein complex, Gβγ, will stimulate G-protein 

coupled inwardly rectifying K+ channels (GIRKs) resulting in K+ efflux which hyperpolarizes the 

post-synaptic terminal and blocks the incoming depolarization through the AMPA and NMDA 

cation channels [67; 71]. 
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 Although highly effective at interfering with pain transduction, opioids have been 

demonstrated to induce several negative side effects including drowsiness, nausea, and 

constipation [68; 72; 73]. The more concerning issue with opioids, however, stems from their 

reward/euphoria and subsequent abuse liability, which when combined with their overprescription 

and misuse, has developed into the opioid crisis present in the United States today [69; 74]. Opioid 

overdose deaths have risen from approximately 21,000 to over 81,000 per year from 2010 – 2022 

with the economic burden of opioid use disorder and loss of life caused by opioid overdose being 

estimated at 1.02 trillion USD in 2017 [75; 76]. While opioid-induced analgesia is mediated by 

stimulation of MORs in the ascending pain pathway, opioid dependence is the product of MOR 

stimulation and the resultant changes of neuronal activity in other brain circuits. The sedative 

effects produced by opioid consumption are driven by MOR stimulation in the LC which inhibits 

production of the neurotransmitter norepinephrine responsible for regulating functions such as 

alertness and respiration [74]. With chronic use of opioids, individuals can develop tolerance 

triggered by repeated MOR stimulation followed by intracellular mechanisms attempting to 

reestablish the affected neuron’s normal firing tone such as β-arrestin-mediated desensitization 

and internalization [74; 77]. The transition to opioid addiction is rooted in the opioid system’s 

interactions with the brain’s dopaminergic reward pathways resulting in increased dopamine 

signaling which are also distributed throughout the brain and implicated in modulating various 

neural processes beyond pain perception and modulation [74; 78; 79]. 
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Figure 1.3: Mechanism of action of opioid drugs in the spinal dorsal horn. Opioid receptors 

are expressed on both pre- and post-synaptic neurons in the spinal cord and thus exert a two-

pronged inhibitory effect on nociceptive signaling that solidifies opioid drugs as the gold standard 

for pain relief. On the pre-synaptic terminal (left), the active Gα subunit inhibits adenylyl cyclase 

which reduces cAMP production needed for PKA phosphorylation. The absence of PKA 

phosphorylation results in the desensitization of VGCCs and loss of Ca2+ influx in response to 

action potentials generated by nociceptive signals originating in the periphery. As a result, synaptic 

vesicles containing excitatory neurotransmitters (e.g., glutamate, CGRP, Substance P) cannot fuse 

to the pre-synaptic membrane and release their contents into the synaptic cleft. On the post-

synaptic terminal (right), a similar outcome is observed as reductions in PKA activity desensitize 

post-synaptic cation channels (e.g., AMPARs and NMDARs). Additionally, the Gβγ subunit 
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triggers K+ efflux through GIRKs to yield hyperpolarization of the post-synaptic neuron and shunt 

any incoming depolarizing currents. Figure adapted from [71].   
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1.4.2: Cannabinoids 

The endocannabinoid system is another endogenous neuromodulatory system that is highly 

implicated in regulating pain sensation. The cannabinoid 1 (CB1) receptor, like MOR, is a Gαi/o-

coupled GPCR heavily expressed throughout the CNS and peripheral nerves, and as such, inhibits 

neural pathways responsible for pain transduction and perception when stimulated by the 

endogenous ligands 2-arachidonylglycerol (2-AG) and anandamide (AEA) [80]. Similar to the 

discovery of opium from the poppy plant, Cannabis sativa has a longstanding history of human 

use for a variety of purposes but is most recognized for its medicinal and recreational applications 

[81; 82]. The two main phytocannabinoids found in C. sativa, Δ9-tetrahydrocannabinol (THC) and 

cannabidiol (CBD), act as an agonist and negative allosteric modulator of the CB1 receptor, 

respectively, with the former being the main driver of the cannabinoid tetrad effects (i.e., analgesia, 

catalepsy, hypothermia, and hypolocomotion) mediated by CB1 activation [83; 84]. The use of 

medicinal cannabis has become more prominent worldwide due to its analgesic properties and 

evidence supporting benefits in other disease states, but not without legal and ethical challenges 

[85]. Although highly investigated and self-reported as having therapeutic capacity, a significant 

drawback of medicinal cannabis lies in the psychoactive effects produced by THC and the 

widespread expression of CB1 receptors throughout the cerebral cortex [86]. Furthermore, 

cannabis is still classified as a Schedule I substance by the DEA and is considered an illicit 

substance according to US federal law which has hindered research efforts, but it has been 

legalized for medicinal and/or recreational use in the majority of US states [85; 87]. Public opinion 

regarding cannabis use has shifted in favor of its legalization over the last decade, but arguments 

to reschedule cannabis, THC, and CBD have been challenged by the increasing prevalence of 
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cannabis use disorder (CUD) and links to the dopaminergic reward system supporting significant 

abuse liability [88-90]. To fully elucidate and maximize the therapeutic potential of cannabis and 

the endocannabinoid system while minimizing the deleterious side effects, THC and CBD continue 

to be heavily studied as well as other compounds found in C. sativa (e.g., minor cannabinoids and 

terpenes) which have shown some efficacy in producing antinociception in chronic pain models 

through CB- and non-CB-mediated pharmacological mechanisms [17; 91-95]. 

 

1.4.3: Serotonergic Drugs and Anticonvulsants 

Also described briefly in Section 1.3.4, serotonin is another neurotransmitter whose 

signaling modulates nociceptive inputs via the descending pathways. The serotonergic system 

within the body is highly promiscuous, consisting of 15 total receptors across seven families (5-

HT1-7; all GPCRs except the cation channel 5-HT3) and respective subtypes within those families 

[96; 97]. Expression of 5-HT receptors is also broad and linked to many biological functions 

ranging from mood regulation to gastrointestinal motility to sexual function [96]. Currently, many 

drugs that have originally been indicated for treating depression have since been repurposed and 

prescribed in the clinic for pain management. This class of drugs includes tricyclics (TCAs), 

serotonin-norepinephrine reuptake inhibitors (SNRIs), and selective serotonin reuptake inhibitors 

(SSRIs), which are all commonly used as antidepressants [98; 99]. By virtue of their common 

application, they also share a common mechanism of action by blocking the reuptake of 5-HT via 

serotonin transporters of the presynaptic terminal and local glia and thus increasing 5-HT signaling 

by prolonging its time spent in the synaptic cleft [100]. This activity has been shown to have 

antinociceptive effects in clinical cases and are seeing more common use in cases of craniofacial 
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pain [101; 102]. A key limitation to note when targeting 5-HT signaling, however, lies in the 

aforementioned promiscuity of the serotonergic system which can result in widespread undesirable 

side effects. 

 Anticonvulsant drugs have also seen repurposing in attempts to treat cases of persistent 

pain, despite their primary use as anti-epileptics [103-106]. These most commonly include the 

gabapentinoids and benzodiazepines amongst others, which act primarily by depressing the CNS, 

decreasing neuronal firing broadly to reduce pronociceptive signaling but also increasing 

inhibition in other neural circuits. Gabapentinoids such as gabapentin and pregabalin have a unique 

mechanism of action in that they specifically bind the α2δ subunit of VGCCs in the presynaptic 

terminal of neurons [105; 107-109]. This subunit is critical for the direction and insertion of 

VGCCs into the plasma membrane, but when inhibited by gabapentinoids results in the ablation 

of Ca2+ influx required for synaptic vesicle fusion and neurotransmitter release when an action 

potential is fired [107; 110]. Benzodiazepines differ in that they bind to allosteric sites of the 

GABAA receptor, an anion channel, and potentiate the effect of the main inhibitory transmitter of 

the CNS, GABA [103; 106]. 

 

1.4.4: NSAIDs and Local Anesthetics 

Thus far, the drugs that have been discussed in the context of pain management must be 

acquired by a medical professional’s prescription and may require strictly controlled dosing, but 

certain drugs with little to no abuse liability and minimal side effects have been made available to 

the public in over-the-counter (OTC) pharmacies. NSAIDS – the most common being ibuprofen, 

acetaminophen, and aspirin – act specifically by inhibiting the production of prostaglandins (PGs) 



37 

 

and other proteins of the COX-1/2 biosynthetic pathways, which stimulate neurons of our 

nociceptive pathways in both the CNS and the periphery [111; 112]. Generally, PGs such as PGE2 

are considered pronociceptive as their associated receptors (EP1-4) primarily yield 

hyperexcitability of nociceptive neurons apart from the Gα i/o-coupled EP3 receptor [39]. Ibuprofen 

and aspirin are both non-selective inhibitors of both COX-1/2 enzymes which prevents the 

conversion of arachidonic acid to the biosynthetic precursors of PGs [113; 114]. Acetaminophen 

is believed to function similarly as a selective COX-2 inhibitor but is also considered to have 

several other potential mechanisms of action by which it produces antinociception; considering 

the lack of a clear mechanism of action for acetaminophen, it is interesting to note that it would 

not pass through present day FDA requirements for a new drug despite its longstanding use in the 

general population and lack of significant adverse effects when used appropriately [115; 116]. 

Benefits of NSAIDs come in the form of their ease of access, ease of use through oral dosing, and 

generally favorable pharmacokinetics but also come with drawbacks that arise with chronic use 

(e.g. gastric ulcers, stroke, interactions with other drugs, etc.) that make them unsuitable for 

treating chronic pain [117; 118]. COX-1 is generally viewed as being involved in the more 

protective applications of PG synthesis like gastrointestinal mucus production whereas COX-2 is 

implicated more in inflammatory processes, but the non-selective nature of some NSAIDs 

combined with extended use can lead to harmful side effects [111; 112; 119; 120]. 

 Other readily available options for pain management include local anesthetic drugs such as 

lidocaine and benzocaine with topical delivery methods (i.e., patches, creams, sprays, etc.) while 

also used in higher doses for clinical procedures and minor surgeries. Pharmacologically, local 

anesthetics block Na+ channels on neurons and prevent the propagation of action potentials [121]. 
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This interaction is reversible and short-lived, however, and their topical application limits their use 

to superficial areas making their use in chronic pain management unfeasible. 

 

1.4.5: Limitations of the Current Pharmacotherapies for Pain 

 All of the above drug classes have demonstrated effectiveness in producing analgesia in 

patients; however, they all present significant drawbacks such that the need for identifying novel 

drug targets for pain management remains. As described above, long-term opioid use presents a 

significant risk of tolerance which impairs their analgesic capacity. Furthermore, chronic opioid 

use in patients with polyneuropathies has been correlated with reports of pain beyond the 

prescription course suggesting their ineffectiveness long-term along with comorbidities such as 

depression and chemical dependence [122; 123]. Cannabinoids show significant efficacy in pain 

relief, but the nature of the endocannabinoid system and common modes of cannabis consumption 

present deleterious side effects as well. THC and CBD are known to have highly undesirable 

psychoactive side effects that can impair daily functioning and complicate long-term applications 

of medicinal cannabis as they introduces risks in the form of impairments to motor and executive 

function [86; 124]. Chronic cannabis use has also been linked to the development of respiratory or 

vascular conditions (e.g., bronchitis, myocardial infarction, stroke, etc.) [125; 126]. Drugs 

targeting the serotonergic system such as SSRIs and anticonvulsants like gabapentinoids have 

proven analgesic capacities in the clinic, but clinical meta-analyses suggest that they may not be 

viable for most patients as demonstrated by high numbers needed to treat (NNT) [100; 105]. On 

the contrary, TCAs are highly efficacious with low NNTs, but targeting 5-HT neurotransmission 

can lead to undesirable side effects (e.g., dizziness, constipation) and increased overdose risk  [100; 
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127]. Lastly, analgesia from OTC NSAIDs is often viable in acute settings, but their nature of 

targeting inflammatory pathways specifically makes them ineffective at treating conditions lacking 

a significant inflammatory component while also increasing risks in adverse events in patients with 

pre-existing gastrointestinal or cardiovascular issues [128]. 

 

1.5: Orphan GPCRs and Their Potential as Drug Targets 

The human genome contains over 800 GPCRs [129]. Of the non-olfactory GPCRs, 100 – 

140 have been studied and confirmed as drug targets, including the opioid, cannabinoid, and 

serotonin receptors described thus far [130; 131]. There remains significant unexplored space 

within the human GPCRome, however, as it is estimated that approximately 30% of non-olfactory 

GPCRs are still classified as orphan receptors – receptors with no known ligands and/or biological 

functions [130-132]. Consequently, orphan GPCRs (oGPCRs) are highly attractive for identifying 

new druggable targets to a young and ambitious – though some might say foolish – scientist but 

also for the novelty of uncovering previously unknown insights into human biology. 

 Many oGPCRs have been studied or are actively being studied for potential treatment or 

implication in a variety of neurological disease states. For instance, the oGPCRs GPR3, GPR50, 

GPR55, and GPR84 have all been linked as potential targets for Alzheimer’s disease, a notoriously 

difficult disease state to study with no known cure, based on factors such as changes in expression 

levels and patterns in the disease state, relationships to other receptor targets, and/or reported 

changes in pathology in response to oGPCR activity [132-136]. Some oGPCRs have been 

considered key regulators of neurodevelopment such as GPR37 and GPR85 along with 
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associations to Parkinson’s disease and schizophrenia [137; 138]. GPR55 has also been tied to 

drug-seeking behavior, Parkinson’s, neuroinflammation, and the endocannabinoid system [133; 

139-142]. An issue remains, however, in that once oGPCRs are implicated in one disease state, 

they are often pursued across other disease states as evidenced by the repetition of some oGPCRs 

listed above across several areas of interest. While this approach is val id considering well-studied 

GPCRs are involved in regulating various functions of the CNS (i.e., the opioid, endocannabinoid, 

and serotonergic systems), a lot of ground still remains to be uncovered in studying oGPCRs. 

Broader transcriptomic and phylogenetic analyses are also commonplace in the oGPCR space as 

researchers try to generate hypotheses on potential functions based on expression mapping in the 

brain or structural relationships with other receptor families [143-146]. 

 While showing promise in multiple disciplines within neuroscience, oGPCRs have been 

investigated in the context of interactions with the opioid system and/or chronic pain states. 

GPR171 has been reported to modulate nociceptors in mouse models of pathological pain which 

has been corroborated by other groups, albeit with the caveat of potential sex differences [147-

149]. This same receptor is also described as antinociceptive via interplay with the opioid system 

without augmenting the harmful side effects of opioid drugs like morphine [150]. By contrast, 

some evidence of downstream signaling of GPR88 counteracting opioid receptors amongst others 

in the striatum has also been published [151]. GPR160 is speculated to be pronociceptive with its 

knockout resulting in failure to develop mechanical allodynia in a mouse model of neuropathic 

pain [152]. In another case, GPR83 knockdown mitigated the activity of cultured neurons 

stimulated with capsaicin and dampened pathological pain phenotypes in inflammatory and 

neuropathic pain models [153]. Pharmacological targeting of GPR40 by lipid mediators suspected 
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to be analgesic demonstrated effectiveness in generating antinociception in response to a chemical 

insult in mice [154]. In cases of diabetic neuropathy, GPR177 is described as a key contributor 

through its signaling mechanisms increasing activation of key nociceptive signal transducers like 

TPRV1 [155]. Lastly, reported GPR132 mediation of macrophage infiltration of the nervous 

system in response to injury may provide insights into the intersection between the peripheral 

immune system and the propagation of neuropathic pain states [156]. Considering the above 

findings, it is evident that oGPCRs offer several candidates for targeting numerous diseases and 

conditions of the nervous system including chronic pain. Beyond their therapeutic potential, they 

also present abundant opportunity for basic discovery and developing a better understanding of the 

machinations of the CNS. 

 

1.6: Significance and Goals 

In summary, chronic pain is a significant medical stressor within the US and on a 

worldwide scale. The nociceptive pathways responsible for pain sensation and perception along 

with the available pharmacological targets for pain management have been extensively studied, 

but many of the options available to patients today lack long-term efficacy, reduce quality of life 

in other aspects, or a combination of both. As such, it is critical to continue research efforts to 

identify new drug targets and gain new insights into the underpinnings of pathological pain states 

to develop more appropriate pharmacotherapies. Orphan GPCRs remain an untapped resource of 

potential pharmacological targets that are attractively situated for novel drug discovery and 

biomedical research efforts. 
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 Overall goals of this work: This work presents a behavioral screen of four oGPCRs – 

GPR63, GPR141, GPR150, and GPR153 – to identify if any are suitable candidates for drug 

discovery in nociceptive and pathological pain states using mouse models and the application of 

opioid drugs. After identifying promising candidates for further investigation, efforts to determine 

how these receptors influence pathological pain and their role in the current understanding of the 

neurobiology of pain will be made. Ultimately, the data presented here is intended to provide a 

framework for long-term study of highly novel and understudied oGPCRs and their evaluation as 

potential drug targets for pharmacological pain management. 
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Chapter 2: A Behavioral Screen of Four Orphan GPCRs in 

the Mouse Spinal Cord in the Context of Pain and Opioid-

Induced Antinociception 
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2.1: Introduction 

Effective treatments for chronic pain are a critical, unmet need as chronic pain is estimated 

to affect 1 in 5 adults worldwide [157]. The International Association for the Study of Pain has 

defined chronic pain broadly as pain that persists for at least three months; thus, the etiologies that 

contribute to chronic pain can vary widely [158]. The biological mechanisms underlying chronic 

pain are not fully understood, complicating the issue of developing therapies for pain management. 

Pharmacotherapies designed for the management of chronic pain are currently dominated by 

opioid drugs thanks to their high efficacy in providing pain relief. While they are valuable 

analgesics in scenarios of acute pain, their value in the context of chronic pain is highly contested 

due to their abuse liability and side effects like tolerance, leading to loss of long-term effectiveness 

and eventual overdose and death in some patients[159]. These drawbacks are exacerbated by other 

side effects that decrease patient quality of life (e.g., drowsiness, constipation, nausea). Thus, pain 

research has shifted in the direction of alternative pharmacological targets for the treatment of 

chronic pain to avoid the adverse effects of opioids. 

A significant proportion (approximately 35%) of clinical drugs, including opioids, are 

designed to target GPCRs, and GPCRs continue to be extensively studied for drug discovery 

purposes today [130; 160; 161]. Presently there are many GPCRs classified as orphan receptors – 

receptors of which the endogenous ligands are unknown and specific functions are unclear  [131]. 

Several oGPCRs are known to be expressed throughout the CNS [143; 162]. Furthermore, some 

have been implicated in the transmission or modulation of pain [147; 162]. Consequently, the lack 

of knowledge regarding these GPCRs and their potential as novel targets for analgesic drugs makes 

them attractive for pharmacological investigation. Additionally, there has been recent success in 



45 

 

targeting oGPCRs with novel ligands to enhance morphine-induced analgesia and potentially 

reduce opioid dosage or replace opioids altogether, further exemplifying their potential as 

analgesic drug targets [148; 150]. 

The goal of this work is to identify new oGPCRs that modulate pain or the endogenous 

opioid system and determine their roles in the underlying pain neurocircuitry. In an effort to 

maximize the novelty of our effort, four oGPCRs with little to no publication record and relevant 

expression in the CNS were chosen for investigation – GPR63, GPR141, GPR150, and GPR153. 

While expression in the CNS has been confirmed for all targets by RNASeq using human tissue 

and is comparable to μ-opioid receptor expression as a reference point, their endogenous ligands 

and functions are essentially unknown [163]. Previous investigation of GPR63 reported 

sphingosine-1-phosphate (S1P) and dioleoeylphosphatidic acid as potential low affinity agonists 

[164]. S1P signaling is currently being investigated as a non-opioid target for pain therapeutics 

because of its role in neuroinflammation that contributes to the precipitation of chronic pain [165]. 

The role of S1P in neuroinflammation is heavily mediated by astrocytes and microglia where its 

receptors are highly expressed, and previous expression mapping of oGPCRs in the mouse brain 

indicates that GPR63 may be expressed in astrocytes [143; 165]. These findings suggest that 

GPR63 holds a similar role in cellular signaling pertaining to neuroinflammation and/or central 

sensitization that contributes to chronic pain. Other reports suggest that GPR63 is important for 

neurodevelopment as well, but this dataset is limited [166; 167].  

GPR141 is another receptor potentially implicated in neurodevelopment as it is 

dysregulated in cells with mutated Ras/MAPK signaling – a pathway responsible for regulating 

cell growth and maturation [168]. Phylogenetic analysis examining structural and sequence 
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homology of GPR141 suggests N-arachidonoyl glycine (NAGly) as an endogenous ligand based 

on the receptor’s similarity to GPR18, of which NAGly is a verified ligand [144; 169]. Previous 

work implicates NAGly as having analgesic properties in a neuropathic pain model when applied 

to the spinal cord via intrathecal injection [170]. Considering these findings, GPR141 may also be 

involved in the neurocircuitry that underlies pain.  

GPR150 is a very poorly characterized GPCR with potential sequence and structural 

homology to receptors sensitive to gonadotropin-releasing hormone [144]. This may suggest that 

GPR150 is involved in regulating the HPA axis, a biological system which potentially plays a role 

in the transition from acute to chronic pain states [171]. Contradictory RNASeq data regarding the 

presence of GPR150 expression in the nervous system makes this receptor’s role difficult to 

hypothesize, however [143; 163].  

Lastly, GPR153 has been characterized to be phylogenetically similar to the β2 adrenergic 

receptor and various serotonin receptors [144]. It has also been reported to be expressed throughout 

the cortex and thalamus as well as microglia in the mouse brain [143; 172]. Other groups have 

linked GPR153 to the regulation of luteinizing hormone and follicle stimulating hormone release 

in the bovine anterior pituitary, showed co-expression with the gonadotropin releasing hormone 

receptor in the cell membrane, and reported changes in expression levels throughout different 

phases of the estrous cycle [173-175]. None of these findings provide any concrete mechanistic 

insight into the regulatory functions of GPR153. Changes in GPR153 expression in the kidney 

were also reported in a rat model of diabetic nephropathy [176]. 

The current body of literature provides evidence that all targets of interest are expressed in 

the CNS and have some links to regulatory function of the nervous system. No information is 
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presented, however, providing a meaningful link between any target oGPCR and the regulation of 

pain or the endogenous opioid system. In this chapter, we have performed a set of behavioral 

screening experiments with the intent of linking any of our target receptors to the modulation of 

opioid-induced antinociception and/or pathological pain. 

 

2.2: Materials and Methods 

Drugs 

Morphine sulfate pentahydrate was obtained through the National Institute on Drug Abuse Drug 

Supply Program and distributed through the Research Triangle Institute. Paclitaxel (Cat. No. 

AAJ6273403, Lot Q25K025) was purchased from Fisher Scientific (Waltham, MA). Gentamicin 

sulfate (Cat. No. 1098195) was purchased from Henry Schein (Melville, NY). Morphine and 

paclitaxel were crystalline white solids and stored by manufacturer’s recommendations (morphine 

at 20-25°C; paclitaxel at -20°C). Gentamicin was received in 2 mL vials at a concentration of 40 

mg/mL in USP Saline. Morphine was prepared fresh for every experiment in USP Saline. 

Paclitaxel was prepared as a stock solution in a 1:1 mixture of Kolliphor EL (Fisher Scientific, 

Cat. No. 50-165-7076) and absolute ethanol (Fisher Scientific, Cat. No. BP28184) and stored at    

-20°C. Gentamicin was prepared as a stock solution in USP Saline and stored at -20°C. 

 

Animals 

Male and female CD-1 mice aged 5-8 weeks from Charles River Laboratories (Wilmington, MA) 

were used for all experiments. CD-1 [(also known as Institute for Cancer Research (ICR)] mice 
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are commonly used in opioid research and in our previous work as an outbred mouse strain with 

strong responses to opioid drugs [15-18]. Male and female mice were used in approximately equal 

numbers for all behavioral experiments. No sex differences were observed in behavioral 

experiments; thus, all data shown for behavioral experiments was pooled from male and female 

cohorts. Mice were housed in an Association for Assessment and Accreditation of Laboratory 

Animal Care (AAALAC) – accredited vivarium at the University of Arizona where they were 

acclimated for at least five days after shipment before being used for experiments. Twelve-hour 

light and dark cycles were maintained with food (standard chow) and water available ad libitum. 

Mice were housed with no more than five per cage. Animal monitoring was provided daily, 

including after surgical procedures, by trained veterinary staff. All experiments were performed in 

accordance with Institutional Animal Care and Use (IACUC) – approved protocols at the 

University of Arizona and the National Institutes of Health (NIH) Guide for the Care and Use of 

Laboratory Animals. 

 

CRISPR and siRNA Knockdown 

All-in-one predesigned CRISPR constructs containing sgRNA and Cas9 expression 

cassettes were obtained from Genecopoeia (Rockville, MD) (Fig. 2.1). Knockdown constructs 

were designed to target mouse Gpr63 (Cat. No. MCP236602-CG12-3-B), mouse Gpr141 (Cat. 

No. MCP300299-CG12-3-B), mouse Gpr150 (Cat. No. MCP241327-CG12-3-B), or mouse 

Gpr153 (#MCP242236-CG12-3-B) genes. As a negative control (NC), a universal vector 

containing all the same elements as the above constructs and a nontargeting sgRNA was used. All 

constructs arrived in the form of transformed bacterial stabs. Bacterial stocks were prepared by 



49 

 

streaking the initial stabs on LB agar/ampicillin (50 μg/mL, 37°C) plates, culturing single colonies 

in LB broth with ampicillin (37°C, shaking), and preparing frozen stocks in 1:1 broth:glycerol 

solution, stored at -80°C. Bacteria stocks were recovered from frozen stocks by scraping the top 

of the frozen stock and incubating in 200 μL of S.O.C. Medium (Fisher Scientific, Cat. No. 15-

544-034) for at least 5 hours but no more than 24 hours in an incubated shaker at 37°C. S.O.C. 

Medium containing propagated bacteria was plated on sterilized LB Agar (Fisher Scientific, Cat. 

No. BP9724-500) containing 50 μg/mL ampicillin (Fisher Scientific, Cat. No. BP1760-25) and 

incubated overnight at 37°C. Single colonies of plated bacteria were isolated and added to 

individual flasks containing 200 mL of sterilized LB Broth (Fisher Scientific, Cat. No. BP1426-

500) with ampicillin and incubated overnight in an incubated shaker at 37°C. DNA plasmids 

containing CRISPR constructs were then isolated using EndoFree® Plasmid Maxi Kits (Qiagen, 

Cat. No. 12362) following the manufacturer’s protocol.  

All constructs were administered at a dose of 1 μg DNA in a 5 μL volume (0.2 μg/μL) with 

GenJet In Vivo Transfection Reagent (SignaGen Laboratories, Cat. No. SL100500) according to 

the manufacturer’s protocol. In brief, 20 μg of DNA (volume dependent on concentration of 

CRISPR construct DNA stock) was combined with 30 μL of 10% glucose in water and diluted to 

a total volume of 50μL with nuclease-free water (Fisher Scientific, Cat. No. PR-P1193). 

Separately, 30 μL of GenJet In Vivo Transfection Reagent (1:1.5 ratio of DNA in μg to transfection 

reagent in μL) was combined with 20 μL of 10% glucose in water. The final concentration of the 

combined solution must be 5% glucose. Both solutions were combined, vortexed, and incubated 

for 10 minutes at room temperature then immediately administered to CD-1 mice. Constructs were 

delivered via the intrathecal (IT) route twice daily with at least 2 hours between injections for three 
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consecutive days resulting in a total 6 μg dose. All behavioral experiments or tissue collections 

were conducted on day 10 following the first IT injection. 

 For siRNA knockdowns, targeted siRNA duplex oligonucleotides were designed by 

Integrated DNA Technologies (IDT; Newark, NJ). Custom duplex oligonucleotides were designed 

to target mouse Gpr63 and Gpr153: 

 

Mouse Gpr63, Reference #444983252: (5’-AUU AUU AGU AUC GAU AGG UUU CUG A-3’, 

5’-UCA GAA ACC UAU CGA UAC UAA UAA UGA-3’) 

 

Mouse Gpr153, Reference #444983255: (5’-GUA UUG GAG CGC UCU CUU GAC UAT A-3’, 

5’-UAU AGU CAA GAG AGC GCU CCA AUA CCA-3’) 

 

As a negative control, a duplex oligonucleotide that does not recognize the sequence of any gene 

in the human, rat, or mouse transcriptomes was used (IDT, Cat. No. 51-01-14-03). 

Oligonucleotides arrived as lyophilized solids and were dissolved in nuclease-free water to a 

concentration of 100 μM. The transfection complex for siRNA was mixed in identical fashion to 

that of the CRISPR constructs, ensuring that siRNA and GenJet In Vivo Transfection Reagent are 

mixed in a 1:1.5 ratio alongside a 5% glucose final concentration. The siRNA transfection mixture 

was incubated for 10 minutes at room temperature and administered immediately via the IT route. 

Injections took place twice daily with at least 2 hours between injections for two consecutive days 

to yield a total siRNA dose of 4 μg. All behavioral experiments or tissue collections were 

conducted on Day 4 following the first IT injection. 
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Figure 2.1: Schematic of CRISPR-Cas9 construct used for in vivo CRISPR knockdown. The 

CRISPR construct used in this study for in vivo CRISPR knockdown of oGPCR targets has two 

main components necessary for gene-targeted knockdown. Each construct contained an sgRNA 

targeted to the receptor of interest with its expression driven by a universal U6 promoter. 

Additionally, the expression of the Cas9 protein was driven by a cytomegalovirus (CMV) promoter 

to be expressed in all cell types.  

CMV 
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Behavioral Experiments 

Prior to behavioral experiments, animals were acclimated to the experimental setting (i.e., 

testing room and/or apparatus) for 30-60 minutes before any procedure. Mice were randomly 

block-assigned to treatment group by cage. Behavioral testing took place at the approximate same 

time of day between experiments while minimizing environmental factors (e.g., noise, personnel, 

and scents). Testing apparatuses were cleaned after each use. The experimenter was blinded to 

treatment groups for all behavioral experiments through coded animal cage labels generated by 

another laboratory member; decoding/unblinding occurred only after data collection was complete. 

 

Tail Flick Assay 

Tail flick baselines were determined in a 52°C warm water tail  flick assay with a 10 sec 

cutoff time as in our previous work [15-18]. On Day 10 of the CRISPR treatment timeline 

described above, post-CRISPR tail flick responses were measured followed by subcutaneous (SC) 

injection of 3.2 mg/kg morphine. Following morphine administration, tail flick latencies were 

measured over a two-hour time course. No animals were excluded from these studies.   

For siRNA experiments, on Day 4 the post-siRNA tail flick responses were measured 

followed by SC injection of 3.2 mg/kg morphine. Following morphine administration, tail flick 

latencies were measured over a two-hour time course. No animals were excluded from these 

studies. 
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Chemotherapy-Induced Peripheral Neuropathy and Mechanical Allodynia 

The mice were housed in a homemade apparatus with Plexiglas walls and ceiling and a 

wire mesh floor (3”W x 4”L x 3”H with 0.25” wire mesh). Baseline mechanical thresholds were 

measured manually using calibrated von Frey filaments (Ugo Basile, Varese, Italy) to stimulate 

the left hind paw of each mouse. Mechanical thresholds were calculated using the up-down method 

with four measurements recorded following the first response per mouse on the first day of the 

experimental timeline before any drug treatment [17; 177].  

 For CRISPR experiments, mice were returned to the von Frey apparatus after the final 

injection on Day 3 and allowed to acclimate for 30-60 minutes. Post-CRISPR mechanical 

threshold measurements were recorded. Mice were then administered 2 mg/kg paclitaxel  in a 1:1:4 

mixture of Kolliphor EL, absolute ethanol, and USP Saline via the intraperitoneal (IP) route on 

Days 3, 5, 7, and 9 to induce CIPN. On Day 10, the development of CIPN was confirmed by 

observing a severe reduction (final threshold <0.5 g)  in the mechanical thresholds of each mouse 

compared to pre-CIPN baseline measurements. Mice were then treated with 3.2 mg/kg morphine 

SC and mechanical thresholds were measured over a three-hour time course. 

 For siRNA experiments, mice received 2 mg/kg paclitaxel IP for CIPN induction on Days 

1, 3, 5, and 7. On Days 5 and 6, the mice were injected with siRNA as described above. On Day 

8, the development of CIPN was confirmed by observing a severe reduction (final threshold <0.5 

g) in the mechanical thresholds of each mouse compared to pre-CIPN baseline measurements. 

Mice were then treated with 3.2 mg/kg morphine SC and mechanical thresholds were measured 

over a three-hour time course. 
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Paw Incision Surgery, Mechanical Allodynia, and Recovery 

 The mice were measured for mechanical threshold using von Frey filaments as described 

above. Following baseline measurements, the mice were injected with CRISPR constructs as 

described above. On Day 9, post-CRISPR mechanical threshold measurements were taken. 

Immediately following the post-treatment mechanical threshold measurements, plantar paw 

incision surgery was performed on the left hind paw of each mouse as described in [178]. In brief, 

anesthesia of each mouse was induced with 3-5% isoflurane in room air and reduced to 1-3% for 

maintenance for the duration of the surgery. The left hind paw was sterilized by three repetitions 

of alternating iodine and 70% ethanol in water scrubs with a cotton swab. A 5 mm incision was 

made through the skin and fascia using a No. 11 scalpel beginning just outside of the foot pads of 

the hind paw and extending towards the heel to expose the flexor digitorum brevis muscle. Fine 

tip curved forceps were inserted under the muscle and used to elevate the muscle out of the surgical 

wound. A separate No.11 scalpel was used to create incisions along the longitudinal axis of the 

muscle belly. The muscle was replaced and the wound was sutured using 5-0 vicryl sutures. Mice 

were administered 0.3 mg of gentamicin in USP Saline and 1mL of USP Saline SC and returned 

to their enclosure for post-operative monitoring. The following day (Day 10), mechanical 

allodynia was evaluated by a severe reduction (final threshold < 0.5 g) in mechanical thresholds 

of each mouse compared to pre-surgery baseline measurements. Mice were then treated with 3.2 

mg/kg morphine SC and mechanical thresholds were recorded over a three-hour time course. 

Single time point measurements of recovery from surgery-induced mechanical allodynia in the 

absence of any drug treatment were then recorded on Days 11 and 12. 

 



55 

 

RNAScopeTM Validation of CRISPR Knockdown 

Tissue Collection and Preparation 

In separate cohorts from those used in CRISPR behavioral experiments, CRISPR DNA 

was administered in identical fashion to the behavioral experiments described above. On Day 10 

following the beginning of CRISPR delivery, mice were perfused with chilled phosphate-buffered 

saline (PBS) for 5 minutes followed by chilled 4% paraformaldehyde (PFA) in PBS. Immediately 

after perfusion with PFA, the spinal column was removed from the mouse, and the spinal cord was 

ejected by inserting a syringe containing chilled PBS with a 30G needle into the caudal end of the 

spinal column and applying pressure. Spinal cords were post-fixed in 4% PFA overnight at 4°C. 

Spinal cords were then dehydrated in 15% sucrose in PBS overnight at 4°C followed by 30% 

sucrose in PBS overnight at 4°C. After dehydration, spinal cords were flash frozen in optimal 

cutting temperature compound (OCT) (Fisher Scientific, Cat. No. 23730571)) using liquid 

nitrogen. Tissue was sectioned using an Epredia HM 525 cryostat at a thickness of 15-20 μm and 

dry-mounted directly onto SuperFrost PlusTM slides (Fisher Scientific, Cat. No. 1255015). Slides 

with mounted tissue were left to air dry for at least 2 hours up to overnight at -20°C. 

 

RNAScopeTM In-Situ Hybridization 

 Prepared slides were allowed to equilibrate to room temperature and then washed with PBS 

until the excess OCT compound remaining from the mounting process was removed. Slides were 

baked at 60°C for 30 minutes in a VWR Mini-Incubator (Cat. No. 97025-630) then post-fixed in 

4% PFA for 15 minutes at 4°C. Slides then underwent a dehydration series of 50% ethanol, 70% 

ethanol, and 100% ethanol twice for 5 minutes each at room temperature and then left to air dry. 
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During the dehydration series, 1X Target Retrieval Buffer was prepared by diluting RNAScopeTM 

10X Target Retrieval Buffer (ACDBio, Cat. No. 322001, Lot 201955) with deionized water in a 

beaker. The beaker containing 1X Target Retrieval Buffer and a separate beaker containing 

deionized water were then placed in a Hamilton Beach Digital Steamer and left to warm. After 

drying, tissue sections were treated with RNAScopeTM H2O2
 provided in the RNAScopeTM H2O2 

and Protease Reagents Kit (ACDBio, Cat. No. 322381, Lot 2023923) at room temperature for 15 

minutes and washed in deionized water for 2 minutes. The temperature of the 1X Target Retrieval 

Buffer was measured to ensure it was within 98-102°C. Slides were then acclimated to the high 

temperature in the beaker containing deionized water for 10 seconds before being transferred to 

the Target Retrieval Buffer and incubated for 15 minutes. Slides were washed in deionized water 

at room temperature for 10 seconds followed by incubation in 100% ethanol for 3 minutes and 

then left to air dry. After drying, a hydrophobic barrier was drawn around the tissue sections using 

a Liquid Blocker Super Pap Pen (Electron Microscopy Sciences, Cat. No. 71310) and left to dry 

overnight at room temperature. 

 The following day, the incubator was set to 40°C and humidified by lining the bottom with 

dampened paper towels; paper towels were regularly dampened over the course of tissue treatment 

to maintain humidity in the incubator. Tissue sections were incubated with Protease III provided 

with the RNAScopeTM H2O2 and Protease Reagents Kit for 30 minutes at 40°C and washed in PBS 

for 2 minutes. Meanwhile, RNAScopeTM 50X Wash Buffer (ACDBio, Cat. No. 320058, Lot 

2018155) and RNAScopeTM probes for targets of interest were also incubated at 40°C for 15 

minutes. Probes used for these experiments were designed by ACDBio to target mouse Gpr63 

(Mm-Gpr63-C2, Cat. No. 319311-C2) and mouse Gpr153 (Mm-Gpr153-C2, Cat. No. 318101-C2) 
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and provided at 50X concentrations. After incubation, probes and wash buffer were diluted to 1X 

using RNAScopeTM Probe Diluent (ACDBio, Cat. No. 300041, Lot 2024337) and deionized water, 

respectively. Following protease treatment of tissue sections, slides were washed with PBS for 2 

minutes. Target probes were then hybridized with the tissue sections by adding the prepared 1X 

RNAScopeTM probe mixture and incubating at 40°C for 2 hours. After probe hybridization, slides 

were washed with 1X Wash Buffer for 2 minutes twice using fresh wash buffer each time. The 

following signal amplification workflow was performed using reagents from the RNAScopeTM 

Multiplex Fluorescent Detection Kit (ACDBio, Cat. No. 323110, Lot 2023822) unless specified 

otherwise. Signal amplification took place by treating tissue sections with AMP1, AMP2, and 

AMP3 solutions for 30, 30, and 15 minutes, respectively, at 40°C with two 2-minute washes using 

fresh wash buffer in between each amplification step. Slides were then treated with HRP-C2 for 

15 minutes at 40°C followed by two 2-minute washes using fresh wash buffer. The fluorescent 

signal was developed by treating tissue sections with a 1:250 dilution of Opal 620 (Akoya 

Biosciences, Cat. No. FP1495001KT, Lot 240619012) in RNAScopeTM LS Multiplex TSA Buffer 

(ACDBio, Cat. No. 322810, 2019101) for 30 minutes at 40°C then washed with fresh wash buffer 

for 2 minutes twice. Tissue sections were then treated with HRP Blocker for 15 minutes and 

washed for  2 minutes twice with fresh wash buffer. Finally, tissue sections were stained with 

DAPI for 30 seconds and then immediately mounted using Fluoromount-GTM (Invitrogen, Cat. 

No. 00-4958-02, Lot E142722) with a No. 1 24X50 mm coverslip (Fisher Scientific, Cat. No. 

12541042, Lot 23349) and sealed with clear nail polish (Ted Pella, Inc., Cat. No. 114-7). Fully 

prepared slides were stored in the dark at 4°C until ready for imaging. 
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Image Acquisition and Analysis 

RNAScopeTM slides were imaged on an Olympus Fluoview 1200 laser scanning confocal 

microscope in the University of Arizona Department of Pharmacology. Images of the spinal dorsal 

horn were acquired using 20x objectives with filter cube configurations to allow imaging of DAPI, 

FITC (Opal 520), and Texas Red (Opal 620) emission spectra. Confocal settings were constrained 

to the following parameters for all channels: HV ≤ 750, Gain ≤ 5, Offset ≤ 50. Image analysis was 

performed using QuPath software [179]. Regions of interest (ROIs) were drawn around the 

superficial lamina of the spinal dorsal horn and cell segmentation was performed by the software 

using the DAPI channel to identify individual nuclei. Cell boundaries were automatically drawn 

by the software using a set cell diameter of 10 μm. QuPath software was then trained to count cells 

that expressed the GPR target of interest based on signal intensity within the cell boundaries. Cell 

counts were normalized by recording them as a proportion of the total cell count of the image. A 

minimum of three technical replicates were obtained for each biological replicate. 

 

RT-qPCR Validation of siRNA Knockdown 

Tissue Collection  

In separate cohorts from the siRNA behavioral experiments described above, whole spinal 

cord tissue for biochemical analysis was collected on Day 4 following the first IT injection. Mice 

were anesthetized using 5% isoflurane in room air and euthanized by manual cervical dislocation. 

The spinal column was removed from the mouse and the spinal cord was ejected by inserting a 

syringe containing chilled PBS with a 30G needle into the caudal end of the spinal column and 
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applying pressure. Spinal cords were then immediately flash frozen using liquid nitrogen and 

stored at -80°C until the experimenter was prepared to perform the RNA isolation.  

 

RNA Isolation 

 Spinal cord tissue samples were thawed on ice then homogenized manually with 1 mL of 

TRIzol reagent (Invitrogen, Cat. No. 15596018, Lot 563710) in a Dounce homogenizer. Tissue 

homogenates were then transferred to 1.5 mL Eppendorf tubes and incubated on ice for at least 5 

minutes or overnight at 4°C. Tissue homogenates were then combined with 200 μL of chloroform, 

mixed by shaking, and then incubated on ice for 3 minutes. Samples were centrifuged for 15 

minutes at 12,000g at 4°C. The upper aqueous layer was carefully transferred to a separate 1.5 mL 

Eppendorf tube using a micropipette and the remaining layers were discarded. The aqueous layer 

was then combined with 500 μL of isopropanol and incubated for 30 minutes at 4°C. This mixture 

was then centrifuged for 10 minutes at 12,000g at 4°C to yield a white RNA pellet. RNA pellets 

were isolated by carefully aspirating the supernatant and resuspended in 1mL of 75% ethanol in 

nuclease-free water. The resuspended pellet was then centrifuged for 5 minutes at 7,500g at 4°C, 

the supernatant was carefully aspirated again, and the pellet was air dried for 10 minutes. After 

drying, the RNA pellet was dissolved in 50 μL of nuclease-free water and incubated in a heating 

block at 55-60°C for 15 minutes. RNA concentration and quality was assessed using a 

NanoDropND-1000 spectrophotometer (NanoDrop Technologies) and stored at -80°C until the 

experimenter was prepared for the reverse transcription reaction. 
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Reverse Transcription Reaction for cDNA Generation 

RNA samples and the High Capacity RNA-to-cDNATM Kit (Applied Biosystems, Cat. No. 

4387406, Lot 2945899) were thawed on ice. The reverse transcription reaction mixture for each 

sample was composed of the following: 10 μL of 2X RT Buffer Mix, 1 μL of 20X RT Enzyme 

Mix, 1 μg of RNA (volume calculated based on sample concentration), and nuclease-free water in 

a quantity sufficient to dilute the total volume to 20 μL. Reverse transcription was performed using 

a BioRad C1000 Touch Thermal Cycler using the following parameters: 37°C for 60 minutes, 

95°C for 5 minutes, 4°C for at least 10 minutes. Following the final 4°C cooling step, samples 

were removed from the thermal cycler and stored at 4°C or -20°C long term until the experimenter 

was prepared for real-time quantitative PCR analysis. 

 

Real-Time Quantitative PCR and Quantification 

 Real-time quantitative PCR was performed using a 96-well plate with each well containing 

a mixture of the following components: 0.3 μL of the target forward primer, 0.3μL of the target 

reverse primer, 1 μL of cDNA, 10.9 μL of nuclease-free water, and 12.5 μL of PowerUpTM 

SYBRTM Green Master Mix (Applied Biosystems, Cat. No. A25742, Lot 3089500). Each reaction 

was run in triplicate on a BioRad C1000 Touch Thermal Cycler using the following parameters: 

95°C for 10 minutes followed by 45 cycles of i) 95°C for 15 seconds, ii) 60°C for 1 minute 

followed by a final step at 72°C for 10 minutes. Relative RNA abundance was calculated by 

1/2^cycDiff of the GPR target of interest compared to internal GAPDH control and normalized to 

the NC siRNA treated control group from the same plate. Custom forward and reverse primers for 

mouse Gpr63 and Gpr153 were created by Integrated DNA Technologies (sequence information 
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below). GAPDH primers were also obtained from IDT; sequence information for these can be 

found in [180]. 

 

Primers 

Mouse Gpr63 Forward, Reference #460670820: (5’ – TGG CTA CTC TGG CTC TGC TA – 3’) 

Mouse Gpr153 Reverse Reference #460670821: (5’ – CGA TGT TCC CCA CAC ACG TA – 3’) 

Mouse Gpr153 Forward Reference #460670822: (5’ – GCA GCA TTA GCA GCT TTC TGA – 

3’) 

Mouse Gpr153 Reverse Reference #460670823: (5’ – TCC ACC ATC CAT TCA CCC CT – 3’) 

 

Statistical Analysis 

All data were reported as the mean ± SEM. RT-qPCR data was normalized to an internal 

GAPDH control and RNAScopeTM cell counts were normalized to the total cell counts (as 

determined from DAPI stain) from their respective ROIs. Behavioral data were reported raw with 

no maximum possible effect or other normalization applied. Statistical comparisons between 

groups were performed by Student’s t-test (unpaired, two-tailed) for RNAScopeTM and RT-qPCR 

experiments or two-way analysis of variance (ANOVA) with Šídák’s post hoc test for behavioral 

experiments. In all cases, statistical significance was defined as p < 0.05. All graphing and 

statistical analyses were performed using GraphPad Prism 9 software (San Diego, CA). 
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2.3: Results 

2.3.1: CRISPR Knockdown of All Orphan GPCR Candidates Has no Effect on Acute Thermal 

Nociception or Opioid-Induced Antinociception In Vivo 

 To our current knowledge, none of the targets chosen for this study have been investigated 

in the context of nociception or interactions with opioid-induced analgesia, thus making this 

endeavor a venture into uncharted territory. From an exploratory scientific perspective, this 

paradoxically presents both significant freedoms and severe limitations in how we can initiate 

experiments with these targets. It is especially challenging to develop informed hypotheses about 

the functions of our targets given the general lack of relevant literature available. Our lab is well 

equipped and has established an extensive record in investigating novel analgesic drug targets 

through behavioral assays in mice [15-18]. This experience allowed for speculation of multiple 

potential outcomes: (1) knockdown of our targets could have direct effects on nociception, either 

increasing or decreasing baseline pain-like responses, and/or (2) knockdown of our targets could 

have positive or negative effects on opioid-induced antinociception. Having multiple targets also 

introduced the possibility of opposing results that could lead to more developed hypotheses 

regarding each receptor’s possible function in the spinal cord. The spinal cord is of particular 

interest in this work and our lab broadly as it is the first processing center of nociceptive inputs in 

the CNS as demonstrated by the neurocircuitry of pain and the mechanisms of action of current 

pharmacotherapies introduced in Chapter 1. Nonetheless, we began with the simplest and most 

common behavioral assay at our disposal: the hot water tail flick.  
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We performed CRISPR knockdowns of all oGPCR targets within the mouse spinal cord 

along with age-matched negative controls (NC) and found that there was no significant effect of 

any knockdown on tail flick latencies compared to the NC groups in the absence of a 3.2 mg/kg 

screening dose of morphine (Fig. 2.2). Furthermore, no oGPCR knockdown altered the response 

to morphine over a two-hour time course (Fig. 2.2). These findings could be interpreted as none 

of our targets having impacts on acute nociceptive pain states. This outcome may be favorable 

since as described in Chapter 1 acute pain is not a negative outcome that needs to be mitigated 

but rather necessary for survival. Furthermore, the use of opioids for the treatment of acute 

nociceptive pain states is generally unnecessary. This also comes with the caveat that the tail f lick 

assay is only evaluating the thermal modality of pain whereas mechanical nociception must be 

addressed using other models. 
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Figure 2.2: CRISPR knockdown of target oGPCRs does not affect thermal nociception or 

opioid-induced antinociception in a mouse model of acute nociceptive pain. Male and female 

CD-1 mice received CRISPR knockdown of a single target oGPCR (A) GPR63, (B) GPR141, (C) 

GPR150, or (D) GPR153 or a negative control (NC) CRISPR construct in the spinal cord via IT 

injection as described in the Methods. Pre-CRISPR baseline tail flick latencies were measured 
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immediately prior to the first IT injection, and post-CRISPR baseline tail flick latencies were 

measured on Day 10 following the first IT injection (52°C, 10 sec cutoff). Animals were then 

administered a 3.2 mg/kg screening dose of morphine SC and tail flick latencies were assessed 

over a two-hour time course. There was no statistically significant difference between the oGPCR 

knockdown treated groups compared to the matched NC treated groups by two-way ANOVA with 

Šídák’s post hoc test. Data reported as mean ± SEM.  
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2.3.2: CRISPR Knockdown of GPR63 and GPR153 Ablates Opioid-Induced Antinociception in a 

Mouse Model of CIPN-Induced Mechanical Allodynia While Having no Impact on Baseline 

Mechanical Nociception 

Having found no effect of CRISPR knockdown of the four candidate oGPCRs in acute 

thermal nociception, the next most common pain model established in our lab is CIPN-induced 

mechanical allodynia. Paclitaxel is a chemotherapy drug commonly used clinically for the 

treatment of various cancer types [181; 182]. Like many other chemotherapy drugs, reports of 

numbness or tingling in the extremities is often reported by cancer patients undergoing 

chemotherapy with paclitaxel as a side effect. This outcome results from paclitaxel -induced 

neurotoxicity by a mechanism of action in stabilizing microtubules to mitigate cancer cell 

proliferation, which also contributes to axonal degeneration of peripheral neurons that require 

microtubule dynamics for maintenance [28]. 

In identical fashion to the previous tail flick experiments, spinal cord CRISPR knockdown 

of all four oGPCR targets was performed along with age-matched cohorts of NC treated mice for 

each group and CIPN induced using 2 mg/kg paclitaxel as in our previous work [17; 95]. We 

observed that knockdowns of both GPR63 and GPR153 both completely ablated the 

antinociceptive effects of the 3.2 mg/kg morphine used to treat the paclitaxel-induced mechanical 

allodynia whereas GPR141 and GPR150 knockdown mice demonstrated responses to morphine 

comparable to their NC counterparts (Fig. 2.3). This result is the first implicating GPR63 and 

GPR153 as potential modulators of the development of pathological pain states and/or opioid-

induced antinociception in a pathological pain state. This result led to the development of two 

potential hypotheses regarding how this effect is mediated biologically: (1) the removal of GPR63 
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and GPR153 dysregulates opioid-induced antinociception by some interaction with the nociceptive 

circuit that results in the administered dose being ineffective or (2) the removal of GPR63 and 

GPR153 worsens the underlying pathology of CIPN-induced mechanical allodynia to a degree 

such that it renders the administered dose ineffective. Furthermore, it was noted that there was a 

significant reduction in mechanical threshold in GPR153 CRISPR treated mice when comparing 

the pre- and post-CRISPR baseline measurements before CIPN was induced, and this may also 

implicate GPR153 in acute mechanical nociception (Fig. 2.3D).  

To address the secondary observation of the GPR153 CRISPR dataset in Figure 2.3D and 

the latter of the two hypotheses generated by our original results, a modified von Frey experiment 

was performed. CRISPR knockdown of GPR63 and GPR153 and CIPN induction were all 

performed identically to the experiments described in Figure 2.3, but mice were stimulated 

repeatedly with the same von Frey filament (0.4 g) for a total of ten trials at the pre- and post-

CRISPR and post-CIPN time points to measure response frequency rather than using a full 

calibrated set of filaments to measure mechanical thresholds. This approach offers higher 

sensitivity to detect changes in nociceptive baselines. By this method, we observed that 

knockdown of neither target oGPCR had any impact on response frequency between the pre- and 

post-CRISPR time points, suggesting that there is no direct effect on acute mechanical nociception 

(Fig. 2.4). We also found that CRISPR knockdown of both targets had no effect on the severity of 

CIPN-induced mechanical allodynia resulting in failure to support hypothesis (2) thus far (Fig. 

2.4).  

The incredibly novel nature of the findings presented in Figure 2.3 also demonstrated the 

need for thorough validation to minimize the possibility that off-target effects caused by CRISPR 
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knockdown of GPR63 and GPR153 were responsible for the behavioral outcomes we observed. A 

different knockdown approach utilizing siRNA targeting GPR63 and GPR153 was performed 

alongside a similar CIPN induction time course to replicate the behavioral resul ts of Figure 2.3A 

and 2.3D. This approach targets these oGPCRs after transcription rather than directly modifying 

the genome, and is thus unlikely to share off-target interactions with our CRISPR approach. 

Fortunately, we observed that siRNA knockdown of both GPR63 and GPR153 also ablated opioid-

induced antinociception in a CIPN mouse model (Fig. 2.5A, 2.5C) and confirmed our previous 

findings. This method of receptor knockdown was further validated by RT-qPCR using spinal cord 

tissue collected from behavioral testing subjects which demonstrated approximately 50% 

knockdown efficiency (Fig. 2.5B, 2.5D). The specificity of our CRISPR construct was also 

evaluated visually using RNAScopeTM in situ hybridization targeting GPR63 and GPR153 mRNA 

transcripts in the spinal dorsal horn (Fig. 2.6). By this method, our CRISPR delivery demonstrated 

high efficacy in reducing GPR63 and GPR153 mRNA expression compared to NC CRISPR treated 

mice (Fig. 2.6B, 2.6D). These validated experiments thus strongly support a specific role for 

GPR63 and GPR153 in regulating opioid antinociception during pathological pain. 

Thus far, the combination of behavioral results across the tail flick and CIPN von Frey 

assays followed by validation of our CRISPR methods justified continuation of the behavioral 

screen for GPR63 and GPR153 only. This decision allowed for a more focused approach in 

exploring the mechanism of action of GPR63/153 during pathological pain in further studies.  
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Figure 2.3: CRISPR knockdown of GPR63 and GPR153 completely ablates opioid-induced 

antinociception in a mouse model of CIPN. Male and female CD-1 mice received CRISPR 

knockdown of a single target oGPCR (A) GPR63, (B) GPR141, (C) GPR150, or (D) GPR153 or 

a negative control (NC) CRISPR construct in the spinal cord via IT injection as described in the 

Methods. Pre-CRISPR mechanical threshold baselines were measured using calibrated von Frey 
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filaments immediately prior to the first IT injection, and post-CRISPR mechanical thresholds were 

measured after the final IT injection after animals were allowed to reacclimate to the von Frey 

testing apparatus. Immediately following the post-CRISPR baseline measurement, mice received 

2 mg/kg paclitaxel IP on Days 3, 5, 7, and 9. On Day 10, the development of mechanical allodynia 

by CIPN was confirmed by a dramatic decrease in mechanical threshold. Mice were treated with 

3.2 mg/kg morphine SC and mechanical thresholds were evaluated over a three-hour time course. 

Data reported as mean ± SEM. ****p < 0.0001 vs. NC CRISPR group at the same time point by 

repeated measures two-way ANOVA with Šídák’s post hoc test. #p < 0.05 vs. Pre-CRISPR BL 

within group. CRISPR knockdown of (A) GPR63 and (D) GPR153 abolished the antinociceptive 

effects of morphine in this model and knockdown of (D) GPR153 alone produced a statistically 

significant reduction in mechanical threshold after CRISPR administration but before induction of 

CIPN, potentially linking it to baseline mechanical nociception as well.  
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Figure 2.4: CRISPR knockdown of GPR63 and GPR153 does not affect baseline mechanical 

nociception or the severity of mechanical allodynia in a mouse model of CIPN. Male and 

female CD-1 mice received CRISPR knockdown of a single target oGPCR (A) GPR63 or (B) 

GPR153 or a negative control (NC) CRISPR construct in the spinal cord via IT injection as 

described in the Methods. A modified von Frey protocol was used in which the left hind paw of 

the mouse was stimulated using the same filament (0.4 g) ten times. Responses were recorded as 

a percentage out of the ten total trials. Pre-CRISPR baseline measurements were taken prior to the 

first IT injection on Day 1 and post-CRISPR baseline measurements were taken after the final IT 

injection and allowing mice to reacclimate to the von Frey apparatus on Day 3. Neither knockdown 

of (A) GPR63 or (B) GPR153 had a significant effect on acute mechanical nociception. CIPN was 

then induced by administering 2 mg/kg paclitaxel IP on Days 3, 5, 7, and 9. Development of 

mechanical allodynia by CIPN was demonstrated by an overall increase in response frequency in 

proportion to the total stimulus count, but knockdown of neither (A) GPR63 or (B) GPR153 had 

any effect on the severity of mechanical allodynia. Data reported as mean ± SEM with individual 
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data points. All data was analyzed by repeated measures two-way ANOVA (p > 0.05). Open 

symbols represent female mice and closed symbols represent male mice. 
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Figure 2.5: Validation of GPR63 and GPR153 CRISPR results by siRNA knockdown in a 

mouse model of CIPN. Baseline mechanical thresholds in male and female CD-1 mice were 

measured using a set of calibrated von Frey filaments. CIPN was then induced by administering 2 

mg/kg paclitaxel on Days 1, 3, 5, and 7. On Days 5 and 6, mice were injected with 1 μg of siRNA 

targeting either (A) GPR63 or (C) GPR153 or a negative control (NC) siRNA that had no gene 

target. The development of mechanical allodynia by CIPN was confirmed by measuring 
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mechanical thresholds on Day 8. Mice were then treated with a 3.2 mg/kg screening dose of 

morphine and mechanical thresholds were assessed over a three-hour time course. Knockdown of 

both (A) GPR63 and (C) GPR153 by siRNA yielded the same behavioral results observed in 

Figure 5 thus validating our CRISPR knockdown. The effectiveness of the siRNA knockdown for 

GPR63 and GPR153 was evaluated by RT-qPCR in (B) and (D), respectively, indicating a ~50% 

knockdown efficiency. Data reported as mean ± SEM. Behavioral data were analyzed by repeated 

measures two-way ANOVA with Šídák’s post hoc test. *,****p < 0.05, 0.0001 vs same time point 

siRNA group. RT-qPCR data was analyzed by an unpaired 2-tailed Student’s t-test. ***p < 0.01, 

0.001. Open symbols represent female mice and closed symbols represent male mice. 
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Figure 2.6: RNAScope validation of CRISPR Knockdown of GPR63 and GPR153 in the 

mouse spinal dorsal horn. Female CD-1 mice received CRISPR knockdown of a single target 

oGPCR (A) GPR63 or (C) GPR153 or a negative control (NC) CRISPR construct in matching 

cohorts in the spinal cord via IT injection as described in the Methods. The effectiveness of 

CRISPR knockdown of each target compared to their NC matched cohorts was visualized by 

RNAScopeTM in situ hybridization as described in Section 2.2: Materials and Methods and 

imaged at 20x magnification on an Olympus FV1200 laser-scanning confocal microscope. Scale 
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bars represent 100 μm. Quantification of RNAScopeTM results was performed by automated cell 

counting using QuPath bioimage analysis software. Knockdown of (B) GPR63 and (D) GPR153 

was found to be effective by our CRISPR method, demonstrating a significant decrease in target 

oGPCR expression compared to matched controls. Data reported as mean ± SEM. Data was 

analyzed by unpaired 2-tailed Student’s t test. **p < 0.01. 
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2.3.3: CRISPR Knockdown of GPR153 but not GPR63 Abolishes Opioid-Induced Antinociception 

and Impairs Recovery in a Mouse Model of Post-Operative Pain 

 Our results so far suggested that GPR63 and GPR153 regulate opioid antinociception in 

pathological but not nociceptive/uninjured pain. To further explore this hypothesis, we tested 

GPR63/153 regulation of a paw incision post-operative pain model. Post-operative pain is unique 

in that the mechanisms in which it is nociceptive are initially normal acute responses caused by 

the incision and resulting inflammation, but this can become maladaptive. Clinically, chronic post-

surgical pain (CPSP) stems from acute pain inherent with surgical wounds failing to resolve after 

healing, but the underlying mechanisms leading to the transition from acute post-surgical pain to 

CPSP are complex and not fully understood [8; 183]. The importance of considering CPSP as a 

pathological pain state is crucial, however, considering that CPSP is estimated to develop in 10% 

of all surgical cases worldwide [183]. Unlike the previously evaluated pain models, post-operative 

pain is also an attractive method for this screen in the context of pathological pain as it sits between 

having features of both acute and chronic pathological pain states while also allowing us to monitor 

recovery or the lack thereof. 

 In this work, post-operative pain was modeled using the plantar paw incision surgical 

procedure as described in [178]. CRISPR knockdown of GPR63 and GPR153 was performed 

identically to the previous tail flick and CIPN von Frey experiments. Mechanical allodynia induced 

by planter paw incision was treated with a 3.2 mg/kg dose of morphine SC. Mice that received 

CRISPR knockdown of GPR63 responded normally to the administered morphine and experienced 

comparable opioid-induced antinociception to the matched NC group (Fig. 2.7A). By contrast, 

GPR153 knockdown again abolished the antinociceptive effects of morphine (Fig. 2.7B). To 
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investigate the ability for mice to recover from post-surgical mechanical allodynia, single time 

point measurements in the absence of morphine were also taken for two consecutive days 

following the full von Frey time course. GPR63 CRISPR knockdown continued to have no effect 

with mice recovering at a similar rate to the NC group (Fig. 2.7A). Interestingly, GPR153 CRISPR 

treated mice showed persistent mechanical allodynia compared to their NC treated counterparts 

(Fig. 2.7B). This result may also be suggestive of a potential role for GPR153 in the recovery and 

resolution of post-surgical pain. 
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Figure 2.7: CRISPR knockdown of GPR153 but not GPR63 mitigates opioid-induced 

analgesia and impairs recovery from mechanical allodynia in a mouse model of post-

operative pain. Male and female CD-1 mice received CRISPR knockdown of a single target 

oGPCR (A) GPR63 or (B) GPR153 or a negative control (NC) CRISPR construct in the spinal 

cord via IT injection as described in the Methods. Pre-CRISPR baseline mechanical threshold 

measurements were taken prior to the first IT injection on Day 1 and post-CRISPR baseline 

measurements were taken on Day 9 immediately prior to the post-surgical pain model. On Day 9, 

mice underwent plantar paw incision surgery of the left hind paw and were allowed to recover 

overnight. The following day (Day 10), mechanical allodynia caused by the surgical wound was 

confirmed via von Frey. Mice were then treated with 3.2 mg/kg morphine SC and mechanical 

threshold was measured over a three-hour time course. Single time point measurements in the 

absence of morphine were then taken on Days 11 and 12 to measure recovery from post-surgical 
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mechanical allodynia. CRISPR knockdown of (A) GPR63 had no impact on opioid-induced 

analgesia or recovery from surgery whereas (B) GPR153 significantly reduced opioid-induced 

analgesia and diminished recovery from mechanical allodynia two and three days following the 

surgical procedure. Data were analyzed by two-way repeated measures ANOVA with Šídák’s post 

hoc test. *,****p < 0.05, 0.0001 vs same time point group. 
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2.4: Conclusion 

 Here we have performed a behavioral screen of four orphan GPCRs with no currently 

known ligands or functions within the CNS. In the context of pathological pain states, GPR63 and 

GPR153 have proven to be viable candidates for further investigation following the discovery that 

their knockdown seemingly prevents opioid-induced antinociception in CIPN and knockdown of 

the latter prevents opioid-induced antinociception and impairs recovery in post-surgical pain. None 

of our initial targets demonstrated any impact on nociceptive/uninjured thermal or mechanical 

nociception, suggesting they may be selective for pathological pain. The current findings suggest 

that GPR63 and GPR153 are responsible for modulating opioid antinociception but only in 

pathological pain states, and not by modulating the underlying pathology of the pain state itself. 

Meanwhile they appear to have no significant role in acute/uninjured nociception or opioid 

antinociception. This outcome may be favorable, however, as it was described in Chapter 1 that 

acute pain is not a negative outcome that needs to be mitigated but is rather necessary for survival, 

and the use of opioids for the treatment of acute/nociceptive/uninjured pain states is generally 

unnecessary. Other non-opioid targets for pain management have encountered challenges in their 

drug development cycles for this very reason, proving to be effective in generating antinociception 

but also reducing sensitivity to acutely painful stimuli and increasing the risk of injury such as the 

case for antagonists of TRPV1 [184].  

 It is important to note that this screen is not fully comprehensive. Presently, our only model 

of testing nociceptive pain was the hot water tail flick assay which restricts our conclusions on the 

effect of oGPCR knockdown specifically to the modality of thermal nociception. Furthermore, the 

argument can be made that the tail flick assay itself is not fully adequate for assessing pain-like 
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behaviors because it is mediated by a spinal nociceptive reflex and does not require higher order 

processing by the test subject in order to yield a response [185]. Other behavioral assays that assess 

thermal nociception such as the Hargreaves or hot plate tests could be useful in interrogating the 

effects of target receptor knockdown further as the nocifensive responses to heat stimuli in these 

assays are considered to incorporate supraspinal pathways [177]. Incorporating assays to test other 

modalities of nociceptive pain such as the Randall-Selitto test for mechanical nociception may also 

be able to address limitations in our von Frey approaches. The pain models listed here also did not 

investigate the impact of oGPCR knockdown on inflammatory pain conditions that can be modeled 

by intraplantar LPS or CFA administration followed by von Frey assessment. Lastly, all of the 

measures of pain-like behavior performed in this chapter are stimulus-evoked. It is important to 

consider that spontaneous pain in the absence of a noxious stimulus and impairments to quality of 

life are notable in pathological pain sufferers, and pathological pain can yield similar outcomes in 

rodents that are measurable through behaviors such as grimacing, burrowing, or weight bearing 

[177; 186-189]. Although our behavioral screening efforts have produced both positive and 

negative results that provide some insights into the functions of the oGPCRs investigated here, 

there remains opportunities for further study of their impacts in pain-like behaviors. 

In consideration of the lack of evidence supporting involvement in acute nociception, we 

can currently speculate that the biological mechanism by which GPR63 and GPR153 knockdown 

influences opioid-induced analgesia in pathological pain may be mediated by a glial cell-based 

mechanism rather than directly influencing nociceptors. Glial cells such as microglia and 

astrocytes within the spinal cord have been extensively implicated in the development and 

maintenance of chronic and pathological pain, and both GPR63 and GPR153 have been linked to 



83 

 

astrocytes and microglia, respectively, via expression mapping of numerous CNS oGPCRs [143; 

190-194]. Additionally, these glial cells have been implicated in affecting the antinociceptive 

capacity of opioids and the development of adverse side effects (e.g., tolerance, hyperalgesia) [10; 

195-197]. As such, the remainder of this work will examine the remaining candidate oGPCRs in 

relation to astrocytes and microglia in order to gain further insights regarding the potential 

biological mechanisms that contribute to the observed behavioral outcomes presented thus far. 
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Chapter 3: Investigating the Role of Spinal Cord GPR63 and 

GPR153 in Pathological Pain States via Microglia and 

Astrocytes 
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3.1: Introduction 

As mentioned briefly in the previous chapter, microglia and astrocytes in the CNS are 

known to be key players in the development and maintenance of chronic and pathological pain 

conditions while also having roles in the modulation of opioid pain relief and side effects. This 

context in combination with our inability to show any effect of GPR63 and GPR153 knockdown 

on opioid-induced antinociception or baseline nociception in healthy animals has led us to focus 

our research efforts on these targets in glial cell types. Glial cells play numerous roles in the CNS 

and in the periphery. Microglia have been linked to important functions such as facilitating 

apoptosis, synaptic pruning during development, and even adult neurogenesis [198-200]. They 

also act as the resident immune cells of the CNS through their phagocytic activity and production 

of both pro- and anti-inflammatory cytokines in response to tissue injury or neurodegenerative 

diseases [200-203]. Astrocytes are well recognized for establishing the blood-brain barrier 

protecting the CNS, supporting neuronal metabolism, and facilitating synaptic communication 

[204-209]. This cell type has also received significant interest as a therapeutic target in CNS 

disease states through their proven roles in neural repair and neuroinflammatory processes [210; 

211]. Analysis of spinal cord cell populations across species have demonstrated that glial cells 

outnumber neurons in the gray matter of the spinal cord, especially in humans, thus lending 

credence to the pursuit of analgesic targets through these cell types with high potential for clinical 

significance [212; 213]. 

Like oGPCRs, glial cells have also been hot topics of investigation in the search for novel 

analgesic drug targets to combat chronic and pathological pain and the ongoing opioid epidemic 

[214; 215]. Microglia express many targets currently studied for the development of analgesics 
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such as the purinergic receptor P2X4R, toll-like receptor 4 (TLR4), and p38 mitogen-activated 

protein kinase (p38 MAPK), a signaling molecule downstream of several receptors including 

P2X4R and TLR4 and which is linked to inflammatory pathways [215-218]. Following nerve 

injury, microglia will also express numerous pro-inflammatory cytokines such as tumor necrosis 

factor α (TNFα) and interleukin-1β (IL-1β) which trigger a cascade of neuroinflammatory 

processes among neighboring microglia and are capable of sensitizing nociceptors [40; 203; 219; 

220]. Neuroinflammation itself is heavily linked to pathological pain conditions and the roles of 

microglia in developing a neuroinflammatory environment quickly in response to nerve injury has 

led to them being viewed as crucial mediators in the onset of pathological pain [219]. Microglia 

have also been demonstrated to affect the resolution of pathological pain states if they present an 

anti-inflammatory phenotype [221; 222]. Depletion and repopulation of microglia in an injury 

model also demonstrates that repopulated microglia have different transcriptomic profiles 

compared to those present at the onset of pathological pain which may contribute to pain resolution 

[223]. 

By contrast, astrocytes have proven roles in the long-term maintenance and perpetuation 

of pathological pain states with astrogliosis having the capability of persisting months beyond 

nerve injury [214; 224]. Astrogliosis can be triggered by the release of inflammatory cytokines 

from neighboring microglia, and astrocytes themselves also showcase elevated expression of these 

cytokines in pathological pain states [224-226]. This is in line with some findings that microglial 

activation precedes astrogliosis in cases of CIPN and chronic post-surgical pain [225; 227; 228] 

Reactive astrocytes themselves demonstrate reduced efficiency at performing their 
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aforementioned functions which has the potential to compound damage or hypersensitivity to 

nociceptive neurons [224; 229]. 

Both microglia and astrocytes have been implicated in the underlying pathologies of the 

pain models discussed in this work. Inflammatory cytokines produced by glial cells reduce 

inhibitory modulation of  the spinal pain circuit resulting in increased nociceptive signaling  [230; 

231]. CIPN itself is heavily characterized by neuroinflammation [10; 232; 233]. Interestingly, 

models of CIPN using different chemotherapy agents may induce astrocyte or microglia activation 

to varying degrees which further complicate the matter [234; 235]. Models of post-surgical pain 

also demonstrate similar cascades of neuroinflammation in the spinal dorsal horn through the 

activation of and crosstalk between microglia and astrocytes [227; 236]. 

Glial cells also demonstrate interactions with the endogenous opioid system in rodent 

models despite the apparent absence of MOR expression in both astrocytes and microglia of the 

rat spinal cord ([237], although this conclusion is controversial). It has been reported that morphine 

can activate TLR4 on microglia and exacerbate neuroinflammation to counter opioid analgesia by 

increasing glutamatergic signaling onto second order nociceptive neurons [238-240]. These 

outcomes are considered to be contributors to opioid-induced hyperalgesia (OIH) and the 

development of opioid tolerance with chronic use [195; 240]. Astrocytes also play roles in 

generating OIH and maladaptive synaptic plasticity through interactions with neurons in the spinal 

dorsal horn [197]. All of the above factors together suggest that GPR63 and GPR153 could carry 

out the observed effects on pathological pain in Chapter 2 via microglia and/or astrocytes which 

is further supported by mouse transcriptomic data linking GPR63 and GPR153 expression to 

astrocytes and microglia, respectively [143]. 



88 

 

 

3.2: Materials and Methods 

Drugs 

Morphine sulfate pentahydrate was obtained through the National Institute on Drug Abuse Drug 

Supply Program and distributed through the Research Triangle Institute. Paclitaxel (Cat. No. 

AAJ6273403, Lot Q25K025) and minocycline (Cat. No. J66429, Lot U24E007) were purchased 

from Fisher Scientific (Waltham, MA). Gentamicin sulfate (Cat. No. 1098195) was purchased 

from Henry Schein (Melville, NY).  Morphine and paclitaxel were crystalline white solids and 

stored by manufacturer’s recommendations (morphine at 20-25 °C; paclitaxel at -20 °C). 

Gentamicin was received in 2 mL vials at a concentration of 40mg/mL in USP Saline. Morphine 

was prepared fresh for every experiment in USP Saline. Paclitaxel was prepared as a stock solution 

in a 1:1 mixture of Kolliphor EL (Fisher Scientific, Cat. No. 50-165-7076) and absolute ethanol 

(Fisher Scientific, Cat. No. BP28184) and stored at -20 °C. Gentamicin was prepared as a stock 

solution in USP Saline and stored at -20 °C. Minocycline was prepared fresh for every experiment 

in USP Sterile Water. 

 

Animals 

Male and female CD-1 mice aged 5-8 weeks from Charles River Laboratories (Wilmington, MA) 

were used for all experiments. CD-1 [(also known as Institute for Cancer Research (ICR)] mice 

are commonly used in opioid research and in our previous work as an outbred mouse strain with 

strong responses to opioid drugs [15-18]. Male and female mice were used in approximately equal 
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numbers for all behavioral experiments. No sex differences were observed in behavioral 

experiments; thus, all data shown for behavioral experiments was pooled from male and female 

cohorts. Mice were housed in an Association for Assessment and Accreditation of Laboratory 

Animal Care (AAALAC) – accredited vivarium at the University of Arizona where they were 

acclimated for at least five days after shipment before being used for experiments. Twelve-hour 

light and dark cycles were maintained with food (standard chow) and water available ad libitum. 

Mice were housed with no more than five per cage. Animal monitoring was provided daily, 

including after surgical procedures, by trained veterinary staff. All experiments were performed in 

accordance with Institutional Animal Care and Use (IACUC) – approved protocols at the 

University of Arizona and the National Institutes of Health (NIH) Guide for the Care and Use of 

Laboratory Animals. 

 

CRISPR Knockdown 

All-in-one predesigned CRISPR constructs containing sgRNA and Cas9 expression 

cassettes were obtained from Genecopoeia (Rockville, MD). Knockdown constructs specifically 

affecting microglia were designed to target mouse Gpr63 (Cat. No. CS-MCP002166-CG12-1-01-

10) or mouse Gpr153 (Cat. No. CS-MCP002167-CG12-1-01-10) with an Aif1 promoter driving 

Cas9 expression. Knockdown constructs specifically affecting astrocytes were designed to target 

mouse Gpr63 (Cat. No. CS-MCP002166-CG12-1-02-10) or mouse Gpr153 (Cat. No. CS-

MCP002167-CG12-1-02-10) with a Gfap promoter driving Cas9 expression. As a negative control 

(NC), a universal vector containing all the same elements as the above constructs and a 

nontargeting sgRNA was used. All constructs arrived in the form of transformed bacterial stabs. 
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Bacterial stocks prepared by streaking the initial stabs on LB agar/ampicillin (50μg/mL, 37°C) 

plates, culturing single colonies in LB broth with ampicillin (37°C, shaking), and preparing frozen 

stocks in 1:1 broth:glycerol solution, stored at -80°C. Bacteria stocks were recovered from frozen 

stocks by scraping the top of the frozen stock and incubating in 200 μL of S.O.C. Medium (Fisher 

Scientific, Cat. No. 15-544-034) for at least 5 hours but no more than 24 hours in an incubated 

shaker at 37°C. S.O.C. Medium containing propagated bacteria was plated on sterilized LB Agar 

(Fisher Scientific, Cat. No. BP9724-500) containing 50μg/mL ampicillin (Fisher Scientific, Cat. 

No. BP1760-25) and incubated overnight at 37 °C. Single colonies of plated bacteria were isolated 

and added to individual flasks containing 200 mL of sterilized LB Broth (Fisher Scientific, Cat. 

No. BP1426-500) with 50 μg/mL ampicillin and incubated overnight in an incubated shaker at 

37°C. DNA plasmids containing CRISPR constructs were then isolated using EndoFree® Plasmid 

Maxi Kits (Qiagen, Cat. No. 12362) following the manufacturer’s protocol. All constructs were 

administered at a dose of 1 μg DNA in a 5 μL volume (0.2 μg/μL) with GenJet In Vivo Transfection 

Reagent (SignaGen Laboratories, Cat. No. SL100500) according to the manufacturer’s protocol. 

In brief, 20 μg of DNA (volume dependent on concentration of CRISPR construct DNA stock) 

was combined with 30 μL of 10% glucose in water and diluted to a total volume of 50 μL with 

nuclease-free water (Fisher Scientific, Cat. No. PR-P1193). Separately, 30 μL of GenJet In Vivo 

Transfection Reagent (1:1.5 ratio of DNA in μg to transfection reagent in μL) was combined with 

20 μL of 10% glucose in water. The final concentration of the combined solution must be 5% 

glucose. Both solutions were combined, vortexed, and incubated for 10 minutes at room 

temperature then immediately administered to CD-1 mice. Constructs were delivered via the 

intrathecal (IT) route twice daily with at least 2 hours between injections for three consecutive 



91 

 

days resulting in a total 6 μg dose. All behavioral experiments or tissue collections were conducted 

on day 10 as in Chapter 2. 

 

Behavioral Experiments 

Prior to behavioral experiments, animals were acclimated to the experimental setting (i.e., 

testing room and/or apparatus) for 30-60 minutes before any procedure. Mice were randomly 

block-assigned to treatment group by cage. Behavioral testing took place at the approximate same 

time of day between experiments while minimizing environmental factors (e.g., noise, personnel, 

and scents). Testing apparatuses were cleaned after each use. The experimenter was blinded to 

treatment groups for all behavioral experiments through coded animal cage labels generated by 

another laboratory member; decoding/unblinding occurred only after data collection was complete. 

 

Chemotherapy-Induced Peripheral Neuropathy and Mechanical Allodynia 

The mice were housed in a homemade apparatus with Plexiglas walls and ceiling and a 

wire mesh floor (3”W x 4”L x 3”H with 0.25” wire mesh). Baseline mechanical thresholds were 

measured manually using calibrated von Frey filaments (Ugo Basile, Varese, Italy) to stimulate 

the left hind paw of each mouse. Mechanical thresholds were calculated using the up-down method 

with four measurements recorded following the first response per mouse on the first day of the 

experimental timeline before any drug treatment [17; 177].  

For CRISPR experiments, mice were returned to the von Frey apparatus after the final 

injection on Day 3 and allowed to acclimate for 30-60 minutes. Post-CRISPR mechanical 

threshold measurements were recorded. Mice were then administered 2 mg/kg paclitaxel in a 1:1:4 
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mixture of Kolliphor EL, absolute ethanol, and USP Saline via the intraperitoneal (IP) route on 

Days 3, 5, 7, and 9 to induce CIPN. On Day 10, the development of CIPN was confirmed by 

observing a severe reduction (final threshold <0.5 g) in the mechanical thresholds of each mouse 

compared to pre-CIPN baseline measurements. Mice were then treated with 3.2 mg/kg morphine 

SC and mechanical thresholds were measured over a three-hour time course. 

 

Paw Incision Surgery, Mechanical Allodynia, and Recovery 

Baseline mechanical threshold was measured for all mice using von Frey filaments as 

described above. Following baseline measurements, the mice were injected with CRISPR 

constructs as described above. On Day 9, post-CRISPR mechanical threshold measurements were 

taken. Immediately following the post-treatment mechanical threshold measurements, plantar paw 

incision surgery was performed on the left hind paw of each mouse as described in [178]. In brief, 

anesthesia of each mouse was induced with 3-5% isoflurane in room air and reduced to 1-3% for 

maintenance for the duration of the surgery. The left hind paw was sterilized by three repetitions 

of alternating iodine and 70% ethanol in water scrubs with a cotton swab. A 5mm incision was 

made through the skin and fascia using a No. 11 scalpel beginning just outside of the foot pads of 

the hind paw and extending towards the heel to expose the flexor digitorum brevis muscle. Fine 

tip curved forceps were inserted under the muscle and used to elevate the muscle out of the surgical 

wound. A separate No.11 scalpel was used to create incisions along the longitudinal axis of the 

muscle belly. The muscle was replaced and the wound was sutured using 5-0 vicryl sutures. Mice 

were administered 0.3 mg of gentamicin in USP Saline and 1mL of USP Saline SC and returned 

to their enclosure for post-operative monitoring. The following day (Day 10), mechanical 
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allodynia was evaluated by a severe reduction (final threshold < 0.5 g) in mechanical thresholds 

of each mouse compared to pre-surgery baseline measurements. Mice were then treated with 3.2 

mg/kg morphine SC and mechanical thresholds were recorded over a three-hour time course. 

Single time point measurements of recovery from surgery-induced mechanical allodynia in the 

absence of any drug treatment were then recorded on Days 11 and 12. Mice that did not develop 

mechanical allodynia post-surgery were excluded. 

 

RNAScopeTM In Situ Hybridization for Cell Type Colocalization 

Tissue Collection and Preparation 

In separate cohorts from those used in CRISPR behavioral experiments, CRISPR DNA 

was administered in identical fashion to the behavioral experiments described above but naïve to 

the induction of any pathological pain state or opioid drug administration. On Day 10 following 

the beginning of CRISPR delivery, mice were perfused with chilled phosphate-buffered saline 

(PBS) for 5 minutes followed by chilled 4% paraformaldehyde (PFA) in PBS. Immediately after 

perfusion with PFA, the spinal column was removed from the mouse, and the spinal cord was 

ejected by inserting a syringe containing chilled PBS with a 30G needle into the caudal end of the 

spinal column and applying pressure. Spinal cords were post-fixed in 4% PFA overnight at 4°C. 

Spinal cords were then dehydrated in 15% sucrose in PBS overnight at 4°C followed by 30% 

sucrose in PBS overnight at 4°C. After dehydration, spinal cords were flash frozen in optimal 

cutting temperature (OCT) compound (Fisher Scientific, Cat. No. 23730571)) using liquid 

nitrogen. Tissue was sectioned using an Epredia HM 525 cryostat at a thickness of 15-20 μm and 
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dry-mounted directly onto SuperFrost PlusTM slides (Fisher Scientific, Cat. No. 1255015). Slides 

with mounted tissue were left to air dry for at least 2 hours up to overnight at -20°C. 

 

RNAScopeTM In-Situ Hybridization 

Prepared slides were allowed to equilibrate to room temperature and then washed with PBS 

until the excess OCT compound remaining from the mounting process was removed. Slides were 

baked at 60°C for 30 minutes in a VWR Mini-Incubator (Cat. No. 97025-630) then post-fixed in 

4% PFA for 15 minutes at 4°C. Slides then underwent a dehydration series of 50% ethanol, 70% 

ethanol, and 100% ethanol twice for 5 minutes each at room temperature and then left to air dry. 

During the dehydration series, 1X Target Retrieval Buffer was prepared by diluting RNAScope TM 

10X Target Retrieval Buffer (ACDBio, Cat. No. 322001, Lot 201955) with deionized water in a 

beaker. The beaker containing 1X Target Retrieval Buffer and a separate beaker containing 

deionized water were then placed in a Hamilton Beach Digital Steamer and left to warm. After 

drying, tissue sections were treated with RNAScopeTM H2O2
 provided in the RNAScopeTM H2O2 

and Protease Reagents Kit (ACDBio, Cat. No. 322381, Lot 2023923) at room temperature for 15 

minutes and washed in deionized water for 2 minutes. The temperature of the 1X Target Retrieval 

Buffer was measured to ensure it was within 98-102°C. Slides were then acclimated to the high 

temperature in the beaker containing deionized water for 10 seconds before being transferred to 

the Target Retrieval Buffer and incubated for 15 minutes. Slides were washed in deionized water 

at room temperature for 10 seconds followed by incubation in 100% ethanol for 3 minutes and 

then left to air dry. After drying, a hydrophobic barrier was drawn around the tissue sections using 
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a Liquid Blocker Super Pap Pen (Electron Microscopy Sciences, Cat. No. 71310) and left to dry 

overnight at room temperature. 

The following day, the incubator was set to 40°C and humidified by lining the bottom with 

dampened paper towels; paper towels were regularly dampened over the course of tissue treatment 

to maintain humidity in the incubator. Tissue sections were incubated with Protease III provided 

with the RNAScopeTM H2O2 and Protease Reagents Kit for 30 minutes at 40°C and washed in PBS 

for 2 minutes. Meanwhile, RNAScopeTM 50X Wash Buffer (ACDBio, Cat. No. 320058, Lot 

2018155) and RNAScopeTM probes for targets of interest were also incubated at 40 °C for 15 

minutes. Probes used for these experiments were designed by ACDBio to target mouse Aif1 (Cat. 

No. 319141, Lot 23362B) and mouse Gfap (Cat. No. 313211, Lot 24009A) provided at 1X 

concentrations or mouse Gpr63 (Mm-Gpr63-C2, Cat. No. 319311-C2) and mouse Gpr153 (Mm-

Gpr153-C2, Cat. No. 318101-C2) provided at 50X concentrations. After incubation, 50X probes 

and wash buffer were diluted to 1X using the 1X Aif1 or Gfap probes and deionized water, 

respectively. Following protease treatment of tissue sections, slides were washed with PBS for 2 

minutes. Target probes were then hybridized with the tissue sections by adding the prepared 1X 

RNAScopeTM probe mixture and incubating at 40°C for 2 hours. After probe hybridization, slides 

were washed with 1X Wash Buffer for 2 minutes twice using fresh wash buffer each time. The 

following signal amplification workflow was performed using reagents from the RNAScopeTM 

Multiplex Fluorescent Detection Kit (ACDBio, Cat. No. 323110, Lot 2023822) unless specified 

otherwise. Signal amplification took place by treating tissue sections with AMP1, AMP2, and 

AMP3 solutions for 30, 30, and 15 minutes, respectively, at 40°C with two 2-minute washes using 

fresh wash buffer in between each amplification step. Slides were then treated with HRP-C1 for 
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15 minutes at 40°C followed by two 2-minute washes using fresh wash buffer. The fluorescent 

signal was developed by treating tissue sections with a 1:250 dilution of Opal 520 (Akoya 

Biosciences, Cat. No. FP1497001KT, Lot 240627021) in RNAScopeTM LS Multiplex TSA Buffer 

(ACDBio, Cat. No. 322810, 2019101) for 30 minutes at 40°C then washed with fresh wash buffer 

for 2 minutes twice. Tissue sections were then treated with HRP Blocker for 15 minutes and 

washed for 2 minutes twice with fresh wash buffer. Slides were then treated with HRP-C2 for 15 

minutes at 40°C followed by two 2-minute washes using fresh wash buffer. The fluorescent signal 

was developed by treating tissue sections with a 1:250 dilution of Opal 620 (Akoya Biosciences, 

Cat. No. FP1495001KT, Lot 240619012) in RNAScopeTM LS Multiplex TSA Buffer for 30 

minutes at 40°C then washed with fresh wash buffer for 2 minutes twice. Tissue sections were 

then treated with HRP Blocker for 15 minutes and washed for  2 minutes twice with fresh wash 

buffer. Finally, tissue sections were stained with DAPI for 30 seconds and then immediately 

mounted using Fluoromount-GTM (Invitrogen, Cat. No. 00-4958-02, Lot E142722) with a No. 1 

24X50 mm coverslip (Fisher Scientific, Cat. No. 12541042, Lot 23349) and sealed with clear nail 

polish (Ted Pella, Inc., Cat. No. 114-7). Fully prepared slides were stored in the dark at 4°C until 

ready for imaging. 

 

Image Acquisition and Analysis 

RNAScopeTM slides were imaged on an Olympus FV1200 laser scanning confocal 

microscope in the University of Arizona Department of Pharmacology. Images of the spinal dorsal 

horn were acquired using a 20x objective with filter cube configurations to allow imaging of DAPI, 

FITC (Opal 520), and Texas Red (Opal 620) emission spectra. Confocal settings were constrained 
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to the following parameters for all channels: HV ≤ 750, Gain ≤ 5, Offset ≤ 50. Image analysis was 

performed using QuPath software [179]. Regions of interest (ROIs) were drawn around the 

superficial lamina of the spinal dorsal horn and cell segmentation was performed by the software 

using the DAPI channel to identify individual nuclei. Cell boundaries were automatically drawn 

by the software using a set cell diameter of 10 μm. QuPath software was then trained to count cells 

that expressed the GPR target of interest based on signal intensity within the cell boundaries. Cell 

counts were normalized by recording them as a proportion of the total cell count of the image. A 

minimum of three technical replicates were obtained for each biological replicate. 

 

 

Immunohistochemistry for Microglia Morphology Analysis 

Tissue Collection and Preparation 

In separate cohorts from the CRISPR behavioral experiments described above, mice were 

perfused on Day 10 following CRISPR treatment with chilled phosphate-buffered saline (PBS) for 

5 minutes followed by chilled 4% paraformaldehyde (PFA) in PBS. Immediately after perfusion 

with PFA, the spinal column was removed from the mouse, and the spinal cord was ejected by 

inserting a syringe containing chilled PBS with a 30G needle into the caudal end of the spinal 

column and applying pressure. Spinal cords were post-fixed in 4% PFA overnight at 4°C. Spinal 

cords were then dehydrated in 15% sucrose in PBS overnight at 4°C followed by 30% sucrose in 

PBS overnight at 4°C. After dehydration, spinal cords were flash frozen in optimal cutting 

temperature (OCT) compound (Fisher Scientific, Cat. No. 23730571)) using liquid nitrogen. 

Tissue was sectioned using an Epredia HM 525 cryostat at a thickness of 50 μm. Spinal cord 
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sections were rehydrated in PBS in preparation for free-float staining. Samples were incubated in 

an endogenous peroxidase blocking buffer consisting of 60% methanol and 0.3% H2O2 in PBS at 

room temperature for 30 minutes and then washed with PBS + 0.1% Tween 20  (Sigma-Aldrich, 

Cat. No. 9005-64-5) (PBST). They were then incubated in a blocking buffer consisting of 10% 

donkey serum (Fisher Scientific, Cat. No. 50-588-37) and 0.3% Triton X-100 (Sigma Aldrich, Cat. 

No. 9002-93-1) in PBS at room temperature for 1 hour. Samples were then incubated with 1:100 

primary Iba1 antibody (Abcam, Cat. No. AB 5076, Lot 1061058-2) in 1.5% donkey serum and 1% 

BSA (Fisher Scientific, Cat. No. BP1605-100) in PBST at 4°C overnight. Samples were then 

washed with PBST and incubated with a 1:400 secondary donkey anti-goat immunoglobulin G 

(IgG) Alexa Fluor 647 Plus antibody (Invitrogen, Cat. No. A32849, Lot ZK400520) in 1.5% 

donkey serum and 1% BSA in PBST at room temperature for 1 hour. The secondary antibody for 

Iba1 was Alexa Fluor donkey anti-goat IgG 647 was used at 1:400 and was added during the 

secondary incubation mentioned above. Spinal cord sections were stained with 300nM DAPI 

(Fisher Scientific, Cat. No. 57-481-0)  for 30 seconds then washed twice with PBS for 5 minutes 

each and once with Nanopure water for 5 minutes. Sections were then mounted onto slides with 

Fluoromount-G mounting medium.  

 

Image Acquisition and Analysis 

Sections were imaged using a 60x objective with 2.5-3x digital zoom using an Olympus 

FV4000 laser-scanning confocal microscope to obtain images of individual microglia. Three-

dimensional images of microglia were acquired by collecting z-stacks spanning 30-40 μm with a 

0.5 μm step size. Images were analyzed using Imaris 10 software. Soma were identified visually 
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and ROIs identifying soma for the software were generated manually. Microglia arborization was 

mapped using the Imaris software automated filament detection algorithm trained by the 

experimenter. Data collected to assess microglia complexity included segment branch depth, total 

sum of filament length, and soma volume. 

 

RT-qPCR Analysis of oGPCR Expression in CIPN 

Tissue Collection  

Mice received 2 mg/kg paclitaxel IP in identical fashion to the CIPN behavioral 

experiments described above. Whole spinal cord tissue for biochemical analysis was collected on 

Day 8 following the first IP injection. Mice were anesthetized using 5% isoflurane in room air and 

euthanized by manual cervical dislocation. The spinal column was removed from the mouse and 

the spinal cord was ejected by inserting a syringe containing chilled PBS with a 30G needle into 

the caudal end of the spinal column and applying pressure. Spinal cords were then immediately 

flash frozen using liquid nitrogen and stored at -80-°C until the experimenter was prepared to 

perform the RNA isolation.  

 

RNA Isolation 

Spinal cord tissue samples were thawed on ice then homogenized manually with 1 mL of 

TRIzol reagent (Invitrogen, Cat. No. 15596018, Lot 563710) in a Dounce homogenizer. Tissue 

homogenates were then transferred to 1.5 mL Eppendorf tubes and incubated on ice for at least 5 

minutes or overnight at 4°C. Tissue homogenates were then combined with 200 μL of chloroform, 

mixed by shaking, and then incubated on ice for 3 minutes. Samples were centrifuged for 15 



100 

 

minutes at 12,000g at 4°C. The upper aqueous layer was carefully transferred to a separate 1.5 mL 

Eppendorf tube using a micropipette and the remaining layers were discarded. The aqueous layer 

was then combined with 500 μL of isopropanol and incubated for 30 minutes at 4°C. This mixture 

was then centrifuged for 10 minutes at 12,000g at 4°C to yield a white RNA pellet. RNA pellets 

were isolated by carefully aspirating the supernatant and resuspended in 1mL of 75% ethanol in 

nuclease-free water. The resuspended pellet was then centrifuged for 5 minutes at 7,500g at 4 °C, 

the supernatant was carefully aspirated again, and the pellet was air dried for 10 minutes. After 

drying, the RNA pellet was dissolved in 50 μL of nuclease-free water and incubated in a heating 

block at 55-60°C for 15 minutes. RNA concentration and quality was assessed using a 

NanoDropND-1000 spectrophotometer (NanoDrop Technologies) and stored at -80°C until the 

experimenter was prepared for the reverse transcription reaction. 

 

 

Reverse Transcription Reaction for cDNA Generation 

RNA samples and the High Capacity RNA-to-cDNATM Kit (Applied Biosystems, Cat. No. 

4387406, Lot 2945899) were thawed on ice. The reverse transcription reaction mixture for each 

sample was composed of the following: 10 μL of 2X RT Buffer Mix, 1 μL of 20X RT Enzyme 

Mix, 1 μg of RNA (volume calculated based on sample concentration), and nuclease-free water in 

a quantity sufficient to dilute the total volume to 20 μL. Reverse transcription was performed using 

a BioRad C1000 Touch Thermal Cycler using the following parameters: 37°C for 60 minutes, 

95°C for 5 minutes, 4°C for at least 10 minutes. Following the final 4°C cooling step, samples 
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were removed from the thermal cycler and stored at 4°C overnight or -20°C long term until the 

experimenter was prepared for real-time quantitative PCR analysis. 

 

 

 

Real-Time Quantitative PCR and Quantification 

Real-time quantitative PCR was performed using a 96-well plate with each well containing 

a mixture of the following components: 0.3 μL of the target forward primer, 0.3 μL of the target 

reverse primer, 1 μL of cDNA, 10.9 μL of nuclease-free water, and 12.5 μL of PowerUpTM 

SYBRTM Green Master Mix (Applied Biosystems, Cat. No. A25742, Lot 3089500). Each reaction 

was run in triplicate on a BioRad C1000 Touch Thermal Cycler using the following parameters: 

95 °C for 10 minutes followed by 45 cycles of i) 95°C for 15 seconds, ii) 60°C for 1 minute 

followed by a final step at 72°C for 10 minutes. Relative RNA abundance was calculated by 

1/2^cycDiff of the GPR target of interest compared to internal GAPDH control and normalized to 

the NC siRNA treated control group from the same plate. Custom forward and reverse primers for 

mouse Gpr63 and Gpr153 were created by Integrated DNA Technologies (sequence information 

below). GAPDH primers were also obtained from IDT; sequence information for these can be 

found in [180]. 

 

Primers: 

Mouse Gpr63 Forward, Reference #460670820: (5’ – TGG CTA CTC TGG CTC TGC TA – 3’) 

Mouse Gpr153 Reverse Reference #460670821: (5’ – CGA TGT TCC CCA CAC ACG TA – 3’) 
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Mouse Gpr153 Forward Reference #460670822: (5’ – GCA GCA TTA GCA GCT TTC TGA – 

3’) 

Mouse Gpr153 Reverse Reference #460670823: (5’ – TCC ACC ATC CAT TCA CCC CT – 3’) 

 

 

Statistical Analysis 

All data were reported as the mean ± SEM. RT-qPCR data was normalized to an internal 

GAPDH control and RNAScopeTM cell counts were normalized to the total cell counts (as 

determined from DAPI stain) from their respective ROIs. Behavioral data were reported raw with 

no maximum possible effect or other normalization applied. Statistical comparisons between 

groups were performed by Student’s t-test (unpaired, two-tailed) for RNAScopeTM and RT-qPCR 

experiments or two-way analysis of variance (ANOVA) with Dunnett’s post hoc test for behavioral 

experiments. In all cases, statistical significance was defined as p < 0.05. All graphing and 

statistical analyses were performed using GraphPad Prism 9 software (San Diego, CA). 

 

3.3: Results 

3.3.1: GPR63 and GPR153 are Expressed in Both Microglia and Astrocytes 

 Currently, GPR63 and GPR153 expression has been confirmed in the human spinal cord 

by RNASeq analysis, but expression patterns are not yet well established in the CNS [143; 163]. 

Addressing this issue is further complicated by the lack of protein-targeting methods for these 

receptors to assess general localization of target expression such as immunohistochemistry (IHC). 
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To remedy this critical gap in knowledge, we employed RNAScopeTM in situ hybridization using 

probes for our oGPCR targets along with markers for microglia (Aif1) or astrocytes (Gfap). Probes 

targeting mouse Gpr63 and Gpr153 and glial cell marker mRNA transcripts were hybridized to 

the spinal cord tissue of male and female CD-1 mice naïve to any pain condition or drug treatment. 

Image analysis performed using QuPath software allowed us to segment individual cells and 

identify their phenotype based on levels of oGPCR and glial cell marker expression via presence 

of punctae located within the generated cell boundaries [179]. All combinations of RNAScope in 

situ hybridization were as follows: Gpr63/Aif1, Gpr63/Gfap, Gpr153/Aif1, and Gpr153/Gfap. 

Representative images of all combinations and examples of QuPath generated segmentation and 

colocalization are shown in Figures 3.1 – 3.4.  

Expression of GPR63 and GPR153 was observed uniformly throughout the gray matter of 

the spinal dorsal horn suggesting that expression may not be specific to a single cell type and a 

complex biological mechanism may be underlying how these receptors interact with pathological 

pain and the endogenous opioid system. Nonetheless, receptor colocalization with glial cell 

markers was quantified. We observed that GPR63 was expressed in approximately 50% of all 

microglia and astrocytes in the spinal dorsal horn, providing a rather inconclusive result on whether 

the behavioral outcomes observed in vivo are mediated by one or the other (Fig. 3.5 A and B). By 

contrast, GPR153 expression was found in nearly all Aif1+ cells and half of Gfap+ cells, suggesting 

that GPR153 may play a role in modulating microglia function (Fig. 3.5 C and D). 
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Figure 3.1: RNAScope colocalization of Gpr63 mRNA with the microglia marker Aif1. 

RNAScope in-situ hybridization of fixed spinal cord tissue from male and female CD-1 mice naïve 

to any pain condition or drug treatment was performed. Images were obtained using an Olympus 

Fluoview FV1200 laser-scanning confocal microscope using a 20x objective lens. All images 

taken were of the dorsal horn of the spinal cord. (A) Aif1 (green) (B) Gpr63 (red) (C) merged 

channels with DAPI counterstain (blue). Scale bars represent 100 μm. (D) Images were processed 

using QuPath software. Cells were segmented by identifying nuclei using the DAPI counterstain 

and cell boundaries were automatically generated around each individual nucleus. Classifiers were 

programmed into the software to then group cells based on the presence of fluorescent signal 

corresponding to Aif1, Gpr63, both, or neither. Scale bar represents 50 μm. 
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Figure 3.2: RNAScope colocalization of Gpr63 mRNA with the astrocyte marker Gfap. 

RNAScope in-situ hybridization of fixed spinal cord tissue from male and female CD-1 mice naïve 

to any pain condition or drug treatment was performed. Images were obtained using an Olympus 

Fluoview FV1200 laser-scanning confocal microscope using a 20x objective lens. All images 

taken were of the dorsal horn of the spinal cord. (A) Gfap (green) (B) Gpr63 (red) (C) merged 

channels with DAPI counterstain (blue). Scale bars represent 100 μm. (D) Images were processed 

using QuPath software. Cells were segmented by identifying nuclei using the DAPI counterstain 

and cell boundaries were automatically generated around each individual nucleus. Classifiers were 

programmed into the software to then group cells based on the presence of fluorescent signal 

corresponding to Gfap, Gpr63, both, or neither. Scale bar represents 50 μm. 
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Figure 3.3: RNAScope colocalization of Gpr153 mRNA with the microglia marker Aif1. 

RNAScope in-situ hybridization of fixed spinal cord tissue from male and female CD-1 mice naïve 

to any pain condition or drug treatment was performed. Images were obtained using an Olympus 

Fluoview FV1200 laser-scanning confocal microscope using a 20x objective lens. All images 

taken were of the dorsal horn of the spinal cord. (A) Aif1 (green) (B) Gpr153 (red) (C) merged 

channels with DAPI counterstain (blue). Scale bars represent 100 μm. (D) Images were processed 

using QuPath software. Cells were segmented by identifying nuclei using the DAPI counterstain 

and cell boundaries were automatically generated around each individual nucleus. Classifiers were 

programmed into the software to then group cells based on the presence of fluorescent signal 

corresponding to Aif1, Gpr153, both, or neither. Scale bar represents 50 μm. 
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Figure 3.4: RNAScope colocalization of Gpr153 mRNA with the astrocyte marker Gfap. 

RNAScope in-situ hybridization of fixed spinal cord tissue from male and female CD-1 mice naïve 

to any pain condition or drug treatment was performed. Images were obtained using an Olympus 

Fluoview FV1200 laser-scanning confocal microscope using a 20x objective lens. All images 

taken were of the dorsal horn of the spinal cord.  (A) Gfap (green) (B) Gpr153 (red) (C) merged 

channels with DAPI counterstain (blue). Scale bars represent 100 μm. (D) Images were processed 

using QuPath software. Cells were segmented by identifying nuclei using the DAPI counterstain 

and cell boundaries were automatically generated around each individual nucleus. Classifiers were 

programmed into the software to then group cells based on the presence of fluorescent signal 

corresponding to Gfap, Gpr63, both, or neither. Scale bar represents 50 μm. 
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Figure 3.5: Quantification of GPR63 and GPR153 colocalization with microglia and 

astrocytes by RNAScope in-situ hybridization. Imaging data of RNAScope in-situ hybridization 

for colocalization of oGPCRs with glial cell markers was processed using QuPath software. Total 

cell counts were obtained by automated cell segmentation using the DAPI counterstain. Cells were 

then classified based on the presence of markers for glial cell types (i.e. Aif1 or Gfap), oGPCR 

mRNA, both, or neither. All data points represent individual biological replicates (1 mouse) which 

are averaged values from three technical replicates each. Open symbols represent female mice and 

closed symbols represent male mice. (A) Approximately 50% of total spinal cord microglia 

express GPR63. (B) Approximately 50% of total spinal cord astrocytes express GPR63. (C) Nearly 

all spinal cord microglia express GPR153 with almost 100% equal cell counts of Aif1 and 

Gpr153/Aif1 double positive cells. (D) Approximately 50% of total spinal cord astrocytes express 

GPR153.  
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3.3.2: GPR153 but not GPR63 Expression is Increased in a Mouse Model of CIPN 

It has been established that pathological pain states such as CIPN result in widespread 

changes in all cell types of the central and peripheral nervous system including organelle structure 

and function, cytokine release patterns, and intracellular signaling patterns amongst other crucial 

mediators of cell physiology [241-245]. In particular, changes in expression levels of numerous 

receptors have been observed in CIPN models including those that are tightly linked to glial cells 

such as TLR4 or various cytokine receptors [241; 246; 247]. Considering this, we investigated 

whether our CIPN model using paclitaxel would alter expression levels of GPR63 and GPR153 

via RT-qPCR. We found that GPR63 expression did not change in the spinal cord using our model 

(Fig. 3.6A). We did, however, note that GPR153 expression increased by approximately 40% in 

the mouse spinal cord when undergoing the same treatment (Fig. 3.6B) which may indicate that 

altered signaling levels of this receptor are potentially involved in the pathology of paclitaxel-

induced neuropathy, perhaps as an upregulated negative feedback loop on inflammation and pain. 
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Figure 3.6: Expression of GPR153 but not GPR63 is increased in a mouse model of CIPN. 

Male and female CD-1 mice had CIPN induced by administration of 2 mg/kg paclitaxel as 

described in the Methods. The development of CIPN was confirmed by assessing mechanical 

threshold using von Frey filaments before and after paclitaxel administration. All  animals in this 

study developed mechanical allodynia. Whole spinal cord samples were extracted after CIPN 

induction and RT-qPCR was performed as described in the Methods. Open symbols represent 

female mice and closed symbols represent male mice. Data reported as mean ± SEM. **p < 0.01 

vs. Sham treated group by unpaired 2-tailed Student’s t test. (A) Induction of CIPN had no 

significant effect on the expression of GPR63 in the mouse spinal cord. (B) Induction of CIPN 

resulted in an approximately 40% increase in expression of GPR153 in the mouse spinal cord. 
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3.3.3: Microglia-Specific Knockdown of GPR63 and GPR153 Ablates Opioid-Induced 

Antinociception in a Mouse Model of CIPN Whereas Astrocyte-Specific Knockdown has no Effect 

Thus far we have shown that GPR63 and GPR153 are expressed throughout the spinal 

dorsal horn and have relevant expression levels in both astrocytes and microglia with the strongest 

piece of evidence relating our targets to glial cells being that almost all  microglia seem to express 

GPR153. This finding, however, does not provide us with any insights into how GPR63 and 

GPR153 may be modulating the activity of astrocytes and/or microglia in the pathological pain 

states we have interrogated them with. Lacking a ligand for either receptor complicates matters 

further as we are unable to develop hypotheses regarding the outcomes of their activity on glial 

cells without any context of their G-protein coupling or downstream signaling pathways. 

Nonetheless, we returned to genetically targeted and behavioral pharmacology approaches to 

attempt to gain further insights. 

Similar to the work presented in Section 2.3.2, we performed CRISPR knockdowns of 

GPR63 and GPR153 and induced CIPN in CD-1 mice; the difference in this set of experiments 

being a cell-specific CRISPR approach. Previous CRISPR constructs used in this work contained 

a cytomegalovirus (CMV) promoter driving the expression of the Cas9 protein across all cell types 

to yield a global knockdown. The CMV promoter can be replaced with the promoter for other 

proteins allowing us to target Cas9 expression to cells with specific expression profiles; our lab 

has used this approach previously [15]. To target CRISPR knockdown to astrocytes and microglia, 

we replaced the CMV promoter with promoters for the Gfap and Aif1 genes, respectively. We then 

sought to reevaluate the effect of target knockdown on opioid-induced antinociception when 

knockdown was only restricted to either astrocytes or microglia. Using this approach, we observed 
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that the knockdown of both GPR63 and GPR153 again ameliorated the antinociceptive effects of 

morphine when the knockdown only targeted microglia (Fig. 3.7). Astrocyte-specific knockdown 

of both targets interestingly had no effect and morphine demonstrated an analgesic effect 

comparable to that seen in the NC CRISPR-treated cohort. This finding now provides the first 

piece of evidence to potentially uncover the biological mechanism by which GPR63 and GPR153 

knockdown interact with the pathology of CIPN and the effects of opioids in the context of this 

pain model.  
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Figure 3.7: Microglia-specific CRISPR knockdown of GPR63 and GPR153 ablates opioid-

induced antinociception in a mouse model of CIPN whereas astrocyte-specific knockdown 

has no effect. Male and female CD-1 mice received CRISPR knockdown of a single target oGPCR 

(A) GPR63 or (B) GPR153 specifically targeted to astrocytes or microglia alongside a separate 

cohort of mice that received a negative control (NC) CRISPR construct via IT injection as 
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described in the Methods. Pre-CRISPR mechanical threshold baseliens were measured using 

calibrated von Frey filaments immediately prior to the first IT injection, and post -CRISPR 

mechanical thresholds were measured after the final IT injection after animals were allowed to 

reacclimate to the von Frey testing apparatus. Immediately following the post-CRISPR baseline 

measurement, mice received 2 mg/kg paclitaxel IP in Days 3, 5, 7, and 9. On Day 10, the 

development of mechanical allodynia was confirmed by a dramatic decrease in mechanical 

threshold; no animals were excluded for failing to develop mechanical allodynia. Mice were 

treated with 3.2 mg/kg morphine SC and mechanical thresholds were evaluated over a three-hour 

time course. Data reported as mean ± SEM. *,**p < 0.05, 0.01 vs. NC CRISPR group at the same 

time point by repeated measures two-way ANOVA with with Dunnett’s post hoc test. CRISPR 

knockdown of (A) GPR63 and (B) GPR153 abolished the antinociceptive effects of morphine only 

when targeted to microglia but not astrocytes suggesting that the biological mechanism of this 

result is mediated through the activity of microglia in some capacity. 
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3.3.4: Microglia-Specific Knockdown of GPR153 Abolishes Opioid-Induced Antinociception and 

Impairs Recovery from Mechanical Allodynia in a Mouse Model of Post-Operative Pain but 

Astrocyte-Specific Knockdown has no Effect 

Our behavioral screening efforts in the previous chapter also demonstrated that knockdown 

of GPR153 but not GPR63 interfered with opioid-induced antinociception in a mouse model of 

post-surgical pain. Additionally, the knockdown of GPR153 also impaired the normal recovery 

trajectory from mechanical allodynia which may implicate GPR153 dysfunction as a key mediator 

in the transition from normal nociceptive pain to a maladaptive persistent pain condition. To 

determine if this effect was driven by the activity of GPR153 in a specific glial cell type, we again 

performed cell-specific CRISPR knockdown targeting astrocytes and microglia. In line with our 

findings in Section 3.3.3, GPR153 knockdown targeted to astrocytes had no impact on the effects 

of morphine treatment to relieve post-surgical mechanical allodynia in mice. Microglia-specific 

knockdown of GPR153, on the other hand, prevented the manifestation of any pain relief from the 

administered dose of morphine (Fig. 3.8). Recovery from post-surgical mechanical allodynia was 

unaffected by the astrocyte-specific knockdown whereas hypersensitivity to mechanical stimuli 

persisted in mice that received the microglia-specific knockdown. With this, we have not only 

replicated the findings of our previous global knockdown using the paw incision model but also 

show evidence that the observed effects are also mediated by microglial function as in our CIPN 

results. 
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Figure 3.8: Microglia-specific knockdown of GPR153 abolishes opioid-induced 

antinociception and impairs recovery from mechanical allodynia in a mouse model of post-

operative pain but astrocyte-specific knockdown has no effect. Male and female CD-1 mice 

received CRISPR knockdown of GPR153 specifically targeted to astrocytes or microglia alongside 

a separate cohort of mice that received a negative control (NC) CRISPR construct via IT injection 

as described in the Methods. Pre-CRISPR mechanical threshold baselines were measured using 

calibrated von Frey filaments immediately prior to the first IT injection, and post-CRISPR baseline 

measurements were taken on Day 9 immediately prior to the post-surgical pain model. The 
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following day (Day 10), mechanical allodynia caused by the surgical wound was confirmed via 

von Frey; no animals were excluded for failing to develop mechanical allodynia. Mice were then 

treated with 3.2 mg/kg morphine SC and mechanical thresholds were evaluated over a three-hour 

time course. Single time point measurements in the absence of morphine were then taken on Days 

11 and 12 to measure recovery from post-surgical mechanical allodynia. CRISPR knockdown of 

GPR153 completely ablated the antinociceptive effects of morphine only when the knockdown 

was targeted to microglia but not astrocytes. GPR153 knockdown specific to microglia also 

impaired recovery from post-surgical mechanical allodynia. Data reported as mean ± SEM. 

**,***,****p < 0.01, 0.001, 0.0001 vs. NC CRISPR group at the same time point by repeated 

measures two-way ANOVA with Dunnett’s post hoc test.  

 

  



119 

 

3.3.5: Inhibition of Microglia with Minocycline Reverses the Blockage of Opioid-Induced 

Antinociception Following Microglia-Specific Knockdown of GPR63 and GPR153 in CIPN 

Through our cell-specific CRISPR knockdown paradigm, we have hypothesized that the 

biological mechanism that leads to GPR63 and GPR153 knockdown blocking opioid-induced 

antinociception in pathological pain states is at least in part mediated by the modulation of 

microglial function in the spinal cord. As mentioned in the introduction of this chapter, microglia 

play a crucial role in the development of persistent pain by their participation in 

neuroinflammatory cascades that sensitize neurons of the nociceptive circuit. Microgliosis is 

typically triggered in response to stimulatory signals that are indicative of injury in the local 

environment (e.g., ATP released from damaged cells and stimulating purinergic receptors on 

microglia) and/or the loss of inhibitory signals that healthy cells normally provide (e.g., cell-

surface recognition proteins) to keep microglia inactive [248-251]. Microglial activation is tightly 

linked to the onset of pathological pain states  [40; 203; 219; 220]. Taking the current view of the 

role of microglia in pathological pain states in conjunction with our observations that GPR63 and 

GPR153 knockdown prevents opioid-induced pain relief in vivo, we hypothesized that this 

outcome may result from increased microgliosis following target receptor knockdown.  

To interrogate this hypothesis, we returned to our CRISPR knockdown paradigm with 

CIPN and introduced the microglial inhibitor minocycline. Minocycline was originally introduced 

as an antibiotic drug but has since been found to also exert anti-inflammatory effects including 

efficacy in curtailing neuroinflammation [252-254]. Specifically for microglia, minocycline has 

been shown to mitigate microgliosis, prevent microglial polarization, and reduce 

neuroinflammation and phagocytosis demonstrated by polarized microglia in CNS disease states 
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by targeting pathways necessary for antigen recognition and expression of pro-inflammatory 

mediators [255-257]. Minocycline has also been directly considered as a potential therapeutic for 

certain pathological pain states like CIPN in animal studies, but current clinical data demonstrating 

efficacy is inconclusive [258; 259]. 

Our CRISPR knockdown of GPR63 and GPR153 was once again targeted specifically to 

microglia and CIPN was induced in CD-1 mice. Minocycline was then delivered to the spinal cord 

via the IT route alongside separate cohorts of mice that received minocycline vehicle (USP Sterile 

Water) treatment. We observed that the knockdown of both GPR63 and GPR153 when targeted to 

microglia again prevented opioid-induced antinociception from presenting in mice (Fig. 3.9; red 

traces). Mice treated with NC CRISPR and either minocycline or vehicle both demonstrated 

normal analgesic responses to morphine as well (Fig. 3.9; blue and purple traces). Pleasantly, the 

mice that received knockdown of our targets in microglia and then received minocycline treatment 

also experienced pain relief comparable to the NC CRISPR groups (Fig. 3.9; green traces). We 

did not observe any synergistic or additive antinociception through the combination of 

minocycline and morphine in the NC CRISPR treated groups, however. This finding thus provides 

the first insight into the potential physiological impacts of GPR63 and GPR153 on microglia and 

supports our hypothesis that the loss of GPR63/153 leads to enhanced microglial activation.  
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Figure 3.9: Inhibition of microglia using minocycline reverses the loss of opioid-induced 

antinociception caused by microglia-specific GPR63 and GPR153 CRISPR knockdown in a 

mouse model of CIPN. Male and female CD-1 mice received CRISPR knockdown of a single 

target oGPCR (A) GPR63 or (B) GPR153 specifically targeted to microglia alongside a separate 
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cohort of mice that received a negative control (NC) CRISPR construct via IT injection as 

described in the Methods. Pre-CRISPR mechanical threshold baseliens were measured using 

calibrated von Frey filaments immediately prior to the first IT injection, and post-CRISPR 

mechanical thresholds were measured after the final IT injection after animals were allowed to 

reacclimate to the von Frey testing apparatus. Immediately following the post-CRISPR baseline 

measurement, mice received 2 mg/kg paclitaxel IP on Days 3, 5, 7, and 9. On Day 10, the 

development of mechanical allodynia was confirmed by a dramatic decrease in mechanical 

threshold; no animals were excluded for failing to develop mechanical allodynia. Mice then 

received a 100 μg dose of minocycline IT. Thirty minutes after minocycline administration, mice 

were treated with 3.2 mg/kg morphine SC and mechanical thresholds were evaluated over a three-

hour time course. Data reported as mean ± SEM. *,**,***,****p < 0.05, 0.01, 0.001, 0.0001 vs. 

NC CRISPR group at the same time point by repeated measures two-way ANOVA with Dunnett’s 

post hoc test. Treatment of mice with CRISPR knockdown of (A) GPR63 or (B) GPR153 specific 

to microglia by minocycline reinstated the antinociceptive effect of morphine (green traces). 

Conversely, morphine showed no antinociceptive effect in mice that received knockdown of either 

target but did not receive minocycline (red traces). 
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3.3.6: GPR63 and GPR153 CRISPR Knockdown Alters Microglia Morphology in a Mouse Model 

of CIPN 

Other hallmarks of microgliosis in CNS pathologies (e.g., persistent pain conditions) 

include distinct changes in morphology. In resting states, microglia can be characterized as having 

small cell bodies with numerous long and highly ramified projections that are used to monitor the 

extracellular environment [260]. Microglia respond to nerve injury and other conditions that lead 

to pathological pain by shifting to larger amoeboid cell bodies with shorter projections and 

becoming more numerous in quantity either through migration or proliferation [251; 260; 261]. 

Treatments targeting neuroinflammation in CNS disease states have also exhibited effects on 

microglia that promote healthy resting state phenotypes [261; 262]. Following our hypothesis that 

loss of GPR63 and GPR153 in microglia somehow worsens microgliosis in our CIPN model, we 

sought to investigate whether target knockdown impacts microglia morphology directly. 

Microglia-specific knockdowns of GPR63 and GPR153 were performed and CIPN was 

induced in CD-1 mice as in all previous CIPN experiments. Immunohistochemical staining for 

microglia (Iba1) was performed and imaged by laser-scanning confocal microscopy to capture the 

3D structure of microglia in the spinal dorsal horn for morphological analysis. Images were then 

analyzed and 3D models were generated using Imaris 10 software for quantification of 

morphological differences. Upon visual inspection, it was notable that microglia from the NC 

CRISPR/CIPN had more complex arborization whereas GPR63 and GPR153 CRISPR-treated 

microglia had larger soma, shorter and less complex processes, and higher density within the same 

field of view (Fig. 3.9). Quantification of arbor complexity was assessed by measuring the 

distribution of branch order for all ramifications extending from the soma; branch order for a given 
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branch within the microglial arbor was defined as the number of ramification points preceding that 

branch. Branch order as a metric for microglial complexity was found to be statistically different 

by two-way ANOVA (F(20, 561) = 43.32, p < 0.0001) with both GPR63 and GPR153 CRISPR-

treated microglia having more ramifications at lower branch orders compared to the negative 

control (Fig. 3.10A). Soma volume was significantly increased in target knockdown groups 

indicative of a more amoeboid soma shape consistent with stronger microgliosis (Fig. 3.10B). The 

total process length of GPR63 and GPR153-treated microglia was also significantly decreased 

which is congruent with the finding of decreased arborization complexity (Fig. 3.10C). In total, 

we have collected evidence that the reduction of GPR63 and GPR153 expression in spinal cord 

microglia using a CIPN model results in a stronger neuroinflammatory microglial phenotype.  

Further, since we can rescue the impacts on antinociception after knockdown with minocycline 

treatment, our findings suggest the GPR63/153 impacts on microglial function regulate 

pathological pain relief.  
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Figure 3.10: CRISPR knockdown of GPR63 and GPR153 in a mouse model of CIPN alters 

microglia morphology. Female CD-1 mice received CRISPR knockdown of a single target 

oGPCR GPR63 or GPR153 specifically targeted to microglia alongside a separate cohort of mice 

that received an NC CRISPR construct via IT injection as described in the Methods. Immediately 

following the final CRISPR administration, CIPN was induced by administering 2 mg/kg 

paclitaxel IP on Days 3, 5, 7, and 9 and mice were fixed via transcardial perfusion on Day 10. 

Immunohistochemistry was performed on fixed spinal cord tissue staining for Iba1 (magenta) with 

a DAPI counterstain (blue). Individual microglia were identified and imaged using an Olympus 

FV4000 laser-scanning confocal microscope and a 60x oil objective with 2.5-3x digital zoom. 3D 

images were generated by Z-stacks spanning a 30-45 μm range. Microglia were approximately 

centered in the field of view when imaged. Imaris 10 software was then used to process microglia 

Z-stack images and generate 3D models of the soma and arborization patterns. Raw images of 
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maximum intensity Z-projections are shown in the top row for NC (left), GPR63 (middle), and 

GPR153 (right) CRISPR-treated groups. The corresponding 3D models generated in Imaris 10 are 

shown in the bottom row. Qualitatively, it is notable that GPR63 and GPR153 CRISPR treatments 

resulted in soma with larger volumes and less complex arborization patterns compared to their NC 

CRISPR-treated counterparts. This suggests that CRISPR knockdown of target oGPCRs results in 

stronger microgliosis indicative of a worse pathological outcome. 
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Figure 3.11: Quantification of alterations to microglia morphology following CRISPR 

knockdown of GPR63 and GPR153 in a mouse model of CIPN. Female CD-1 mice received 

CRISPR knockdown of a single target oGPCR GPR63 or GPR153 specifically targeted to 
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microglia alongside a separate cohort of mice that received an NC CRISPR construct via IT 

injection as described in the Methods. Immediately following the final CRISPR administration, 

CIPN was induced by administering 2 mg/kg paclitaxel IP on Days 3, 5, 7, and 9 and mice were 

fixed via transcardial perfusion on Day 10. Immunohistochemistry was performed on fixed spinal 

cord tissue staining for Iba1 (magenta) with a DAPI counterstain (blue). Individual microglia were 

identified and imaged using an Olympus FV4000 laser-scanning confocal microscope and a 60x 

oil objective with 2.5-3x digital zoom. 3D images were generated by Z-stacks spanning a 30-45 

μm range. Microglia were approximately centered in the field of view when imaged. Imaris 10 

software was then used to process microglia Z-stack images and generate 3D models of the soma 

and arborization patterns. (A) Microglia complexity was evaluated by determining the branch 

order of all ramifications present in the arborization patterns generated by the Imaris 10 algorithm; 

branch order can be defined as the number of ramification points from the soma taken to reach the 

branch being considered. Differences in the distribution of branch orders were statistically 

significant by two-way ANOVA (F(20, 561) = 43.32, p < 0.0001). (B) Soma volume of GPR63 and 

GPR153 CRISPR-treated microglia were larger than NC CRISPR-treated microglia by one-way 

ANOVA with Tukey’s post hoc test, indicative of microglia with a more amoeboid soma and a 

stronger microgliosis phenotype. Soma volume of GPR63 and GPR153 CRISPR-treated microglia 

did not statistically differ from each other, however. **, ***p < 0.01, 0.001 vs. NC CRISPR/CIPN 

group. (C) Total length of processes emerging from the soma from GPR63 and GPR153 were 

significantly shorter than those of NC CRISPR-treated microglia by one-way ANOVA with 

Tukey’s post hoc test, indicative of less ramified microglial projections and a stronger microgliosis 

phenotype. Total process length of GPR63 and GPR153 CRISPR-treated microglia did not 
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statistically differ from each other, however. ****p < 0.0001 vs. NC CRISPR/CIPN group. Data 

reported as mean ± SEM. Each data point represents an individual microglia cell; N = 1 mouse per 

group. 

 

3.4: Conclusion 

In this chapter, we have shown that GPR63 and GPR153 both have detectable and 

widespread expression in both microglia and astrocytes, two cell types whose activity and/or 

dysfunction are closely tied to pathological pain states. Of particular note, GPR153 appears to be 

expressed in nearly all microglia which has provided the most bountiful lead to pursue our targets’ 

potential biological functions. Taking this finding in conjunction with our behavioral screen of the 

impact of GPR63 and GPR153 in the context of pain and the activity of opioid drugs, we have 

sought to link these two receptors to biological outcomes in the spinal cord consistent with 

pathological pain states particularly in microglia. This approach led us to determine that the effect 

of CRISPR knockdown in eliminating opioid-induced antinociception in CIPN and post-surgical 

pain models is mediated through the function of microglia by some currently unknown mechanism. 

Further investigation corroborates this as we have shown that the effects of GPR63 and GPR153 

CRISPR knockdown on opioid-induced antinociception can be reversed when microglia are 

pharmacologically inhibited, and the reduction of receptor expression appears to exacerbate 

microgliosis in our CIPN model. We can thus begin to speculate in more detail regarding the roles 

that GPR63 and GPR153 play in pathological pain states and the spinal cord as a whole. Given our 

findings, we believe that GPR63 and GPR153 are key regulators of microglia and act as negative 
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modulators of a pro-inflammatory phenotype. This hypothesis may then suggest that GPR63 and 

GPR153 are both likely to be Gαi-coupled GPCRs and that developing agonists for these targets 

would be of particular therapeutic interest. We would expect agonists to effectively suppress 

microglial polarization during pathological pain, thus enhancing the effectiveness of pain relievers 

like opioids during CIPN and paw incision – and perhaps other pathological pain states. 

Difficulties lie, however, in that information about potential endogenous or exogenous ligands for 

either receptor is currently nil. 
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Chapter 4: Discussion and Future Directions 
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4.1: Summary of Findings 

 To summarize, this work has identified GPR63 and GPR153 as novel targets for the 

modulation of microglia and opioid-induced antinociception in mouse models of pathological pain 

while having no impact on baseline nociception. Non-specific CRISPR knockdown of both targets 

in the spinal cord of adult CD-1 mice completely ablated the antinociceptive effects of morphine 

in a CIPN model. This effect was also observed in a model of post-surgical pain for CRISPR 

knockdown of GPR153 only; this treatment condition also impaired normal recovery from 

mechanical allodynia. Efforts to provide context to the expression of GPR63 and GPR153 in the 

spinal cord through RNAScopeTM in situ hybridization concluded that both targets were expressed 

in at least 50% of all microglia and astrocytes in the spinal dorsal horn. In particular, nearly all 

microglia were found to express GPR153. Cell-specific CRISPR knockdown targeting both 

receptors in microglia alone replicated the findings of our non-specific knockdown experiments in 

both CIPN and post-surgical pain models whereas knockdown in astrocytes had no influence on 

behavioral outcomes in response to the pathological pain state or administration of morphine. The 

biological mechanism by which GPR63 and GPR153 act to prevent opioid-induced 

antinociception was tied to microglia further by showing that opioid-induced antinociception could 

be reinstated in our CRISPR-treated mice by applying the microglia inhibitor minocycline directly 

to the spinal cord. GPR63 and GPR153 knockdown also had notable influences on microglia 

morphology in a CIPN model, with CRISPR-treated microglia displaying a phenotype suggesting 

higher levels of microgliosis. Notably, this only seemed to occur in the context of pathological 

pain and not baseline nociception; this could suggest that GPR63/153 are only activated during 

pathological pain states, perhaps as a negative feedback loop, and presumably in response to local 
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release of an endogenous ligand. Together these findings inform our model: 1) GPR63 and 

GPR153 are expressed in microglia; 2) during pathological pain, these receptors act as a negative 

feedback rheostat to control the extent of microglial activation, perhaps in response to secretion of 

their endogenous ligands; 3) disabling GPR63/153 (as in our CRISPR experiments) superactivates 

microglia, while we hypothesize that GPR63/153 activation (as by agonist) would decrease 

microglial activity; 4) these actions of GPR63/153 then translate to decreased or increased 

antinociception, likely via the well-established link between microglial activity, cytokine 

secretion, and pain/antinociception. This model is summarized in Figure 4.1. 
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Figure 4.1: Summary model of the proposed role of GPR63/GPR153 via microglial activity 

regulation in the spinal dorsal horn during pathological pain states. GPR63/GPR153 are 

hypothesized to play a role in gating the progression of microgliosis in pathological pain states. 

This may be accomplished by the endogenous ligands either preventing microglia from becoming 

reactive in response to the pathological pain state or by resolving microgliosis over the course of 

the pathological pain state. By consequence, they likely dampen the release of pro-inflammatory 

cytokines from reactive microglia which are responsible for sensitizing nociceptive neurons in the 

spinal dorsal horn. This results in enhancement of the antinociceptive effects of opioid drugs by a 

currently unknown mechanism, presumably by suppressing pro-inflammatory cytokines which are 

known to interfere with opioid signaling. 
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4.2: Evaluation of the Therapeutic Potential of GPR63 and GPR153 and 

their Role in Microglial Function 

Our findings that the ablation of opioid-induced antinociception correlated with GPR63 

and GPR153 CRISPR knockdown and can be rescued by inhibiting microglia and that microgliosis 

is stronger in the presence of these knockdowns imply that GPR63 and GPR153 have inhibitory 

impacts on microglia. This allows us to speculate that both receptors are Gα i-coupled GPCRs and 

the discovery/design of agonists for them could be analgesic in pathological pain conditions  by 

further suppressing microglial activation. Inhibition of microglia has been studied as a non-opioid 

therapeutic target for pain relief. For instance, minocycline itself has seen investigation as a 

potential treatment option for CIPN with animal studies reporting that it prevents the onset of 

mechanical allodynia through microglia-dependent mechanisms [263; 264]. Unfortunately, 

assessments of therapeutic viability in human cancer patients have not shown minocycline 

treatment to be effective in preventing or relieving symptoms of CIPN [265-267]. Microglia-

related inflammation contributing to pathological pain can be targeted by other drug classes such 

as antibody therapies targeting proinflammatory mediators (e.g., IL-1β, TREM2) with some 

showing efficacy in arthritic cases [268-270]. Drugs such as these, however, do not remedy the 

presence of microgliosis but rather just attempt to mitigate the products of it which may not be a 

sufficient approach for advancing the resolution of pathological pain. Our proposed hypothesis 

that GPR63 and GPR153 agonists could shift microglia into a quiescent state in cases of 

pathological pain would address this issue and potentially promote resolution of pain. Similar to 

this line of thought, other mechanisms of microglial activation such as TLR4 stimulation have 
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been targeted clinically using antagonists that demonstrate effectiveness in reducing inflammatory 

cytokine production in osteoarthritis patients, but efficacy in yielding analgesia is yet to be clarified 

[271]. Another contention with the use of minocycline as a microglial inhibitor lies in that it is a 

tetracycline antibiotic with multiple known mechanisms in which it produces anti-inflammatory 

outcomes rather than specifically targeting microglia, and this introduces the risk of our 

observations being driven by a combination of off-target effects [252]. Other alternatives for 

specifically targeting microglia are possible, however, through pharmacological interventions such 

as CSF1R inhibitors or the use of targeted chemogenetic inhibition via DREADDs [223; 232; 272]. 

CSF1R inhibitors still present the drawback of potential influences beyond the CNS and off-target 

effects but offer more specificity in targeting microglia compared to minocycline [273]. 

Although illuminating and pioneering, this work is not entirely comprehensive in the 

investigation of GPR63 and GPR153 in the context of microglial biology and allows for several 

other avenues of investigation. Neuroinflammation is a hallmark of numerous CNS disease states 

as discussed in previous chapters, and much of this is driven by the release of inflammatory 

cytokines from active microglia. The effects of GPR63 and GPR153 knockdown or overexpression 

on cytokine expression and release were not evaluated in this study, however. Based on our results, 

we can hypothesize that knockdown may result in increases in expression and release whereas 

overexpression may trend in the opposite direction to mitigate expression and release of cytokines. 

Future investigation of these two receptors in microglia can evaluate these outcomes through 

numerous approaches such as RT-qPCR or ELISA analysis of whole spinal cord tissue from 

GPR63 and GPR153 CRISPR-treated mice or in vitro assessments using cultured human and/or 

mouse primary microglia. The role of GPR63 and GPR153 outside of pathological pain may also 
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be of interest to develop a stronger understanding of the role of microglia in healthy tissue. Like 

our morphology approach in the CIPN condition, we can similarly assess microglia morphology 

in healthy/sham-treated conditions in the presence and absence of GPR63 and GPR153 CRISPR 

knockdown. It is possible that knockdown of both receptors also results in a more pro-

inflammatory phenotype in the absence of a pathological insult which would imply that GPR63 

and GPR153 signaling acts endogenously as a gating mechanism for microgliosis. These outcomes 

could also be evaluated and possibly treated in vivo following pharmacological manipulation (i.e., 

administration of GPR63 and GPR153 agonists); this option is not currently available but may be 

soon through our lab’s ligand screening efforts described below. 

We observed no impacts of GPR63 and GPR153 CRISPR knockdown on acute thermal 

nociception or baseline mechanical nociception in our tail flick and CIPN paradigms, respectively. 

This finding is intriguing in conjunction with our hypothesis that these receptors suppress 

microglial activation as microglial activation alone can induce pain-like behaviors in the absence 

of a pathological state [274]. Our only current explanation for this lies in speculating that 

endogenous activity of these receptors (i.e., ligand expression and release) is not present under 

healthy circumstances. Although we show that both GPR63 and GPR153 are notably expressed in 

naïve mouse spinal cord tissue, it is not indicative of  receptor activity. This work could further 

suggest that GPR63 and GPR153 endogenous ligands are released during pathological pain states 

like CIPN. 

Microglia have been demonstrated to affect the resolution of pathological pain states if they 

present an anti-inflammatory phenotype [221; 222]. Depletion and repopulation of microglia in an 

injury model also demonstrates that repopulated microglia have different transcriptomic profiles 
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compared to those present at the onset of pathological pain which may contribute to pain resolution 

[223]. Considering these outcomes and our data regarding GPR153 CRISPR knockdown impairing 

recovery in our post-surgical pain model, we can speculate that GPR153 may be a crucial mediator 

for pain resolution. Our findings that GPR153 is expressed in nearly all microglia may indicate 

that this receptor has greater leverage within the context of gating microgliosis and could be 

identified as the more effective target compared to GPR63 with further investigation. An 

explanation as to why we were able to observe persistent mechanical allodynia despite opioid 

administration with knockdown of both targets may also imply that CIPN is more sensitive to 

microglial activation relative to persistent post-surgical pain. Both observations in CIPN and post-

surgical pain may have something to do with the interplay between microglia and astrocytes in 

pathological pain states involving neuroinflammation as some cases report microglial reactivity 

preceding astrogliosis [225; 227; 228].  

Our work also implicates GPR63 and GPR153 in the microglial modulation of endogenous 

opioid signaling because of the specific loss of opioid-induced antinociception in our behavioral 

models without any effects in baseline measurements. It is unclear if this outcome is caused by 

complete silencing of opioidergic signaling mechanisms in the spinal cord following GPR63 and 

GPR153 CRISPR knockdown and suspected hyperactivity of microglia. Conversely, opioidergic 

signaling may simply be dampened under these experimental conditions, and the dose of morphine 

administered was insufficient. Reports of microglial reactivity contributing to opioid tolerance and 

reductions in analgesic efficacy support this theory [195; 275].  This could potentially be addressed 

through a dose-response approach to evaluate if higher doses of morphine are capable of eliciting 

any antinociception. From a neurocircuit perspective, reactive microglia have also been shown to 
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impact endogenous opioid signaling with correlations to decreased descending modulation from 

the PAG-RVM pathways while increasing glutamatergic tone in the spinal dorsal horn [276; 277]. 

Hyperalgesic priming following opioid administration has been linked to TLR4 as well, a key 

mediator of microglial activation and neuroinflammation as a whole [10; 278; 279]. Other 

adaptations of our current behavioral experiments could be introduced as well to investigate the 

effects of GPR63 and GPR153 knockdown on opioid-induced hyperalgesia and tolerance by 

monitoring opioid-induced antinociception following target knockdown and repeated opioid 

administration. 

 

4.3: Potential Roles of GPR63 and GPR153 in Other Cell Types of the 

Spinal Cord and Endogenous Opioid Signaling 

 Both GPR63 and GPR153 have been confirmed to have expression in both microglia and 

astrocytes within the mouse spinal cord as demonstrated by the colocalization data presented in 

Section 3.3.1. Our behavioral data employing cell-specific CRISPR knockdown of GPR63 and 

GPR153 only implicated their impact on pathological pain states when targeted to microglia, 

however. Despite this finding, it is unlikely that both targets would have no effect on astrocyte 

function; the context of our experiments may have just not been suitable to distinguish this. The 

hypothesis that these targets act as inhibitory GPCRs would lead us to believe that their activity 

could also inhibit the development of astrogliosis. Data supporting this hypothesis would be crucial 

as astrocyte reactivity has been reported to contribute to the development of CIPN with multiple 

chemotherapy agents [31; 235]. Several measures of astrogliosis exist in the literature such as 
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evaluating the formation of glial scars following spinal cord injury, their responsiveness to 

inflammatory cytokines, or their morphology [280; 281]. The interplay between microglia and 

astrocytes is also heavily studied in neuroinflammatory contexts which would encourage 

examining the effects of GPR63 and GPR153 knockdown on their interactions via in vitro co-

culture of the two cell types [282].  

Although not specifically interrogated in our studies, it is highly likely that GPR63 and 

GPR153 are also expressed on neurons in the spinal cord; this can be inferred by the clear and 

widespread expression of both targets throughout the gray matter of the spinal dorsal horn. Support 

for this also comes from one spatial transcriptomic study of human DRGs reporting GPR153 

expression on putative silent nociceptors [145]. Silent nociceptors themselves are particularly 

interesting in the context of our findings as they are characterized as insensitive to nociceptive 

stimuli under normal conditions but become active following sensitization by pro-inflammatory 

mediators [283; 284]. Investigating GPR63 and GPR153 would prove to be a more complex 

endeavor compared to microglia and astrocytes considering the presence of both excitatory and 

inhibitory neurons distributed throughout the nociceptive circuit. Following the hypothesis that  

GPR63 and GPR153 are both inhibitory GPCRs in combination with our behavioral results allows 

us to speculate that they may be expressed on pro-nociceptive neurons. CRISPR knockdown of 

both receptors in vivo suggests that more nociceptive signaling may be occurring which may be a 

result of disinhibition of nociceptive neurons or associated facilitatory interneurons. 

Colocalization studies and cell-specific knockdown approaches similar to what has been 

performed here using markers for nociceptors (e.g., CGRP) or excitatory neurons (e.g., vesicular 

glutamate transporter 2, vGluT2; LIM homeobox transcription factor 1-beta; Lmx1b) could 
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demonstrate comparable impacts on mitigating opioid-induced antinociception by increasing the 

firing tone of nociceptive signals [285]. Using pan-neuronal markers such as NeuN could provide 

some insights but would likely be limited because of its inability to distinguish neuronal subtypes. 

Studying these receptors in neurons also opens opportunities for a wide array of physiological 

assessments such as patch-clamp electrophysiology, measurement of evoked neurotransmitter 

release, or Ca2+ imaging to determine their influence on neuronal excitability. Some of these 

experiments would likely require the discovery of a ligand to be most viable, however. 

 

4.4: Ligand Screening and Deorphanization Efforts 

Presently, no reliable ligands for GPR63 and GPR153 have been reported. Sphingosine-1-

phosphate (S1P) has been reported as a low affinity agonist for GPR63 [164; 286; 287]. These 

reports suggested that GPR63 may have some role in pain modulation as S1P signaling has been 

under investigation in the search for non-opioid analgesics, albeit as a pro-nociceptive molecule 

[165]. We have been unable to demonstrate any agonist activity by S1P at GPR63 using a 

PRESTO-Tango assay (data not shown), however, along with another group similarly unable to 

replicate these results [288]. No reports of any potential ligands for GPR153 are currently 

available. Nevertheless, sequence phylogeny analysis of GPR63 and GPR153 may provide some 

leads in regards to potential ligands. GPR153 has been demonstrated to have sequence similarity 

with members of the adrenergic and serotonergic receptor families which are both known to 

modulate nociception in some capacity [144; 289]. Similarly, GPR63 shares lineage with 

numerous receptors for lipid mediators such as the cannabinoid receptors which are also implicated 
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in pain modulation [146]. Although promising, the gaps in concrete knowledge surrounding our 

targets complicates the process of deorphanization and identifying their biological influences. 

Furthermore, these receptors being full orphans rules out any knowledge of their G-protein 

coupling and prevents us from performing screening experiments by conventional means of 

measuring cAMP production (Gαs, Gαi) or intracellular Ca2+ concentrations (Gαq).  

Fortunately, GPCR activity is not strictly measurable by G-protein signaling pathways, and 

pharmacologists have engineered novel assays in recent years to interrogate GPCR activation for 

screening purposes. Of particular interest for us has been the Tango assay developed by Dr. Gilad 

Barnea’s group and its modularization and open-source access made possible through the 

PRESTO-Tango adaptation created by Dr. Bryan Roth’s group [290; 291]. The PRESTO-Tango 

(Parallel Recepter-ome Expression and Screening via Transcription Output – Tango) assay 

capitalizes on the recruitment of β-arrestin as another intracellular signaling pathway indicative of 

GPCR stimulation (Fig. 4.2A). In this assay, two genetically engineered components are unified 

to generate a measurable output: (1) a cell line containing a modified β-arrestin protein bound to a 

tobacco etch virus (TEV) protease along with a luciferase reporter gene whose transcription is 

driven by a tetracycline transactivator (tTA) transcription factor and (2) a modified GPCR of 

interest in which the C-terminus is conjugated to a tTA transcription factor by a short amino acid 

sequence containing a TEV protease cleavage site. Upon ligand binding and subsequent β-arrestin 

recruitment to the GPCR’s intracellular domains allows for the TEV protease to release the tTA 

transcription factor which translocates to the nucleus and induces transcription of the reporter gene. 

We have confirmed the viability of this assay in our lab using the PRESTO-Tango construct for 

the MOR showing appropriate responses to the ligands DAMGO, morphine, and oxymorphone 
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(Fig. 4.2B). By this method, we are currently performing high-throughput screening of various 

drug and natural product libraries to be able to probe our targets pharmacologically in the near 

future. These efforts are also joined by work with our collaborators using in silico modeling to 

construct peptide and small molecule structures that interact favorably with the proposed binding 

pockets of GPR63 and GPR153. 

Natural products are a tremendous resource for pharmacological discover as evidenced by 

opioids and cannabinoids, two classes of analgesic drugs derived from plants and used medicinally 

throughout the course of history. As such, it is vital to consider diverse natural product reservoirs 

in our endeavors to deorphanize GPR63 and GPR153. One such reservoir lies in microbes. 

Numerous drugs instrumental for driving medical breakthroughs have been derived from bacteria 

such as antibiotics and chemotherapy agents [292-294]. Through our lab’s collaboration with Dr. 

Christopher Cartmell, we are actively developing a state-of-the-art high-throughput microfluidics 

screening platform to target microbially derived natural products against the GPR63/GPR153 

PRESTO-Tango assay. The platform operates by encapsulating individual microbes in 

microdroplets followed by pico-injection of individual reporter cells expressing the PRESTO-

Tango construct for our targets of interest (Fig. 4.3A). Microbes can then be allowed to proliferate 

alongside reporter cells within their isolated microdroplet environments such that any natural 

products generated by collected microbes can interact with the GPR63/GPR153 PRESTO-Tango 

receptors. The PRESTO-Tango assay itself can be modified to exchange the current 

bioluminescent reporter for a fluorescent reporter, and microdroplets containing hits for receptor 

activation can be separated by fluorescence-activated droplet sorting (FADS) [295]. Positive hits 

for receptor activation would then undergo biochemical analysis to identify the specific natural 
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product responsible with potential room for medicinal chemistry approaches to optimize ligand-

receptor interactions and/or receptor stimulation. Interrogation of the downstream signaling 

pathways of GPR63 and GPR153 would also become feasible, contributing further insights into 

their biological roles and therapeutic potential. Development of this assay has been successful thus 

far through our proven ability to form microdroplets (Fig. 4.3C) and encapsulate individual 

bacteria and mammalian cells within them (data not shown). 
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Figure 4.2: The PRESTO-Tango assay for identifying GPCR activation via β-arrestin 

recruitment. (A) The PRESTO-Tango assay is an open-source platform designed for screening 

orphan ligands and/or GPCRs. A specially engineered HTLA cell line expressing a tTA-dependent 

luciferase reporter is transfected with an expression construct for a genetically engineered variant 

of the GPCR of interest. This GPCR is unique in that it is conjugated to a tTA transcription factor 

by a short sequence containing a TEV cleavage site. The HTLA cell line itself also expresses a 

genetically modified variant of β-arrestin conjugated to TEV protease. Upon receptor activation 

due to ligand binding, β-arrestin is recruited to the C-terminus of the GPCR target and the TEV 

protease cleavage activity releases the tTA transcription factor. The transcription factor then 

translocates to the nucleus and induces expression of the luciferase reporter gene thus allowing 

GPCR activation to be measured via bioluminescence. Figure adapted from [291]. (B) Proof-of-

concept of the PRESTO-Tango assay’s viability in our hands. The PRESTO-Tango construct for 

the μ-opioid receptor (MOR/Oprm1) was transfected into HTLA cells obtained from the lab of 

Gilad Barnea, Ph.D. at Brown University. Cells were then stimulated with known MOR agonists 
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DAMGO, morphine, and oxymorphone. All three ligands were efficacious in stimulating β-

arrestin recruitment with DAMGO providing the highest efficacy and potency consistent with its 

identity as a highly selective MOR agonist. Data collected by John M. Streicher, Ph.D. and 

reported as mean ± SEM. 
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Figure 4.3: A microfluidics platform for high-throughput screening of natural product 

ligands. (A) Workflow of the high-throughput microfluidic natural product screening platform for 

GPR63 and GPR153 drug discovery. Individual microbes are encapsulated in microdroplets and 

allowed to proliferate over time and perform their normal biological processes resulting in the 

presence of chemical products serving as potential ligands. Microdroplets with encapsulated 

microbes are then pico-injected with individual mammalian fluorescent reporter cells expressing 

the PRESTO-Tango construct of either GPR63 or GPR153. Microdroplets in which GPR63 or 

GPR153 are stimulated by natural products generated by their microbial neighbors are then sorted 

by FADS and biochemical analysis of the natural products found in the microdroplets containing 

positive hits will be performed. (B) Schematic diagram of the microfluidics chip being used to 

generate microdroplets, encapsulate microbes, and perform pico-injection of reporter cells. (C) 
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Proof-of-concept of the successful generation of microdroplets in the microfluidics chip. All 

figures provided by Christopher Cartmell, Ph.D.  



149 

 

4.5: Closing Remarks 

The studies presented here have established the scientific premise for investigation of 

GPR63 and GPR153 as novel non-opioid modulators of pathological pain states, an ever-growing 

and critical public health need. The nature of GPR63 and GPR153 as full orphan receptors itself 

warrants further study from the standpoint of the raw potential for scientific discovery particularly 

in the CNS. The effects of targeting these receptors appear to be mediated by the activity of 

microglia which presents a cornucopia of possible avenues of investigation for implicating these 

targets in pathological pain, numerous other CNS disease states, and fundamental questions of 

neurobiology and neuropharmacology. Future scientific evaluation and deorphanization of these 

receptors is spearheaded by the active search for a ligand which would initiate the process of 

evaluating the therapeutic viability of GPR63 and GPR153 as drug targets. In conclusion, GPR63 

and GPR153 are promising novel targets for studying pathological pain states, but their place 

within the study of pain is yet to be fully determined. 
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