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Abstract 

GluN2B-Selective NMDA Receptor Negative Allosteric Modulation as a Treatment for Chronic 
Pain and Opioid Tolerance  

By: Lynnea D. Harris 

Drug overdose is the leading cause of accidental death in the US. From April 2021 to April 2022, 

there were over 100,000 new cases — an increase of nearly 30% compared to the previous year. 

The majority of these cases involved use of an opioid. Opioids are sought after for their profound 

analgesic properties, however their utility is significantly hindered by adverse off-target effects 

including addiction, physical dependence, and tolerance. Analgesic tolerance to opioids is 

characterized by a decrease in the efficacy of an opioid over time with repeated use. Tolerance 

requires increasingly higher doses of the opioid to maintain suitable analgesia and can lead to 

overdose. Persistent activation of NMDA receptors is a key mechanism in the development of 

tolerance. Additionally, the NMDA receptors which contain the GluN2B subunit are of particular 

interest in this mechanism. Here, we have introduced a novel GluN2B-selective negative allosteric 

modulator of the NMDA receptor, EU93-108, and evaluated its effects on pain and tolerance in 

mice. EU93-108 is potent and brain penetrant, and possesses analgesic properties in allodynia and 

thermal nociception rodent pain models. The compound also produces a significant enhancement 

effect whereby morphine, when combined with EU93-108, produces stronger thermal 

antinociception compared to that of morphine alone. These results suggest that GluN2B negative 

modulation has utility in the treatment of chronic pain and tolerance. Further structure-activity 

relationship work around this compound could give rise to compounds that can function as 

analgesic adjuvant therapeutics to diminish the onset of tolerance due to chronic opioid use. 
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Chapter 1: Background and Overview of Pathological Pain, Opioids, Analgesic Tolerance, and 

NMDAR Allosteric Modulation 

1.1 Overview of Beneficial and Pathological Pain 

The International Association for the Study of Pain (IASP) defines pain as “an unpleasant sensory 

and emotional experience associated with, or resembling that associated with, actual or potential 

tissue damage”1. The ability to perceive pain has always been necessary for human survival. Pain 

is beneficial for avoiding poisons and toxins, avoiding danger, and alerting us to damage or 

malfunction in our bodies. The sensation of pain in general is not harmful; however, unregulated, 

unrelenting or idiopathic pain does not serve a beneficial purpose. It is no longer a symptom of 

injury or disease, rather it is a pathological condition in its own right that diminishes quality of life 

and requires treatment2. There are many ways to conceptualize pain, but for this discussion we will 

describe pain in four main components: nociception, perception, suffering, and pain behavior. All 

four components have anatomical, physiological, and psychological substrates, and are useful for 

categorizing the many types of pain.   

Nociception3 is the process of detecting tissue damage. The damage is detected by 

nociceptors. These nociceptors transduce the stimulus into an electrical signal which then travels 

to the brain via Aδ- and C-type nerve fibers. Nociceptors can be specialized to detect chemical, 

thermal, or mechanical stimuli, or combinations of these. 

Perception of pain3 is most frequently generated by tissue damage or disease, but it can 

also be triggered by lesions to the central or peripheral nervous systems. In the latter case, the 

nerves themselves have suffered damage and this can happen in the absence of an external 

stimulus. In other words, perception of pain can occur with or without nociception. Stroke, spinal 
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cord injury or autoimmune diseases are a few examples of disease states that are associated with 

nerve damage. Unlike pain from tissue damage, pain associated with nerve lesions is not 

responsive to analgesics such as acetaminophen or morphine4.  

Suffering can be defined as the emotional or psychological aspect of pain sensation. It is 

the negative response elicited not only by the pain itself, but by the stress, anxiety and/or fear 

caused by the pain. 

Pain behaviors3 are all of the various ways humans express pain or discomfort. These 

behaviors can include verbalizing the pain (e.g., saying “ouch”), laying down or staying home 

from work, facial grimacing, or seeking medical attention.  

 

1.1.1 Neurocircuitry Underlying Pain 

The IASP has provided a robust definition of pain which has been widely accepted since 1979 (see 

above section), but this definition does not convey the full biological complexity underlying pain 

and its circuitry. 

Pain originates from a wide array of peripheral sensors that detect nociceptive input from 

peripheral tissues and from the outside world. These nociceptive stimuli can be inflammatory, 

neuropathic, or nociceptive in nature. These sensors then transmit nociceptive signals to a series 

of neural circuits in the spinal cord dorsal horn. Nociceptive neurons in the dorsal horn innervate 

several regions of the brain, which produces the landscape of emotions, behaviors, and sensations 

that we have come to associate with pain5. 

As mentioned briefly in the previous section, nociceptive primary sensory neurons are 

categorized as Aδ or C fibers. Aβ fibers are also involved, but to a lesser extent. Aδ fibers are 
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myelinated and mediate quick and sharp pain sensations, particularly mechanical or 

mechanothermal stimuli. C fibers are unmyelinated and mediate dull and radiating pain sensations. 

C fibers are classified as polymodal because they can respond to thermal, mechanical or chemical 

stimuli. Myelinated fibers possess a higher conduction velocity than unmyelinated fibers and are 

therefore able to transmit pain signals at a faster rate. These fibers innervate the skin, deep tissues, 

and internal organs, and they respond to noxious mechanical, chemical, or thermal stimuli through 

the activation of sensory transducers. These transducers are ion channels that facilitate the 

conversion of noxious stimuli to an electrochemical signal that can be transmitted to the brain in a 

process called transduction6,7.  

There are three main aspects of pain transduction: transmission, modulation, and 

perception8.  Transmission is the process of relaying information from the noxious stimulus from 

the site of injury to the brain. Modulation is the “checks and balances” system which acts to reduce 

transmission. Finally, perception is referred to as the subjective awareness of pain. It is the end 

result of the brain synthesizing and making sense of all of the sensory input from the initial injury. 

Perception also includes several aspects involved in the subjective experience of pain, including 

attention, expectation, and interpretation8.  

Ion channels involved in transduction include families of transient receptor potential cation 

channels (TRP), particularly the heat-sensing transient receptor potential channel vanilloid 1 

(TRPV1), and acid sensing ion channels (ASICs). 

Transient receptor potential (TRP) channels are a broad class of ion channels composed of 

28 isoforms divided into six subfamilies: canonical (TRPC), vanilloid (TRPV), ankyrin (TRPA), 

melastatin (TRPM), polycystin (TRPP), and mucolipin (TRPML)9. TRP channels are involved in 

many physiological processes ranging from taste or visual transduction to pheromone signaling to 
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muscle contraction10–12. The main isoforms involved in transduction are TRPV1, TRPV3, TRPA1, 

and TRPM813,14.  

TRPV1 was discovered in 199715 and is the most well-characterized member of the TRPV 

family. TRPV1 is preferentially expressed within peripheral sensory neurons including laminae I 

and II of the spinal cord dorsal horn16 as well as neurons in the dorsal root ganglia, trigeminal 

ganglia, and nodal ganglia17. It is also expressed at lower levels in nerve fibers that innervate the 

bladder18, lungs19,  and upper respiratory tract20. TRPV1 is activated by noxious heat (>42C), 

acidity and molecules like the vallinoid capsaicin which is why it is also called the capsaicin 

receptor21. Following a skin lesion, a wide array of pro-inflammatory molecules are released 

including bradykinin, prostaglandins, substance P, leukotrienes, histamine, serotonin, 

thromboxanes, adenosine and ATP, platelet-activating factor, protons and free radicals17. All of 

these molecules sensitize TRPV1 channels, lowering the threshold for activation.  

TRPV3 channels are expressed in keratinocytes22 and in dorsal root ganglia and trigeminal 

ganglia neurons23. TRPV3 channels respond to warm heat as opposed to noxious heat (>33C)21,22. 

TRPV1 and TRV3 channels share significant homology, and both show increased activity in 

response to noxious heat. However, unlike TRPV1, TRPV3 does not respond to acidity or 

capsaicin21. TRPA1 channels are sensitive to thermal, mechanical and chemical stimuli24. 

Kremeyer et al. found that a gain-of-function mutation in TRPA1 produces a 5-fold increase in 

inward current at resting potential. This finding was subsequently shown to be the pathogenesis of 

Familial Episodic Pain syndrome, characterized by episodes of severe pain localized to the upper 

body25. TRPA1 channels are located on neurons and on non-neuronal cells such as keratinocytes22, 

endothelial cells and fibroblasts, but their utility in these cell types is less understood. TRPM8 
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channels, expressed in cutaneous fibers, respond to noxious cold and are the principal receptors 

responsible for cold pain transduction26–28. 

Acid-sensing ion channels (ASICs) are proton-induced sodium channels that are expressed 

in free nerve endings and somatosensory organs29,30. ASICs respond to changes in pH13 and are 

associated with various disease states such as epilepsy31, migraine32, depression33, and neuropathic 

pain34. Only two isoforms, ASIC3 and ASIC1b, are involved in acidic nociception (e.g,. ischemia- 

or inflammation-related pain)35. 

Voltage-gated sodium (Nav) channels are primarily involved in the transition from pain 

transduction to transmission. Activation of TRP channels and ASICs generates a potential that is 

sufficient to depolarize Nav channels, leading to an action potential13. Nine isoforms have been 

identified (Nav1.1 – 1.9), but 1.3, 1.7, 1.8 and 1.9 are the isoforms most important for pain 

transduction36,37. Nav channels are expressed in the soma of dorsal root ganglion neurons38 as well 

as free nerve endings in the periphery39. For example, 1.6, 1.7, 1.8 and 1.9 are expressed in 

epithelial nerve endings39. Other Nav channels are expressed in skeletal and cardiac muscle, the 

cerebellum, and the cerebral cortex37.  

Neurons are not the only cells involved in transduction of pain signals from the periphery. 

Certain epithelial cell types such as Merkel cells or keratinocytes interact with peripheral fibers 

and are implicated as sensory transduction modulators. For example, Merkel cells make up the 

epidermal end of slowly adapting type 1 (SA1) mechanoreceptors which facilitate the recognition 

of edges and textures. Depolarization of Merkel cells directly activates SA1 fibers40. Keratinocytes 

also directly contribute to nociceptive transduction. Activation  of  channelrhodopsin  or TRPV1 
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channels ectopically expressed by keratinocytes in mice induced action potential firing in sensory 

neurons, neuronal activity in the spinal cord, and pain-like behaviors in mice41,42. 

 Pain transduction is also regulated by a series of inhibitory mechanisms working in parallel 

with the excitatory mechanisms discussed. When an injury occurs, endogenous opioid peptides are 

released and interact with peripheral nociceptors that express opioid receptors43,44 and/or other anti-

inflammatory mediators45. Inhibition is mediated in the spinal cord via release of endogenous 

opioids or gamma-aminobutyric acid (GABA) from interneurons which reduce excitatory 

transmission by activating presynaptic opioid or GABA receptors expressed in nociceptors. 

Additionally, opioids and GABA can open postsynaptic K+ or Cl- channels, evoking inhibitory 

potentials in dorsal horn neurons46–48. If nociceptive stimulation continues, spinal interneurons 

increase opioid production by upregulating gene expression49,50. Other inhibitory (or descending) 

pathways, particularly serotonergic and noradrenergic pathways, are also activated. 

The spinal cord dorsal horn is the primary locus for integration of peripheral sensory input 

and pain modulation13,51–53. The dorsal horn contains six Rexed laminae which are innervated by 

primary sensory neurons. Aδ and C mostly innervate outer laminae I and II which are activated by 

noxious stimuli. The inner laminae are more sensitive to innocuous touch. The dorsal horn also 

contains a large interneuron population that is primarily excitatory while approximately 25% are 

inhibitory13. Projection neurons, which are responsible for relaying information about pain to 

higher brain centers, are also located in the dorsal horn across laminae I, III, IV and V. 
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Figure 1. Brain regions involved in processing nociceptive input. The figure depicts the ascending 

and descending pain modulatory pathways. Ascending: Nociceptive input is transmitted from the 

site of injury to the dorsal horn of the spinal cord, then up the spinothalamic tract to the thalamus 

and somatosensory cortex. Descending: nociceptive input is transmitted from the thalamus and 

somatosensory cortex to the periaqueductal gray matter (PAG), then to the rostroventral medulla 

(RVM), then finally back to the dorsal horn. 
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Functional magnetic resonance imaging (fMRI) studies in humans have identified several 

brain regions (Figure 1) where coordinated activation occurs in response to noxious somatic and 

visceral stimuli. First, primary afferent neurons engage motor and autonomic spinal and brainstem 

circuits to trigger reflexive behaviors54,55. This works to limit exposure to the nociceptive stimuli. 

These afferent neurons also synapse onto second-order neurons in the trigeminal nucleus caudalis 

and the spinal cord dorsal horn. The second-order neurons then project onto the lateral parabrachial 

nucleus and the periaqueductal gray (PAG), which innervate the somatosensory, anterior cingulate, 

insular, and prefrontal cortices, nucleus accumbens (NAc),  hypothalamus, medial thalamus, and 

amygdala56–59. The PAG also relays to rostral ventromedial medulla, which projects onto the 

dorsolateral funiculus to the dorsal horn60.  

This network of brain regions was previously thought of as a “pain matrix”61–63 which is 

consistently engaged in response to any type of pain. However, we now understand that the pain 

matrix hypothesis was too simplified. Studies have demonstrated that all pain is not associated 

with activation of specific brain regions64,65. Rather, while some brain regions such as those listed 

above may be more consistently involved, additional brain regions that are involved in the 

surrounding aspects of the pain (i.e., emotion/mood, injury, cognition, etc.) may also be 

engaged66,67. The amygdala, basal ganglia, parabrachial complex, and supplementary motor area 

are a few examples of brain regions that are more context-dependent and therefore less consistently 

activated in response to pain56. 

1.1.2 Types of Pain 

Acute pain occurs when there has been tissue injury or damage, but the damage is well 

managed by medical attention and/or pharmacological intervention. Examples of acute pain 
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include surgical pain which is mitigated by anesthesia, and post-operative pain which is managed 

by analgesics. Acute pain is defined as pain that lasts days to weeks68. 

Chronic pain is pain that lasts longer than 3 months69. It is defined as “a syndrome 

characterized by persistent physical pain, disability, emotional disturbance, and social withdrawal 

symptoms, existing together and influencing one another”70. This is the most complex form of 

pain, and the form that pain pathologies fall under. In this type of pain, the damage might have 

exceeded the body’s ability to heal either because the trauma or scarring is too extensive, because 

the body part has been lost, or because the nervous system has been damaged. Chronic pain can 

be initially caused by severe injury or disease, such as lower back pain, fibromyalgia, or post-

surgical pain. However, pathological chronic pain is that which persists after wound healing or 

exists in the absence of tissue damage68,70. This type of pain must be managed long-term using a 

combination of physical, psychological, and pharmacological approaches.  

 

1.1.3 Interventions for Chronic Pain Management 

Physical interventions for chronic pain management include physiotherapy and 

occupational therapy. With physiotherapy, the goal is to maintain the patient’s functional abilities 

without exacerbating pain. The therapist places emphasis on remaining active via stretching and  

aerobics – paying special attention to muscle strength and range of motion. Therapy sessions may 

include MRI and physical exam results to help keep patients updated on their progress71,72.  

The goal of occupational therapy is to increase physical capability. This therapy 

discourages excessive resting to avoid pain, as this could make the pain worse. The therapist works 

with the patient to establish a baseline of daily activities that the patient can build on each day. 
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Occupational therapy could also include keeping a pain diary to keep track of which 

exercises/activities caused pain over time73. 

Either method could also involve a pain specialist nurse who can advise the patient on dose 

and timing of prescribed medications to limit side effects. Increasing communication around 

medication helps to alleviate confusion or fear and increases compliance74. 

Psychological interventions include cognitive-behavioral therapy (CBT) and acceptance 

and commitment therapy (ACT). CBT emphasizes autonomy and focuses on reframing or 

adjusting maladaptive thought processes and beliefs around pain75. The patient is not simply a 

passive responder to pain, rather he or she can actively process the pain and make the best decisions 

for themselves76. CBT has shown improvements in quality of life, decreases in anxiety and 

depression77, and decreases in frequency of hospital visits and therefore a reduction in healthcare 

costs78. 

As opposed to CBT which focuses on thoughts and beliefs, ACT focuses on behavioral 

responses. This type of treatment emphasizes improvement, not eradication, of pain. Significant 

attention is also given to practicing mindfulness to foster acceptance, reduce focus on the pain, and 

increase focus on life goals and values79,80. 

Pharmacological interventions for chronic pain are typically analgesic medications, which 

can range from over-the-counter drugs to powerful opioids. Non-opioid drugs include aspirin, 

acetaminophen, steroids, or non-steroidal anti-inflammatory drugs (NSAIDs, e.g., naproxen). As 

outlined in the World Health Organization analgesic ladder, these drugs are the first line of defense 

against any type of pain and are typically effective against light to moderate pain81. However, if 

the pain persists or becomes more severe, then a weak opioid such as codeine might be prescribed 
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in tandem with a non-opioid drug. As the pain continues to persist or increase, stronger opioids 

might be prescribed. These include morphine, oxycodone, and hydrocodone among others.  

1.2 Overview of Opioids and Opioid Receptors  

Opioids are a class of compounds that bind to opioid receptors to produce pain-relieving 

(analgesic) effects. The earliest opioid discovered was morphine, first isolated from opium plants 

in 1805. The highly addictive nature of morphine was soon recognized, and the pharmaceutical 

company Bayer began an initiative to develop an analog of morphine that was devoid of addictive 

liability while maintaining profound analgesic properties. This effort led to the development of 

heroin in 189882, which was initially marketed as a non-addictive painkiller, however, we now 

know that heroin is more addictive than morphine. These discoveries paved the way for many 

other opioid analogues to be developed. 
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Figure 2. Structure of the mu-opioid receptor and G protein complex83. The mu-opioid receptor 

is shown in orange. The G-alpha subunit is shown in blue, G-beta in red, and G-gamma in gold.  

 

1.2.1 Opioid Receptors 

Opioid receptors (Figure 2) are G-protein coupled receptors (GPCRs) which are coupled 

to Gi/o proteins and consist of an extracellular N-terminus, 7 transmembrane helices, 3 extracellular 

and 3 intracellular loops, and an intracellular C-terminus84. There are three subtypes of opioid 
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receptor – mu, delta, and kappa – each of which are encoded by distinct genes first discovered by 

Kieffer85 and Evans86 in 1992 (OPRM1, OPRD1, and OPRK1 respectively)82. These receptors are 

found both in the CNS and in peripheral tissues, and are activated by endogenous peptides called 

β-endorphins, enkephalins, and dynorphins which were first isolated by Hughes and Kosterlitz in 

197587. 

The µ-opioid receptor (MOR) is primarily found in the brainstem, medial thalamus, and 

amygdala. MORs are also expressed in immune cells, ectodermal cells, and neuroendocrine cells 

such as the pituitary and adrenal glands44,88. This receptor subtype is responsible for supraspinal 

analgesia, euphoria, sedation, respiratory depression, decreased gastrointestinal motility, and 

physical dependence84. The κ-opioid receptor (KOR) is primarily located in the limbic brain 

regions, such as the hypothalamus and pituitary gland, along with the brainstem and spinal cord. 

Activation of this receptor subtype brings about spinal analgesia, dysphoria, sedation, and 

respiratory depression84. The final subtype is the δ-opioid receptor (DOR). This subtype is 

primarily responsible for the emotional response to the opioid, as opposed to the rewarding effects 

of opioids89, as DOR activation has demonstrated anxiolytic and anti-depressive effects90.  The 

following discussion will focus on the MOR, as nearly all clinically relevant actions of opioids are 

exerted through stimulation of this receptor subtype82,91.   

MORs are encoded by a single structural gene, OPRM1, and can form many splice 

variants92. While some of these variants do not possess any cellular activity, the active variants can 

differ in opioid binding affinity, potency and efficacy in mice93  and humans94. The active variants 

can be divided into two groups: exon 1-associated variants, and exon 11-associated variants.  

Exon 1-associated variants of the MOR all produce active and complete G-protein coupled 

receptors, and have identical binding pockets to the main variant, MOR1. These variants mainly 
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differ in the structure of the intracellular carboxy terminus. The carboxy terminus is known to be 

important for phosphorylation and signal transduction95, thus differences in this region affect 

ligand potency and efficacy. Clinically, it is well known that opioid drugs can have differing effects 

from patient to patient96,97, and these differences can be partially explained by the differences in 

the identities of the splice variants present in each individual. Exon 11-associated variants make 

up about 25% of the total level of mRNA and protein splice variants98. These variants produce 

receptors that are structurally identical to MOR1, but their expression levels differ regionally 

across the CNS99,100.  

Individual splice variants have also been associated with specific effects of opioid use. For 

example, a single nucleotide polymorphism (SNP) in the variant MOR1X has been associated with 

fentanyl-induced emesis in Chinese women undergoing gynecological surgery101. Additionally, 

Liu et al. reported that the variant MOR1D is required for morphine-induced scratching in mice, 

while MOR1, the major variant, is the only variant required for morphine-induced analgesia102.  

Upon binding of a ligand such as an opioid, conformational changes take place which allow 

for intracellular coupling of Gi/o proteins to the C terminus of the MOR. GDP is displaced by GTP 

at the Gα subunit, and the trimeric G protein dissociates into Gαi and Gβγ subunits. Gαi inhibits 

adenylyl cyclase and cAMP production while Gβγ interacts with membrane ion channels103,104.  

Once activated, MORs exert their antinociceptive effects via several mechanisms of action. 

MOR activation by opioids produces increased potassium conductance via Gβγ-mediated 

activation of G protein-coupled inwardly rectifying K+ (GIRK) channels105. GIRK channel 

activation prevents neuronal excitation and propagation of action potentials. Studies have 

demonstrated that mutant mice that lack or have dysfunctional GIRK channels show decreased 

opioid antinociception, highlighting that GIRK channel activation is important for the 
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antinociceptive effects of opioids106–108. In dorsal root ganglia (DRG) neurons, the Gβγ subunit also 

inhibit a number of ion channels such as Na+ channels109, Ih channels110, and the TRPV1111,112 and 

ASIC channels113 mentioned in the Neurocircuitry of Pain section. This decreases presynaptic 

calcium-dependent fusion of synaptic vesicles with the membrane terminal, which leads to a 

reduction in neurotransmitter release. 

 Opioids also stimulate the descending, or inhibitory pain pathway. The descending 

pathway includes the periaqueductal gray (PAG), rostroventral medulla (RVM), the nucleus 

reticularis paragigantocellularis (NRPG), and the substantia gelatinosa of the dorsal horn, all of 

which contain high concentrations of MORs114. These regions contain both inhibitory GABAergic 

neurons and excitatory glutamatergic neurons. MOR activation by opioids inhibits the GABAergic 

neurons in these regions, allowing for increased glutamatergic activity. Increased excitatory input 

throughout the descending pathway leads to decreased nociceptive transmission from the 

periphery. Activation of MORs by opioids also increases neuronal traffic through the nucleus raphe 

magnus115 leading to increased stimulation of serotonergic116,117 and enkephalin-containing neurons 

which project onto the dorsal horn. This results in decreased nociceptive transmission from the 

peripheral site of injury to the thalamus114. Importantly, in the spinal cord opioids also block 

excitatory postsynaptic currents evoked by glutamate receptors in the ascending or excitatory pain 

modulatory pathway. The net result of these interactions is decreased transmission of nociceptive 

signals and decreased perception of pain60. 

Following stimulation of a GPCR by an agonist, the receptor undergoes several opposing 

mechanisms to maintain homeostasis. The most universal mechanism amongst GPCRs is a process 

called desensitization118–120. Activated receptors are recognized by GPCR kinases (GRKs) which 

phosphorylate the receptor either on the C-terminus or on any number of cytoplasmic loops. There 
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are 7 members of the GRK family, GRK 1-7. Expression of GRK 1 and 7 is restricted to visual 

rods and cones respectively. GRK 4 is expressed in few tissues, while the remaining GRKs, 2, 3, 

5, and 6 are ubiquitously expressed120. MORs are primarily phosphorylated by GRKs 2 and 3121–

123. 

Phosphorylation promotes recruitment and binding of arrestin proteins. Arrestins are a 

family of four proteins named arrestin 1-4. Expression of arrestins 1 and 4 (also known as visual 

arrestin and X arrestin respectively) is localized to visual rods and cones, while arrestins 2 and 3 

(termed β-arrestin 1 and β-arrestin 2 respectively) have ubiquitous expression. MORs primarily 

interact with β-arrestin 2124. Visual arrestin was discovered by Kuhn et al. in 1987 which led to the 

discovery of the remaining members and eventual cloning of the proteins by the Bob Lefkowitz 

laboratory in the early 1990s125–128. Binding of arrestin proteins to the GPCR sterically blocks the 

receptor from interaction with its associated G protein, therefore decreasing signaling even in the 

continued presence of a stimulus. Desensitized GPCRs are then removed from the plasma 

membrane via clathrin-mediated endocytosis for degradation and recycling119,129.  

1.2.2 Opioids and the Dopamine Reward System 

Emotions help us learn from our experiences. Negative emotions like fear or pain allow us 

to avoid detrimental actions in the future, whereas positive emotions like pleasure or reward 

increase the probability of continuing certain behaviors in the future. This concept is referred to as 

reinforcement130,131.  

Positive reinforcement – the process by which we learn to repeatedly seek out pleasurable 

or rewarding activities – is a hallmark of drugs of abuse such as opioids. As mentioned earlier, our 

endogenous opioid system consists of β-endorphins, enkephalins and dynorphins which signal 
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through MORs, DORs and KORs respectively87,132. This system modulates our mesolimbic 

dopamine reward system133,134 and is involved, along with the dorsal medial prefrontal cortex, in 

the processes of assigning value to rewards and processing reward-related input to inform decision 

making and execution of goal-directed behaviors135,136. However, while endogenous opioids are 

beneficial, exogenous opioids, particularly those synthesized to be orders of magnitude more 

potent, have abuse liability and fall under the term “drugs of abuse”. 

 

Figure 3. The dopamine reward pathway. Opioid-induced activation of the ventral tegmental area 

(VTA) stimulates dopamine release into the nucleus accumbens (NAc) and into the prefrontal 

cortex (PFC). 
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Every drug with abuse or addiction liability either directly or indirectly increases dopamine 

(DA) release. These drugs activate dopaminergic neurons in the ventral tegmental area (VTA) 

which causes DA release into the nucleus accumbens (NAc)130,137–140.  These two regions, with 

influence from the amygdala and hypothalamus, make up the mesolimbic dopamine reward 

system141–143 (Figure 3). In 1981, Bozarth and Wise demonstrated using conditioned place 

preference that mice prefer to spend more time in an area where they previously received a drug 

of abuse144. Phillips et al. then demonstrated that this effect can be prevented if dopaminergic 

neurons in the VTA are destroyed145,146, suggesting that DA release in the VTA is an important 

substrate for reinforcement of drugs of abuse147. Dopaminergic neurons in the substantia nigra 

project onto the dorsal striatum and are involved in the synthesis of repetitive reward signals into 

habitual actions. Sustaining this pathway leads to habit formation148.  

Opioids also contribute to reinforcement by modulating hedonic behaviors and inhibiting 

negative affective states149. Hedonic behaviors are those that are characterized by avoiding pain 

and seeking pleasure, and they form the basis of what we “like” and “want”. The NAc, specifically 

the rostrodorsal quadrant of the medial shell, is known as the hedonic hotspot and plays a key role 

in modulating these behaviors150–152. In 2005, Smith et al. demonstrated in multiple studies that 

MOR activation by D-Ala(2)-MePhe(4)-Gly-ol(5))enkephalin (DAMGO) in this region increased 

the hedonic impact (or “liking”) of sweet tastes153–155, whereas MOR stimulation in other regions 

of the medial shell failed to have an effect153.  

Excessive and repeated DA stimulation from opioids and other drugs of abuse can induce 

neuroadaptations in many neurotransmitter systems including GABAergic156, cholinergic157,158, 
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endocannabinoid132,149, noradrenergic159, serotonergic160,161, and importantly glutamatergic 

systems162.  

In the case of the glutamatergic system, these neuroadaptations involve glutamatergic input 

onto dopaminergic neurons in the VTA and onto medium spiny neurons in the NAc163–165.  α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate 

(NMDA) receptors are glutamatergic receptors that play large roles in enhancing neuronal 

excitability and modulating neuroplasticity132. Some adaptations in this system are similar to the 

synaptic changes associated with learning, including NMDAR-and AMPAR-mediated long-term 

potentiation and long-term depression, and changes in dendritic morphology151,163.  

Neuroadaptations in glutamatergic systems are believed to be key substrates of drug use 

conditioning, including enhancement of incentive saliency (an increase in “wanting”, and therefore 

an increase in drug-seeking behavior) and increased behavioral inflexibility166–168. Once 

conditioning is established, dopaminergic neurons begin to fire in response to drug-predictive cues, 

essentially anticipating the forthcoming reward132. Drug-predicted cues can include the primary 

emotion or mental state experienced during previous drug use, or people or places that are 

associated with drug use. Ultimately these cues can increase motivation to seek out the drug in the 

future. 

1.3 The United States Opioid Epidemic 

Opioids are sought after and widely used for their profound pain-relieving properties but 

continued use can also lead to misuse and eventually addiction and overdose. Increased prevalence 

of these factors can ultimately lead to an epidemic. 



20 
 

Drug overdose is the leading cause of accidental death in the United States169,170. 932,000 

people have died from a drug overdose between 1999 and 2022, and there were over 100,000 

deaths in 2022 alone171. Two-thirds of those deaths involved an opioid drug. Opioids are readily 

prescribed for treating chronic pain, which impacts 1 in 5 people in the US172–174 and 

worldwide175,176. Although opioid medications are the most effective treatment for chronic pain, 

they are severely limited by many adverse effects—the most concerning of which is their highly 

addictive nature.  

In the 19th century there was no formal regulation for the use of opioids and cocaine, which 

allowed for these drugs to be used for any number of conditions ranging from toothaches to 

diarrhea177. The Narcotics Tax act, which passed in 1914, regulated the importation, manufacture, 

and distribution of opioids and cocaine178. Addiction was becoming increasingly prevalent yet was 

not recognized as a disease the way it is today. Doctors who prescribed opioids to addicted patients 

during that time risked losing their licenses, making the treatment of addiction essentially illegal. 

This mishandling of addiction led to inadequate treatment of pain177.  

There are three driving forces that ushered in the current opioid epidemic: the belief that 

pain relief is a human right and therefore there is a moral obligation to treat pain, the response to 

the undertreatment of pain, and the influence of pharmaceutical companies179. 

On August 29, 2010, the 13th World Congress of Pain was held in Montréal, Canada. The 

Congress lasted until September 3, 2010, at which time the IASP hosted an International Pain 

Summit to address the prevalence of unrelieved pain. The conclusion of this summit yielded a 

document called the Declaration of Montréal, which stated among other things that access to pain 

management is a fundamental human right180. 



21 
 

The Declaration was written in 2010, but this was not the first time the importance of 

adequate pain management was examined. In the 1990s, publications describing discrepancies in 

pain management based on sex and race began to surface181–184. Following these revelations, in 

1999 the American Pain Society officially named pain the “fifth vital sign” and encouraged 

healthcare professionals to assess pain at every visit and treat it immediately185. In 2000, the Joint 

Commission officially approved pain as the fifth vital sign, making this the standard for how we 

think about pain. This approval was an overcorrection to make up for the lack of adequate 

treatment in the past186.  

Pharmaceutical companies began to think of pain as a symptom to be avoided at all costs, 

which led to the increase of opioid prescriptions, and many pharmaceutical companies played a 

leading role in this initiative. In 2001, Purdue Pharma developed the drug Oxycontin – oxycodone 

that was formulated using a sustained or “continuous” release delivery system. The pharmaceutical 

industry spent $200 million promoting this drug, which led to a 10-fold increase in sales the 

following year. Eventually 6.2 million prescriptions were written annually for Oxycontin. Sales 

representatives operated under a bonus system to incentivize the increase in sales and to encourage 

healthcare professionals to increase prescriptions for Oxycontin. Pharmaceutical companies also 

pushed sales by giving all-expenses paid trips to the 5000 healthcare providers who wrote the most 

prescriptions each year187. 

In addition to driving the increase of opioid use, pharmaceutical companies also 

intentionally understated the risk of addiction, stating that there was a less than 1% chance that 

patients could become addicted. Purdue was fined $634 million for misbranding, but this did not 

stop the increase in opioid prescriptions. Along with oxycontin, doses of morphine given in 
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hospital settings increased from 96 milligrams to 700 milligrams from 1997 to 2007 – an increase 

of 600%188. 

During the 1990s and early 2000s, opioids transitioned from exclusive use for palliative 

care or for cancer pain, to use for non-cancer pain, to use for pain that was not severe to begin 

with179. As of 2019, 25% of prescription drugs given for worker’s compensation injuries were 

narcotics, and of those narcotics, 45% were formulations containing oxycodone189. Opioids and 

opioid-containing formulations are also consistently found on the 20 most prescribed drugs list177. 

The US Opioid Epidemic is defined as the overuse and/or misuse of addictive opioid drugs 

with significant medical, social and economic consequences, including overdose deaths. To date, 

the estimated economic burden of this epidemic is $200 billion per year. This cost includes 

healthcare, governmental assistance, lost productivity, and criminal justice intervention. The last 

two decades have ushered in two distinct waves of the opioid epidemic – the first being the rise in 

production of heroin and other “street drugs”, and the second being the increase in synthetic 

analogs such as fentanyl. These drugs are even more addictive than those used in the clinic, and 

the majority of people who are using these drugs first abused prescribed opioids. 

1.4 Strategies to Develop Safer Analgesic Therapeutics 

 The general role of opioid receptors is to regulate basic processes that are crucial for self 

and species survival, particularly regulating reward/aversion processing, coping with stress, and 

alleviating pain. Therefore, opioid receptors are key in pain treatment and neuropsychiatric 

disorders that involve these processes.  

We know from the work of Matthes in 1996 and Kieffer in 2002 that MORs are primarily 

responsible for all in vivo morphine effects91,190. When MOR knockout (KO) mice are given 
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morphine, they do not experience analgesia, reward, constipation, respiratory depression, or any 

of the positive or adverse effects of morphine. MORs are also central to the reward processing of 

other drugs of abuse191. For example, when MOR KO mice are given rewarding drugs such as 

alcohol192, cannabinoids193, or nicotine194, these drugs do not elicit reinforcing patterns even though 

they bind to their own receptors and do not have any direct interaction with the MOR itself. MORs 

are also critical for processing of natural rewards such as eating195, maternal attachment196, and 

social interaction197, also demonstrated using MOR KO mice. 

Since MORs mediate both positive and negative aspects of drugs of abuse, one persistent 

question in the field has emerged: how can we design an analgesic therapeutic that preferentially 

mediates the positive effects while avoiding the negative effects? Many strategies are currently 

being evaluated to address this longstanding hurdle. 

One well-studied strategy is biased agonism or functional selectivity of opioid receptors. 

The goal is to design a therapeutic that targets a specific signaling pathway of the MOR, thereby 

tailoring the drug’s action and limiting adverse effects. In 1999, Laura Bohn and colleagues 

discovered that morphine shows an improved therapeutic profile in β-arrestin KO mice compared 

to WT198. Morphine maintains its analgesic properties while limiting tolerance and respiratory 

depression199–201. Since this discovery, many Gi/o-biased therapeutics have been developed for 

clinical trials. Two examples are SR-17018202 published by Schmid in 2017 and TRV130203 (also 

known as oliceridine), published by DeWire in 2013. TRV130 completed phase III clinical trials 

and, under the tradename Olinvyk™, has been approved for short-term i.v. use in controlled 

settings such as hospitals204.  

Manglik et al. were among the first to utilize molecular docking technology to discover 

MOR biased agonists. Molecular docking facilitated evaluation of 3 million potential scaffolds 
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which were ranked according to probability of success. From there, the group chose a smaller 

number to synthesize and test in vitro. From this testing, PZM21 emerged as the lead compound205. 

This compound showed little to no respiratory depression in clinical trials. 

Other strategies include designing peripherally restricted opioids, such as loperamide and 

NFEPP206, published by Spahn in 2017. The ability for opioids to access the brain facilitates both 

positive and negative effects of opioids, so the goal is to develop a therapeutic that shows 

comparable analgesia, but only acts at peripheral MORs to limit the negative rewarding effects 

mediated by the reward circuitry in the brain.  

Allosteric modulation is yet another strategy. Bristol Myers Squibb has developed two 

compounds207, BMS 986122 and BMS 986187, that have been evaluated in clinical trials. 

Allosteric modulation has only shown modest efficacy to date. RB101 is an enkephalin 

degradation inhibitor designed to increase analgesia by increasing the concentration of endogenous 

opioid peptides208. Bivalent ligands, or opioid ligands that can bind two opioid receptor types, have 

also been developed. BU 08028 acts at MOR and the nociception opioid receptor209, while 

CYM51010 acts at MOR and DOR210. 

1.5 Behavioral Paradigms to Assess Efficacy of Analgesic Therapeutics 

 Analgesic therapeutics have been evaluated for safety and efficacy in rodents using a 

number of experimental modalities. Below, I discuss thermal, mechanical, pharmacological and 

surgical methods of studying pain and analgesic tolerance in rodents. 

Thermal Methods 
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The hot plate test211,212 is one of the simplest measures of thermal heat nociception. 

Unrestrained mice or rats are placed on a hot plate typically set between 50-55°C, and the time to 

observe a pain-like response such as vocalization, moving off the plate, licking, jumping, etc is 

measured.   

 The tail flick or tail immersion test213–215 was first described by D’Amour and Smith in 

1941. In this paradigm, rodents are restrained either in a plastic tube or container or in a cloth. The 

tail remains free and is lowered into either hot or cold water. A stopwatch is used to measure the 

time to observe the pain-like response of removing (or flicking) the tail out of the water.  

 The Hargreaves test216–218 was first published in 1988 and differs from the hot plate and tail 

flick tests in that a radiant light beam is used to evoke the pain-like response. The rodent is placed 

in a box with a transparent glass bottom. The rodent’s hind paw is exposed to a light beam through 

the glass surface and the time to withdraw the paw is measured. The intensity of the light beam 

can also be adjusted or incrementally increased. 

Mechanical Methods 

 Physiologist Max von Frey first reported the procedure for the von Frey mechanical 

nociception method in 1896. The von Frey filament test219–221 is widely used to assess mechanical 

allodynia (pain perception in response to an innocuous stimulus) in rodents. The rodent is first 

placed on a wire mesh surface. Then a series of von Frey filaments which apply increasing force 

are applied to the rodent’s hind paw. The amount of force required to evoke a pain-like response 

is recorded. This method lends itself well to internal controls as one hind paw could be neuropathic 

while the other is not. The force can also be applied manually or automatically by computer. 
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 Another mechanical paradigm is the Randall Selitto test222,223, first described by Randall 

and Selitto in 1957. Similar to the von Frey method, increasing force is applied to a rodent’s hind 

paw and the amount of force required to evoke a pain-like response is recorded. This method was 

originally done manually, but electronic algesimeters have since become standard practice. 

Pharmacological Methods 

 The formalin test224–226, first described in 1977, is used to assess chemical nociception and 

is considered to be one of the most predictive models of acute pain in rodents227. Formalin is a 

saturated solution of formaldehyde in water. A dilute solution of formalin (typically 2-5%) is 

injected subcutaneously into a rodent’s paw to elicit an inflammatory pain response. Interestingly, 

the pain response is consistently biphasic, where the rodent will have an immediate licking or 

biting response followed by a period of quiescence followed by a second interval of licking or 

biting. These two phases are thought to be driven by separate mechanisms, where phase 1 is 

primarily due to peripheral nociceptor activation via TRPA1 channels while phase 2 is due to 

inflammatory response and central sensitization227.  

 Writhing tests212,228,229 are used to evaluate visceral pain in rodents. Pain is induced by 

systemic administration (either oral or intraperitoneal) of an irritant such as acetic acid or 

phenylquinone. The time spent writhing or stretching or the number of observations of this 

behavior is recorded. 

Complete Freund’s Adjuvant or CFA is commonly used to develop pain hypersensitivity 

in rodents230,231. CFA contains heat-killed mycobacteria which when injected into a rodent’s hind 

paw, elicits a strong immune response that causes inflammation and pain in the affected paw. Once 
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the inflammatory response takes place, other methods such as the von Frey test can be used to 

measure pain threshold. 

 Carrageenan is a red seaweed extract widely used as a food additive or preservative. Similar 

to CFA, it can also be used to induce an inflammatory response. A diluted solution is injected into 

the rodent’s hind paw and evokes an inflammatory response that causes hyperalgesia232–234 

(enhanced pain perception in response to a moderately painful stimulus). Secondary methods like 

the von Frey or Hargreaves tests are then used to assess pain thresholds. 

 Capsaicin is a compound found in spicy peppers. As mentioned earlier, capsaicin activates 

TRPV1 channels and evokes a pain response followed by sustained desensitization to chemical 

pain233,235–237. A solution of capsaicin is injected subcutaneously into the rodent’s hind paw and the 

rodent is observed for a period of time. The time spent licking or otherwise attending to the affected 

paw is measured.  

Phorbol 12-myristate 13-acetate (PMA) is another strong immunogenic compound. It 

activates immune cells through activation of several kinases along the mitogen-activated protein 

kinase (MAPK) pathway such as protein kinase C, extracellular signal-regulated kinases 1 and 2, 

and c-Jun N-terminal kinase238,239. Similar to capsaicin, a solution of PMA is injected into the 

rodent’s hind paw and the resulting pain-like behaviors are measured233,240. 

Surgical Methods 

 Finally, spinal nerve ligation is also commonly used to elicit inflammatory pain and 

allodynia and/or hyperalgesia232,241,242. This method was first described by Chung in 1992 and 

involves tightly ligating either the L5 and L6 spinal nerves, or just the L5 nerve, of an anesthetized 
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rodent (see Chapter 2 Methods). Secondary methods such as the von Frey test can then be used to 

evaluate pain thresholds. 

1.6 Analgesic Tolerance to Opioids 

An addition to the addictive nature of opioids, two other major adverse effects are physical 

dependence and analgesic tolerance. Physical dependence is a physiological state where the body 

can no longer maintain homeostasis in the absence of a drug243. Dependence typically manifests as 

a series of withdrawal symptoms following cessation of drug use. Withdrawal symptoms in 

humans include sweating, scratching, vomiting, and severe cramps, while symptoms in rodents 

include excessive jumping (escape jumps), wet dog shakes, and excessive salivation. 

Tolerance is a multi-faceted phenomenon that can develop against any of the on-target or 

off-target effects of a drug at varying rates. Analgesic tolerance is defined as a decreased response 

to the analgesic effects of opioids. Over time, the initial dose given becomes ineffective in relieving 

pain, therefore increasingly higher doses must be used to maintain the desired level of analgesia 

244,245.  Tolerance to the analgesic effects of opioids can develop within weeks, and continually 

increasing doses can result in overdose245,246. 

Although we have standard of care procedures for treatment of addiction and 

dependence247, we do not have a method of preventing or prolonging the onset of tolerance. 

Preventing tolerance could drastically decrease the likelihood of physical dependence and 

addiction in patients who use opioids because they would not need to continually increase the dose 

of their prescribed opioid medications. The longer the patient is taking the drug, and the higher the 

concentration in the body, the higher the probability that physical dependence and addiction can 
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be developed. Tolerant patients are also more likely to have longer stays at hospitals, are more 

likely to be readmitted within 30 days, and have a higher likelihood of comorbidities248. If 

discharged from the hospital, tolerant patients show increased mortality if they have experienced 

a period of abstinence from the drug then resume drug use, especially at the same dose as before 

hospitalization. 

There are several coordinated mechanisms that cause the cellular adaptions that contribute 

to the development of analgesic tolerance to opioids. For this discussion, it is useful to categorize 

the mechanisms as those at the neurotransmitter level and those at the receptor level. The first 

refers to changes in neuronal firing due to changes in neurotransmitter release, whereas the second 

refers to changes in receptor function due to interactions with molecules or signaling proteins.  

For neurotransmitter-level mechanisms, we focus on the descending pain modulatory 

pathway, which includes the PAG, rostral ventromedial medulla (RVM), and spinal cord dorsal 

horn. MORs are highly expressed throughout this pathway, and these brain regions are well known 

to contribute to tolerance development249–251. The PAG contains both GABAergic and 

glutamatergic neurons and projects onto the RVM251,252. When MORs in the PAG are activated by 

opioids, GABAergic activity is decreased, leading to disinhibition of the excitatory glutamatergic 

projections to the RVM253,254. Bobeck et al. used electrophysiology to demonstrate that opioids 

reduce the probability of GABA release from the PAG, as indicated by a decrease in the frequency 

of spontaneous miniature inhibitory postsynaptic currents (mIPSCs)254. mIPSCs are a well-known 

property of GABAergic neurons, and mIPSC frequency is directly related to GABAergic 

transmission254,255. This mechanism was supported by in vivo data collected by Stiller et al. which 

demonstrated that administration of morphine into the PAG reduces extracellular GABA253. This 

increase in glutamate release into the RVM and throughout the pain modulatory pathway can 
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induce synaptic plasticity which strengthens the connections between neurons and makes them 

hypersensitive to future stimulus. Over time, this synaptic strengthening contributes to tolerance 

because the threshold for nociceptive signaling is lowered so that pain perception persists even in 

the presence of an opioid. 

Chronic MOR activation by opioids induces several receptor-level adaptations which 

contribute to tolerance. Tolerance is ultimately caused by a reduction of functional MORs82. 

Mechanisms that contribute to this reduction include receptor desensitization and decoupling, 

impaired resensitization machinery, and enhanced kinase activity. 

 The first step in the process of desensitization is phosphorylation of MORs. 

Phosphorylation is carried out hierarchically where residue S375 is considered to be the main site 

of agonist-induced phosphorylation, followed by T370256. Other phosphorylation sites include 

T354, T357, S363, T376 and T379257. MORs are primarily phosphorylated by G protein-coupled 

receptor kinases257–259 (GRKs), particularly GRKs 2, 3 and 5.  Phosphorylation of MORs triggers 

the recruitment and binding of β-arrestin which leads to desensitization of the receptor. Binding of 

phosphate groups, β-arrestins, and other effector proteins, such as calmodulin, creates steric bulk 

that prevents G protein binding82,118. Uncoupled receptors are no longer functional and therefore 

are targeted for endocytosis and recycling260. Chronic morphine treatment was previously thought 

to enhance endocytosis, but subsequent studies have suggested that endocytosis is most likely not 

affected during the development of tolerance261,262. 

This process of desensitization and decoupling is accelerated during tolerance 

development. Dang et al. and Ingram et al. both reported that chronic exposure to morphine 

enhances desensitization263,264. Accelerated desensitization is also caused by a number of kinases 
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which will be discussed below, but upregulation of other proteins such as regulators of G protein 

signaling (RGS) proteins265, spinophilin266, or phospholipase D2267 could play a role as well.  

Dang et al. have also shown that chronic morphine administration impairs recovery from 

desensitization after withdrawal from morphine268,269. Impaired recovery is thought to be β-

arrestin-dependent because β-arrestin knockout mice showed normal levels of desensitization 

compared to wildtype261,269 and because β-arrestin knockout mice did not develop morphine-

induced analgesic tolerance270,271. β-arrestin knockout mice showed attenuated tolerance to 

morphine, but not to fentanyl, methadone or oxycodone, suggesting that β-arrestin is required for 

tolerance to morphine270–272.  

Chronic morphine administration engages several kinases that work to decrease the number 

of functional MORs. GRK2 is one of the primary kinases that phosphorylate MORs, and chronic 

morphine administration has been shown to increase GRK2 protein levels by approximately 20% 

in the locus coeruleus. This phenomenon was only seen following chronic morphine, not 

acute273,274. Whistler et al. also demonstrated that increased GRK expression potentiates morphine-

induced desensitization275.  

Protein kinase C (PKC) also plays a large role in tolerance development. Tolerance is 

reduced by PKC inhibitors276 and is reduced in PKC knockdown277,278 and knockout279  mice. PKC 

activation is required for activation of c-Jun N-terminal kinase (JNK)280. JNK inhibitors can 

attenuate short-term tolerance to morphine and JNK-2 knockout mice did not develop short-term 

tolerance to morphine280. These effects were recapitulated with buprenorphine and morphine-6-

glucuronide, a metabolite of morphine, but not in oxycodone or fentanyl280. Opioids like morphine 
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also activate extracellular signal-regulated kinases (ERK1/2). ERK1/2 inhibition has been shown 

to block MOR phosphorylation, desensitization, and internalization281,282. 

The work presented in this dissertation focuses on a third aspect – persistent activation of 

N-methyl-D-aspartate receptors (NMDARs) in the brain. The work in this dissertation originated 

from an interest in how persistent activation of NMDARs contributes to the mechanistic tapestry 

of opioid-induced tolerance. 

1.7 The NMDA Receptor  

Most excitatory transmission in the CNS is mediated by vesicular release of glutamate. 

Additionally, all primary afferents that transmit pain signals use glutamate283. Glutamate activates 

both pre- and post-synaptic metabotropic glutamate receptors, which are members of the GPCR 

family, and ionotropic glutamate receptors (iGluRs), which are members of the ion channel family. 

iGluRs are membrane proteins that are comprised of four subunits that create an ion channel pore. 

Each of these subunits contain four semi-autonomous domains connected by flexible linkers: the 

amino-terminal domain (ATD), the ligand-binding domain (LBD), the transmembrane domain 

(TMD), and the intracellular carboxyl-terminal domain (CTD)284–286. There are four major classes 

of iGluRs, each named for the synthetic glutamate mimetic that each receptor selectively binds: α-

amino-3-hydroxy-5-methyl-4-isoxasolepropionic acid receptors (AMPARs), (2S,3S,4S)-3-

(carboxymethyl)-4-prop-1-en-2-ylpyrrolidine-2-carboxylic acid (kainate) receptors, the less 

understood delta receptors, and N-methyl-D-aspartate receptors (NMDARs, Figure 4)284. 
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Figure 4. The NMDA receptor. The receptor is shown bound to the membrane, where GluN1 

subunits are shown in blue and GluN2B subunits are shown in pink. The amino terminal domain 

(ATD), the ligand binding domain (LBD), the transmembrane domain (TMD), and the C-terminal 

domain (CTD) are labeled. 

 

The NMDAR ATD consists of two halves, R1 and R2, which assemble as a clamshell 

structure. The cleft of the clamshell contains three parts: a hydrophilic pocket which contains two 
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residues involved in Zn2+ binding, His127 and Glu284287,288, a hydrophobic pocket located in the 

core of the clamshell which contains residues that affect binding of ifenprodil and other GluN2B-

selective inhibitors (binding site of ifenprodil discussed below)289, and an ion-binding site located 

between the two pockets which binds Na+ and Cl– ions. This ion-binding site is present in both 

Zn2+-bound and -unbound states290. 

The LBD also assembles as a clamshell and contains two halves, S1 and S2, each of which 

form one half of the clamshell, D1 and D2 respectively291. The LBD is highly conserved across all 

glutamate receptors and agonist binding interactions are conserved across all NMDAR subunits292–

296. Upon binding of the co-agonists glutamate and glycine to the LBD, the D2 lobe is elevated 

towards D1, pulling the S2 section connected to the M3 helix in the TMD into an open arrangement 

and facilitating pore opening and ion flow297–299. 

The TMD forms the pore of the receptor and is highly conserved across all NMDARs. This 

domain contains residues that are important for voltage-dependent Mg2+ block300 and binding of 

uncompetitive antagonists (also called channel blockers)301,302. The TMD consists of three 

transmembrane helices, M1, M3, and M4, and a reentrant loop, M2285,286,303,304. The M2 loop and 

the M3 helix make up the inner and outer portion of the pore respectively. The M1 and M4 helices 

assemble in relation to M2 and M3 and form the remainder of the pore, conferring 4-fold symmetry 

once the pore tetramer is fully assembled284. 

Finally, the M4 helix is attached to the CTD. This region is the least conserved across 

NMDARs and is not essential for receptor function. The CTD is suggested to have a regulatory 

role as it has been shown to be involved in post-translational modifications, protein degradation, 

and membrane targeting among others284. 
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NMDARs are excitatory ionotropic glutamate receptors, expressed in neurons throughout 

the brain, which mediate CNS excitatory transmission, synaptic plasticity305,306, learning307,308, and 

memory309. NMDARs function via coincidence detection, or Hebbian plasticity. Many organisms 

use coincidence detection to quickly and appropriately respond to stimuli. The work of Cotman 

and Monaghan in 1988 suggested that NMDARs function as coincidence detectors because they 

are blocked by a Mg2+ ion at resting (hyperpolarized) states310. Additionally, NMDARs are highly 

calcium permeable and can initiate many intracellular signaling cascades as well as changes to the 

postsynaptic neuron311–315. Bliss and Collingridge noted that these properties are consistent with 

Hebbian properties306. Coincidence detection means that activation of the receptor requires several 

events to take place, which are sensed by the receptor. First, the co-agonist neurotransmitters 

glycine and glutamate must bind to the LBDs of GluN1 and GluN2, respectively300,316–318. Once the 

ligands are bound, the neuronal membrane must also be depolarized. This can happen via influx 

of Na+ ions caused by activation of co-localized AMPARs319. Depolarization of the neuron releases 

the Mg+2 ion that sits in the inactive ion channel pore and facilitates opening of the channel, 

allowing the influx of Na+ and Ca+2 and the efflux of K+320–325. 

NMDARs are heterotetrameric in structure, exhibiting two obligatory glycine-binding 

GluN1 subunits, and either two glutamate-binding GluN2 subunits, two glycine-binding GluN3 

subunits, or one of each285,326–330. The GluN1 subunit is encoded by a single gene, Grin1, and has 

eight splice variants, GluN1-1a – GluN1-4a and GluN1-1b – GluN1-4b. Four Grin2 genes exist, 

giving rise to four GluN2 isoforms, GluN2A-D327,331–334. Two Grin3 genes encode the GluN3 

subunit yielding isoforms GluN3A-B326,335–337. NMDARs can exist as either diheteromeric 

receptors or triheteromeric receptors338,339. Both versions contain two GluN1 subunits, but 

diheteromeric assembly contains only one type of GluN2 or GluN3 subunit (e.g., two GluN2B 
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subunits), and triheteromeric assembly contains two different GluN2 or GluN3 subunits (e.g., one 

GluN2B subunit and one GluN3A subunit). GluN3 diheteromers are less understood than GluN2 

diheteromers, but more research is being done to better understand their effects on receptor 

function. 

Expression patterns of GluN2 subunits confer differential permeation and gating 

properties, such as open probability340–343, Ca+2 permeability, Mg+2 block, single channel 

conductance284,344,345, deactivation time325, and agonist potency292. For example, GluN2A- and 

GluN2B-containing receptors have higher permeability to calcium, higher magnesium sensitivity 

and higher conductance compared to GluN2C- and 2D-containing receptors. Additionally, open 

probability decreases, deactivation time increases, and agonist potency increases in order from 

GluN2A- to GluN2D-containing receptors284,326,344. At GluN1/GluN2A, glutamate and glycine 

EC50 values are in the micromolar range, compared to GluN1/GluN2D where the EC50 values are 

submicromolar292,346. 

Each GluN2 subunit possesses unique spatiotemporal expression patterns which further 

impart each receptor assembly with unique pharmacological properties324,347,348. In young 

childhood, GluN2A expression is high and continues to increase across the lifespan. GluN2B, 

along with GluN2D, are the only subunits expressed in the pre-natal brain. GluN2B expression 

peaks at post-natal day 7 and is expressed primarily in the forebrain throughout the lifespan. 

GluN2D expression sees a sharp decline after birth, but remains widespread in interneurons and 

present in low levels in the diencephalon and mesencephalon in adulthood. The observation that 

GluN2B and GluN2D are the only subunits expressed in embryo suggests that these two subunits 

may play important roles in synapse formation and maturation349, while the predominance of 

GluN2A and GluN2B in adulthood might suggest roles in synaptic plasticity and synaptic 
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function324,347,350. GluN2C expression is highest in the cerebellum and olfactory bulb, but is also 

present in the thalamus and in astrocytes and oligodendrocytes, among other locations.GluN2C 

appears later than the other subunits at post-natal day 10. In the spinal cord, there is considerable 

expression of GluN2A and GluN2B and low expression of GluN2C and GluN2D. GluN2A and 

GluN2B are both present in high levels at birth. GluN2A expression peaks during postnatal days 

0 – 14, then declines to moderate levels in adulthood351,352. GluN2B expression declines during 

postnatal days 0 – 14, then increases into adulthood, primarily restricted to laminae I and II of the 

substantia gelatinosa232,352. 

Dysfunction of NMDARs are implicated in many neurological and psychiatric pathologies 

including cerebral ischemia353 and traumatic brain injury354,355, neuropathic pain356,357, Alzheimer`s 

disease358, Huntington`s disease359, Parkinson`s disease360, depression361, white matter injury362, 

autism spectrum disorders363,364, and schizophrenia365,366 among others, thus making the NMDAR 

an attractive target for many drug development initiatives. 

1.7.1 NMDAR Uncompetitive Antagonists 

Broad-spectrum uncompetitive antagonists, or ion channel blockers, were among the first 

compounds developed to treat NMDAR-related pathologies. These antagonists require NMDAR 

activation to bind in the ion pore367. The channel blocker class demonstrates broad chemical 

diversity, with ligands ranging from single ions such as Mg2+, to polyamines, to “cage-like” 

adamantine analogs, such as memantine, to drug-like small molecules like ketamine. However, 

these compounds are characterized by adverse psychotomimetic effects due to global unselective 

blockade of NMDARs326. Despite this liability, several ion channel blockers – dextromethorphan, 

ketamine, esketamine, memantine and adamantine –  are currently FDA-approved for clinical use 

in humans (Figure 5). 
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Figure 5. Uncompetitive NMDAR antagonists. 

Dextromethorphan is a commonly used active ingredient in over-the-counter antitussive 

medications and has been in use for over 50 years368. It was also approved for the treatment of 

pseudobulbar affect when used in combination with quinidine369. In addition to NMDAR 

antagonism, dextromethorphan also exerts its pharmacological actions via sigma-1 receptor 

agonism, and serotonin and norepinephrine reuptake inhibition362. 

Ketamine is approved for use in general anesthesia and short-term procedural sedation. 

Ketamine possesses a short half-life and low potency, making it a more attractive alternative to 

comparable compounds, such as dizocilpine (MK-801) and phencyclidine (PCP) (Figure 5)367,370. 

Ketamine has also been shown to demonstrate a rapid and robust anti-depressant effect when 

administered at sub-anesthetic doses; however, recent data suggest that this anti-depressant effect 

is triggered by an NMDA receptor-inhibition independent mechanism371. However, the 

predominant mechanism underpinning ketamine’s antidepressant effects remains unknown372. 

Ketamine is currently prescribed off-label for treatment-resistant depression and major depressive 



39 
 

disorder373,374, and it has also been clinically evaluated for treatment of postoperative and 

neuropathic pain375,376, post-traumatic stress disorder377 and obsessive-compulsive disorder378, 

although these mechanisms are not well understood. Esketamine (the S-enantiomer of ketamine) 

is approved for treatment-resistant depression when used in conjugation with other oral 

antidepressants.  

Memantine is approved for treatment of moderate-to-severe Alzheimer’s disease. 

Compared to ketamine, memantine is of similarly low affinity, has a faster off-rate, and was shown 

to exert preferential activity toward extrasynaptic NMDA receptors379,380. Amantadine is indicated 

for the treatment of dyskinesia associated with Parkinson’s disease381. 

1.7.2 GluN2B-Selective Antagonists 

To combat the adverse psychotomimetic effects associated with ion channel blockers, 

subunit-selective NMDA receptor therapeutics were developed. NMDA receptor subunits vary in 

regional expression and in their physiological functions324,347,350. This coupled with the high 

sequence variability of the ATD allows for the development of compounds that preferentially act 

on one subunit over the others284,345. This subunit selectivity decreases the prevalence of off-target 

effects and provides a more targeted approach to treatment. 

As mentioned earlier, GluN2A and GluN2B are the two subunits primarily expressed in 

the adult forebrain324,347. GluN2A-containing receptors tend to be expressed at the synapse and 

have been proposed to function as neuronal survival promoters. Conversely, GluN2B-containing 

receptors can be synaptic or extrasynaptic in nature382 and have been proposed as neuronal death 

promoters383–385. The elucidation of the preferential roles of GluN2A and GluN2B led to the 

conclusion that enhancement of GluN2A-containing receptors rather than GluN2B-containing 
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receptors is a more attractive strategy to treat neurodegeneration and other NMDAR-mediated 

pathologies326,386. The role of GluN2B enhancement in excitotoxicity and neuronal death sparked 

a global interest in designing GluN2B-selective antagonists387,388.  

 Ifenprodil, a noncompetitive GluN2B-selective antagonist, was the first subunit-selective 

modulator developed, boasting an IC50 of 100 nanomolar389 and 200-400-fold selectivity for 

GluN2B over 2A, 2C, and 2D390. Ifenprodil is thought to act via binding to GluN2B ATD to 

facilitate agonist binding, but it also significantly decreases open probability of the receptor, 

yielding a net antagonistic effect. Ifenprodil binds at the interface of GluN1 and GluN2B391,392. 

Interestingly, the residues that interact with ifenprodil in this pocket are conserved in GluN2A, but 

differences in the ATD of GluN2A restrict ligand access393. Ifenprodil is a unique compound 

because its effects differ based on glutamate concentration. For example, ifenprodil modulation 

increases glutamate affinity which reduces inhibition at sub-saturating agonist concentrations. At 

very low glutamate concentrations, ifenprodil can act as a potentiator394. Additionally, ifenprodil 

and similar modulators have pH-dependent mechanisms of action395–398. 

Ro25-6981 is another GluN2B-selective inhibitor that is more potent and more selective 

than ifenprodil, with an IC50 of 3 nanomolar and 5000-fold selectivity for GluN2B-containing 

receptors compared to that of GluN2A-containing receptors399. Ro25-6981 binds in the same 

pocket as ifenprodil and has a similar mode of action. Ro25-6891 also demonstrated more potent 

neuroprotection compared to ifenprodil in glutamate toxicity studies and in combined oxygen and 

glucose deprivation studies in cortical neurons399. 
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Figure 6. GluN2B-selective NMDAR negative allosteric modulators (NAMs).  

Ifenprodil, along with Ro25-6981, Rislenemdaz (MK-0657), Eliprodil, EVT-101, 

Traxoprodil (CP-101,606), and Radiprodil (Figure 6), were among the first GluN2B antagonists 

to be developed and clinically evaluated for treatment of traumatic brain injury, treatment-resistant 

depression, and neuropathic pain233,400–403. As expected, these compounds retained their efficacy 

while possessing an improved safety profile compared to the non-selective channel blockers392,404. 

However, once submitted for clinical trials, these compounds displayed minimal efficacy401,405,406. 

Traxoprodil (CP-101,606) was initially indicated for depression and Parkinson’s disease and 

showed favorable results in phase I and II clinical trials402,407; however, failed to move forward due 

to cardiovascular toxicity, specifically QT prolongation408. Radiprodil is the first GluN2B-selective 

antagonist to be tested for treatment of infantile spasm syndrome, and has shown promising 
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results409. NP10679, developed by NeurOp, was recently granted orphan drug designation for the 

treatment of subarachnoid hemorrhage, a type of stroke characterized by bleeding in the areas 

surrounding the brain. NP10679 yielded encouraging Phase I trial results in 2019 and will be 

evaluated in Phase II trials in 2023410.  

1.7.3 The Role of NMDARs in Tolerance Development 

The contributing role NMDARs have to tolerance development is well-documented. One 

major reason for this contribution is that central sensitization, a precursor to chronic pain 

pathogenesis411,412, is NMDAR-mediated. As summarized by Fleming et al. in 2015, central 

sensitization is “a state in which the central nervous system amplifies sensory input across many 

organ systems”413. This amplified sensory input induces neuronal plasticity that ultimately primes 

the neurons for increased sensitivity to future stimulation. Central sensitization can manifest as 

either hyperexcitability or spontaneous activity and can be caused by either nerve or tissue 

injury414,415. Increased sensitivity in nociceptive neurons leads to development of many forms of 

chronic pain including allodynia (pain perception in response to an innocuous stimulus) and 

hyperalgesia (increased pain perception in response to a painful stimulus)413. The role NMDARs 

play in this process is the induction of wind up and LTP, which are characteristics of central 

sensitization416.  

Wind up is an electrophysiological response first described by Mendell and Wall in the 

1960’s, where repetitive stimulation of nerve fibers, particularly C fibers, causes progressively 

increasing neuronal activity417,418. Price et al. showed in 1971 that repeated stimulation of 

peripheral C fibers with constant intensity produced progressively increasing magnitude and 

duration of action potentials in dorsal horn neurons419. Wind up can be induced experimentally by 

stimulating at frequencies between 0.3 and 2 Hz, but this enhanced response only lasts for a few 
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minutes after the stimulus ends. In 1987, Davies and Lodge and Dickenson and Sullivan 

demonstrated that NMDAR antagonists, or channel blockers, such as ketamine, kynurenic acid, 

and aminophosphonovaleric acid (AP5), can inhibit wind up of dorsal horn neurons420,421.  

While they may be thought of as similar concepts, wind up is not the same as LTP. First 

described in hippocampal neurons in 1973 by Bliss and colleagues422, LTP is defined as enhanced 

post-synaptic activity following tetanic stimulation of afferent pathways. It is the process by which 

synaptic connections become stronger following frequent stimulation. LTP is a mechanism by 

which the brain changes in response to experience, which also makes it a widely used model for 

studying the processes of learning and memory306. LTP can last for hours or days and can be 

induced experimentally by brief tetanic stimulation of 100 Hz which causes an increased response 

to subsequent stimulation. The NMDAR antagonist AP5 and the AMPAR antagonist 6-nitro-7-

sulphomoylbenzoylquinoxaline-2,3-dione disodium (NBQX) have been shown to inhibit 

induction of LTP and ablate pre-established LTP423,424.  
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Figure 7. Analgesic tolerance development. Upon opioid binding and activation of the mu-opioid 

receptor (MOR), protein kinase C (PKC) is activated and phosphorylates the MOR. NMDAR 

activation permits the influx of calcium, a second messenger which can activate many signaling 

cascades including activation of PKC, calcium/calmodulin-dependent protein kinase II (CaMKII), 

and nitric oxide synthase (NOS). CaMKII can also phosphorylate MORs. Phosphorylation of the 

MOR desensitizes the receptor and targets it for internalization and recycling. NMDAR 

phosphorylation by PKC sensitizes the receptor, leading to an increased influx of calcium. NOS 

activation by calcium produces nitric oxide (NO), which stimulates glutamate release from the 

presynaptic neuron. Glutamate can further activate NMDARs. 

As discussed in the Analgesic Tolerance to Opioids, increased glutamatergic input from 

NMDAR- and AMPAR-expressing PAG neurons is a key aspect of tolerance development425. 

NMDARs are highly expressed throughout the pain modulatory pathway and they colocalize with 
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MORs426–428. Activation of MORs leads to activation of kinases such as PKC and Src which 

phosphorylate NMDARs429–431. This phosphorylation sensitizes the receptor and increases open 

channel probability and open channel time, leading to excessive Ca2+ influx into the cell. Increased 

calcium means increased excitability of the cell and increased activation of Ca2+-mediated 

signaling pathways. The NMDAR channel blockers MK-801 and dextromethorphan have been 

shown to inhibit tolerance development across a number of studies92,432,433.  

1.7.4 Connecting the GluN2B Subunit to Tolerance Development 

Global antagonism of NMDARs produces adverse off-target effects including 

psychotomimetic effects (hallucinations and dysphoria), and cognitive and motor 

dysfunction232,309. Subunit-selective compounds have shown improved therapeutic efficacy and an 

improved off-target profile, making them attractive targets for treating NMDAR-mediated 

pathologies. The GluN2B subunit, in particular, has come into focus as a primary target for 

developing NMDAR antagonists that show efficacy in the context of pain and analgesic tolerance. 

 Many studies have demonstrated that while GluN2A and GluN2B have higher expression 

levels in the cortex compared to GluN2C and GluN2D434, the GluN2B subunit has a more restricted 

localization pattern that suggests a contributing role to pain processing and tolerance. This 

restricted localization may also mean reduced off-target effects. GluN2B is localized primarily on 

nociceptive primary afferents, in the cortex, and in the spinal cord324,403,435. Within the spinal cord, 

GluN2B is localized to the superficial dorsal horn232 which is composed of laminae I and II. Mutel 

et al. demonstrated this localization pattern using radiolabeled Ro25-6981436. Additionally, Wei et 

al. showed that overexpressed GluN2B in the cortex enhances pain-like behavior in rodents437. In 

addition to localization, mRNA and protein levels of GluN2B are upregulated following chronic 

administration of morphine438,439. 
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 As noted earlier, phosphorylation and subsequent sensitization of NMDARs is directly 

related to tolerance development (Figure 7). Although both GluN2A- and GluN2B-containing 

NMDARs get phosphorylated in pain-processing regions, only tyrosine phosphorylation at 

GluN2B shows an association with persistent pain after inflammation440. In tolerance development, 

NMDARs are stimulated which causes increased levels of calcium to enter the cell.  This calcium 

influx activates many downstream effector proteins including CaMKII. Once CaMKII is activated, 

it binds to the GluN2B subunit and this binding locks CaMKII in its activated state. This locking 

cannot be reversed by phosphatases, so CaMKII is persistently activated441. 

 GluN2B-selectve negative allosteric modulators have demonstrated efficacy in producing 

analgesic effects including reducing or inhibiting hyperalgesia in rodents.  In mice, ifenprodil 

demonstrated increased paw lick latency in the hot plate test and decreased abdominal contractions 

in the phenylquinone writhing test212. Ro25-6981 demonstrated  increased paw lick latency in both 

rats and mice in the hot plate test442 as well as increased paw pressure threshold in the chronic 

nerve ligation allodynia model and carrageenan-induced mechanical hyperalgesia model232. 

CP101,606 was tested in rats using the carrageenan-induced mechanical hyperalgesia model and 

the capsaicin- and 4beta-phorbol-12-myristate-13-acetate (PMA)-induced antinociceptive tests 

and showed significant analgesic effects233.  

Finally, evidence has demonstrated that GluN2B-selective negative allosteric modulators 

have efficacy in reducing or inhibiting tolerance. Ko et al. demonstrated that chronic co-

administration of morphine with Ro25-6981 attenuates analgesic tolerance in mice442. Ren et al. 

showed that Con-T[M8Q], a variant of the peptide conantokin-T, attenuated the development of 

analgesic tolerance to morphine in mice443. Allen and Dykstra showed that the competitive 

antagonist LY-235959 can also attenuate analgesic tolerance444. 
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These previous results suggest that GluN2B-selective negative modulation could be an 

attractive strategy to mitigate tolerance development. Negative modulation of NMDARs decreases 

the amount of calcium entering the cell, which could decrease phosphorylation of MORs by 

calcium-activated kinases. Decreasing phosphorylation of MORs could maintain MOR expression 

at the membrane and therefore maintain opioid efficacy. Therefore, I chose to focus on GluN2B-

selective NAMs and assess their efficacy in the context of pain and tolerance in rodents. 

1.7.5 The 93 Series Compounds   

Development of GluN2B-selective antagonists has resulted in a structurally diverse library 

of scaffolds. Ifenprodil, traxoprodil, radiprodil and eliprodil all are benzylpiperidine analogues. 

Since the development of these compounds, other classes of molecules have also been developed 

including oxamides445, benzyl cinnamamidines446, and 5-substituted benzimidazoles447 among 

others. 

The 93 series is a class of enantiomeric propanolamines that function as potent, 

noncompetitive GluN2B-selective negative allosteric modulators (NAMs). This class of 

compounds was identified in a high-throughput screening for GluN2B-selective NAMs. The initial 

hit and subsequent analogues were first synthesized by Yesim Tahirovic and other members of the 

Dennis Liotta research group and characterized by members of the Stephen Traynelis research 

group in the early 2000s37. These compounds, particularly 93-4, were shown to be neuroprotective 

in in vitro and in vivo models of cerebral ischemia. 93-4 and other compounds also have 

anticonvulsant properties in vivo.  

NMDAR antagonists often are limited due to their influence on locomotor activity. Lower 

doses tend to increase locomotion while the highest doses have an anesthetic effect that can result 

in complete ataxia448,449. Unlike previous NMDAR channel blockers and GluN2B-selective 
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antagonists, compounds from the 93 series have no effect on locomotion in rodents. Additionally, 

compounds tested from this class did not show any major off target effects across a panel of 

glutamate receptors and ligand-gated ion channels such as nicotinic acetylcholine, GABA, and 

purinergic receptors. These compounds are brain-penetrant and many of them demonstrate an 

increase in potency as pH decreases, a phenomenon known as pH boost. This characteristic has 

implications in stroke, cerebral ischemia, traumatic brain injury, and other neuropathies 

characterized by changes in neuronal pH398,450. These compounds are structurally distinct from 

ifenprodil but bind in the same pocket, at the ATD interface of GluN1 and GluN2B285,451. The work 

in the following chapter highlights one member of the 93 series, 93-108, a novel GluN2B-selective 

NAM.  
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Chapter 2. Novel GluN2B-Selective NMDA Receptor Negative Allosteric Modulator Possesses 

Intrinsic Analgesic Properties and Enhances Analgesia of Morphine in Rodent Pain Models. 

This chapter contains published work: Harris LD, Regan MC, Myers SJ, Nocilla KA, Akins NS, 

Tahirovic YA, Wilson LJ, Dingledine R, Furukawa H, Traynelis SF, Liotta DC. Novel GluN2B-

Selective NMDA Receptor Negative Allosteric Modulator Possesses Intrinsic Analgesic 

Properties and Enhances Analgesia of Morphine in a Rodent Tail Flick Pain Model. ACS Chem 

Neurosci. 2023 Mar 1;14(5):917-935. doi: 10.1021/acschemneuro.2c00779. Epub 2023 Feb 13. 

PMID: 36779874; PMCID: PMC9983021. 

2.1 Abstract

Analgesic tolerance is characterized by a decreased response to the analgesic effects of opioids, 

requiring increasingly higher doses to maintain the desired level of pain relief. Overactivation of 

GluN2B-containing N-Methyl-D-Aspartate receptors is thought to play a key role in mechanisms 

underlying cellular adaptation that takes place in the development of analgesic tolerance. Herein, 

we describe a novel GluN2B-selective negative allosteric modulator, EU93-108, that shows high 

potency and brain penetrance. We describe the structural basis for binding at atomic resolution. 

This compound possesses analgesic properties in the spinal nerve ligation model of neuropathic 

pain, and in the tail flick test for thermal pain. EU93-108 has an acute and significant anodyne 

effect, whereby morphine when combined with EU93-108 produces a higher tail flick latency 

compared to that of morphine alone. These data suggest that engagement of GluN2B as a target 

has utility in treatment of pain, and EU93-108 could serve as an appropriate tool compound to 

interrogate this hypothesis. Future structure-activity relationship work around this scaffold could 

give rise to compounds that can be co-administered with opioids to diminish the onset of tolerance 

due to chronic opioid use, thereby modifying their utility. 
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2.2 Introduction

Drug overdose is the leading cause of accidental death in the United States452,453. From April 

2021 to April 2022, there were over 100,000 new cases — an increase of nearly 30% compared to 

the previous year454. 75% of these drug overdose cases involved opioids, which remain the most 

effective treatment available for chronic pain conditions. However, problems such as addiction, 

physical dependence, analgesic tolerance, and risks of overdose when abused significantly 

complicate their utility455.  Nevertheless, opioids remain important therapeutics given the crushing 

need for effective pain treatment. 1 in 5 people in the US174,456,457 and globally458, currently suffers 

from some form of chronic pain, which causes long-term disability which results in low quality of 

life, unemployment, anxiety, and depression459. Thus, a conundrum exists whereby there is a need 

for drugs like opioids due to their efficacy, but different aspects of opioid actions also create 

problems. 

To recap, tolerance is a multi-faceted phenomenon that can develop to mitigate the on-

target or off-target effects of any drug246. Analgesic tolerance to opioids is defined as a decreased 

response to the analgesic effects of opioids, such as morphine, fentanyl, oxycodone, and 

hydrocodone with continued use. Over time, the initial dose given becomes ineffective in relieving 

pain, therefore higher doses must be used to maintain the desired level of analgesia244,245.  Tolerance 

to the analgesic effects of opioids can develop within weeks, and continually increasing doses can 

very quickly and unexpectedly result in fatal overdose460,461, especially for patients who self-

administer opioids245,246. 

In the case of morphine, there are multiple cellular adaptations that contribute to the 

development of analgesic tolerance following chronic exposure82,264,462.  This work focuses on one 

specific adaptation – persistent activation of N-methyl-D-aspartate receptors (NMDARs) in the 
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brain429,463,464. NMDARs284 (Figure 4) are excitatory ionotropic glutamate receptors, expressed in 

neurons throughout the brain, which mediate a slow Ca2+-permeable component of excitatory 

synaptic transmission, synaptic plasticity305,306, learning307,308, and memory309,465. NMDARs are 

ligand-gated ion channels that are activated by the binding of the co-agonist neurotransmitters 

glutamate and glycine317. Upon ligand binding, if the membrane becomes depolarized sufficiently 

to relieve Mg+2 block, NMDARs can pass considerable currents322,323,466. Improper function of 

NMDARs have been suggested to participate in some fashion in multiple disease states such as 

Alzheimer’s disease358, Huntington’s chorea359, Parkinson’s disease360, schizophrenia365,366, 

epilepsy467, ischemic brain injury353,468,469, depression361,470, and neuropathic pain356. 

Activation of µ-opioid receptors (MORs) by opioids increases NMDAR activity via 

kinases PKC and Src429,430,471. PKC activates Src, which phosphorylates NMDARs at the C-termini 

of GluN2A and GluN2B subunits, increasing the permeation of calcium into the neuron472,473. This 

increased calcium allows for increased activation of CaMKII and NOS, among others429,474. 

CaMKII desensitizes MORs via phosphorylation129,475,476, and NOS stimulates production of NO 

which increases glutamate release474,477. This creates a cycle of sustained NMDAR activation and 

MOR desensitization which ultimately contributes to analgesic tolerance development. 

As discussed in the Introduction chapter, the GluN2B subunit is well-studied in the context 

of neuropathic pain and analgesic tolerance because it is highly expressed throughout the 

nociception pathway403,478. Primary afferents in the skin and tissue respond to noxious stimuli, and 

that information is transmitted to the spinal cord dorsal horn, specifically the substantia gelatinosa 

found in lamina II. The signal is then transmitted to the periaqueductal grey, thalamus, 

somatosensory cortex, and other regions of the brain that process painful stimuli,51,264,479. Analysis 

of mRNA and in situ hybridization in the CNS has shown that the dorsal horn of the spinal cord 
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has higher mRNA levels of GluN2B compared to the other GluN2 subunits, as well as higher 

protein expression, which suggests that GluN2B could play a contributing role in this 

region232,324,480.  

A large body of evidence shows that GluN2B-selective negative allosteric modulators 

(NAMs) including ifenprodil and Ro-256981, and non-selective channel blockers such as MK-801 

and dextromethorphan (Figure 8) can inhibit morphine tolerance in rodents212,432,433. However, 

channel blockers, like MK-801 and dextromethorphan, are problematic for clinical use due to 

strong and complete block of all NMDARs and significant on-target effects. The prototypical 

GluN2B inhibitor, ifenprodil, has off-target actions on biogenic amine receptors, such as alpha-1-

adrenergic receptors403,481. To further evaluate and advance the idea that GluN2B inhibitors have 

utility in pain and can blunt tolerance, it is important to develop and characterize new compounds 

that will maintain efficacy in reducing tolerance while possessing an improved safety profile. 

In this study, we evaluated a novel piperazine-containing GluN2B-selective NMDAR 

NAM410,482  for its effects on morphine-induced analgesic tolerance in rodents. We also assessed 

the actions of a class of enantiomeric propanolamines that function as potent GluN2B-selective 

NAMs483. Previously published compounds in this class display comparable efficacy to previous 

NAMs and show reduced off-target effects at concentrations up to 10x IC50. Compound 29 in 

Tahirovic et al. (referred to here as EU93-4) is brain penetrant, neuroprotective in in vitro and in 

vivo models of cerebral ischemia450, and did not elicit increased locomotion in rodents. We also 

evaluated compound 70 in Tahirovic et al. (2008), also referred to as EU93-31 (Yuan et al., 

2015)398. These compounds are structurally distinct from ifenprodil, but bind in the same pocket 

in the ATD of the NMDAR at the interface between the GluN1 and GluN2B subunits451.  
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Interestingly, EU93-31 also extends the n-butyl chain into the pocket occupied by an 

unconventional GluN2B-selective inhibitor, EVT-101 (Figure 8)484.  
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Figure 8. Previously published NAMs of the NMDAR. 

 

2.3 Results 

2.3.1 EU93-108 is a potent, GluN2B-selective NMDAR NAM 

EU93-108 is a member of a class of piperazine-containing GluN2B inhibitors that show promising 

properties410,482. We assessed EU93-108 for its potency and subunit selectivity across NMDAR 

subtypes (Table 1). Two-electrode voltage clamp recordings from Xenopus laevis oocytes 

expressing recombinant rat NMDAR subunits were used to determine IC50 and the extent of 

inhibition at 10 µM concentration of EU93-108 for all NMDAR GluN2 subunits. EU93-108 was 

tested at 10 µM which is 20 times higher than the IC50. Inhibition of GluN2B by EU93-108 is 

approximately 18-fold higher than that of the other NMDAR subunits, confirming that it is 

selective for GluN2B (Table 1). 
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Structure MW (g/mol) IC50 pH 7.4 (µM) 

 

441.5 0.557 

Mean % Inhibition of EU93-108 

GluN1/GluN2A GluN1/GluN2B GluN1/GluN2C GluN1/GluN2D 

4.6 ± 1.5 86.8 ± 6.1 5.3 ± 2.2 4.6 ± 1.2 

Table 1. EU93-108 is a potent, GluN2B-selective NMDAR NAM. The structure of EU93-108 is 
shown along with the molecular weight and experimentally determined IC50. The percent 
inhibition of Xenopus oocytes expressing recombinant GluN1/GluN2A-D receptors is presented 
as mean ± SEM. Oocyte experiments were performed with 10 µM EU93-108 in the presence of 
100 µM glutamate and 30 µM glycine. n=8 oocytes per NMDAR subtype. 
 

2.3.2 EU93-108 concentration-response curves on diheteromeric and triheteromeric NMDARs 

Diheteromeric NMDARs are assembled from GluN1 and only one type of GluN2 subunit (e.g., 

GluN1/GluN2B), and thus possess two copies of GluN1 and two copies of the same GluN2 

subunit. By contrast, triheteromeric NMDARs are assembled from the GluN1 subunit and two 

different types of GluN2 subunits (e.g., GluN1/GluN2B/GluN2A)284. The majority of recombinant 

studies have utilized diheteromeric receptors, but biochemical and functional data have shown that 

a large proportion of NMDARs in the CNS are triheteromeric receptors325,338,339. Due to the 

prevalence of triheteromeric NMDARs in vivo, we constructed concentration-response curves for 

EU93-108 in both GluN2B diheteromeric and GluN2B/GluN2A triheteromeric receptors. 
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Concentration-inhibition curves for EU93-108 were constructed from current responses 

recorded from Xenopus oocytes expressing rat and human diheteromeric 

(GluN1/GluN2B/GluN2B) NMDARs, as well as from oocytes expressing rat triheteromeric 

(GluN1/GluN2A/GluN2B) NMDARs (Figure 9). Triheteromeric receptors contained GluN2 

subunits with two coiled-coil domains (C1, C2) and an ER retention signal added to the 

intracellular C-terminal.  The interaction of C1 and C2 can mask an exogenous ER retention signal, 

 

Figure 9. Inhibition of NMDA receptors by EU93-108. A. Current response course for maximal 
receptor activation by 100 µM L-glutamate and 100 µM glycine (GG) and then in the 
continuous presence of 100 µM L-glutamate and glycine plus increasing concentrations of 
EU93-108 at 0.03, 0.1, 0.3, 1, 3, and 10 µM are shown for each receptor subunit combination. 
The receptors tested are diheteromeric rat GluN1/GluN2Ac1/GluN2Ac2 (r2Ac1/r2Ac2), 
triheteromeric rat GluN1/GluN2Ac1/GluN2Bc2 (r2Ac1/r2Bc2), diheteromeric rat 
GluN1/GluN2Bc1/GluN2Bc2 (r2Bc1/r2Bc2), and diheteromeric human 
GluN1/GluN2B/GluN2B (h2B/h2B).  All currents were normalized to the maximal response in 
100 µM glutamate and glycine, set as 100%.  The mean + SEM for maximal current sizes for 
r2Ac1/r2Ac2 receptors was 295 + 44 nA (n=6), for r2Ac1/r2Bc2 receptors 278 + 39 nA (n=12), 
for r2Bc1/r2Bc2 receptors 353 + 77 nA (n=8), and for h2B/h2B receptors 276 + 63 nA (n=10).   
B. The concentration-effect curve for inhibition by EU93-108 for all four receptor subunit 
combinations, with same symbols as in (A).  The mean + SEM values are plotted for 
r2Ac1/r2Ac2 receptors (open triangles, n=6), r2Ac1/r2Bc2 receptors (closed circles, n=12), 
r2Bc1/r2Bc2 receptors (open circles, n=8), and h2B/h2B receptors (open squares, n=10) with 
increasing concentrations of EU93-108 applied in the presence of 100 µM glutamate and 100 
µM glycine at -40 mV as described in the Methods section. Data collected by Scott Myers, 
PhD. 
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thereby allowing only receptors that contain one C1 and one C2 domain to be trafficked to the 

plasma membrane485. The IC50 value for EU93-108 at r2Bc1/r2Bc2 receptors was 233 nM (196, 

279 nM 95% CI; n=8) and at r2Ac1/r2Bc2 receptors was 543 nM (460, 640 nM 95% CI; n=12). 

The residual current remaining at 10 µM EU93-108 for r2Bc1/r2Bc2 receptors was 11% (8, 13% 

95% CI; n=8) and for r2Ac1/r2Bc2 receptors was 54% (50, 58% 95% CI; n=12) (Supplemental 

Table S1; Figure 9). As anticipated, EU93-108 was also an effective inhibitor of human 

diheteromeric GluN2B receptors (h2B/h2B) with an IC50 of 26 nM (197, 347 nM 95% CI; n=10) 

and with a residual current remaining at 10 µM EU93-108 of 12% (9, 15% 95%CI; n=10).  Finally, 

EU93-108 shows no appreciable activity at r2Ac1/r2Ac2 diheteromers exhibiting a residual 

current at 10 µM of 105% (102, 108% 95% CI; n=6) (Supplemental Table S1; Figure 9).  

Taken together, these data demonstrate substantial selectivity for inhibition of GluN2B 

versus GluN2A NMDA receptors.  In addition, EU93-108 is both more potent and can achieve a 

greater degree of maximal receptor inhibition and in 2B/2B diheteromeric assemblies compared 

to 2A/2B triheteromeric assemblies, thus potency and efficacy increase as the number of copies of 

the GluN2B subunit increases from one to two copies per receptor complex.  Both IC50 potency 

and maximum % inhibition of r2Ac1/r2Bc2 receptors were significantly different from 

r2Bc1/r2Bc2 and h2B/h2B receptors by a one-way ANOVA and Tukey’s multiple comparison 

test, p<0.05 or better. We also compared concentration-inhibition curves for rat and human 2B/2B 

assemblies, which show that EU93-108 inhibits rat and human 2B diheteromeric receptors in a 

similar manner.  

An important control for triheteromeric experiments is to confirm that a minimal 

proportion of receptors contain two copies of GluN2A or two copies of GluN2B.  To confirm 

negligible contribution from diheteromeric receptors, we introduced two mutations (R518K, T690I 
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for GluN2A and R519K, T691I for GluN2B, referred to as R-K, T-I) into the binding pockets of 

the GluN2 subunits.  By injecting mRNA encoding one C-tagged subunit and the other C-tagged 

GluN2 subunit with the R-K,T-I mutations functional currents will only be expressed if 

diheteromeric receptors containing two copies of the subunit lacking the mutations escape the ER 

and reach the cell surface.  By comparing the current amplitude in this situation to that observed 

for functional triheteromeric receptors, we can estimate the percentage of current that is from 

diheteromeric receptors (Supplemental Figure S1).  

 

2.3.3 Crystal structure of GluN1b-GluN2B ATD in complex with EU93-108 

 Once we established that EU93-108 is GluN2B-selective, we next wanted to confirm that 

this compound binds at the ATD interface of GluN1b and GluN2B, in the same pocket as 

ifenprodil, EU93-31, and other previously published GluN2B-selective NAMs285,451.  

To ascertain the binding site and pose for EU93-108, we utilized protein crystallography 

and X-ray diffraction to solve the structure of the isolated GluN1b-GluN2B ATD in complex with 

EU93-108 at 2.85 Å resolution (Figure 10, Supplemental Table S2). It has been well established 

that the structure of the isolated ATDs is identical to the ATDs of the intact tetrameric receptors; 

thus, the EU93-108-bound structure presented here is physiologically relevant (Figures 10A and 

10B)285,286,290,392. Specifically, the GluN1b-GluN2B ATD-EU93-108 structure is similar to the non-

active1 conformation of the intact GluN1b-2B NMDARs (RMSD vs. 7SAA = 1.964 Å over 662 

Cɑs), where the bi-lobe structure (composed of R1 and R2) of GluN2B ATD is closed486–488. The 

quality of the electron density is sufficient for identifying and modeling EU93-108 with 

confidence (Figure 10C), which permits us to visualize the binding mode precisely (Figure 10D).  
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The crystal structure revealed the binding site of EU93-108 at the GluN1b-GluN2B ATD 

heterodimer interface, similar to that of EU93-31 and ifenprodil. Specifically, the binding site 

involves residues from GluN1b and GluN2B ATDs, especially around the ɑ3 helix from GluN1b 

and ɑ2’ and ɑ6’ from GluN2B. The sulfonamide group of EU93-108 forms polar interactions with 

the backbone amides of GluN2B-Met207 and -Ser208. The phenyl group, the piperazine group, 

and the difluoro-phenyl group are in van der Walls contacts with residues such as GluN2B-Pro78, 

-Phe176, -Pro177, -Ile111, and -Phe114 and GluN1b-Phe113, -Ile133, and -Leu135. EU93-108 

has similar sets of polar interactions as EU93-31451  but not ifenprodil392 (Figure 10E). The van 

der Walls contacts are similar between EU93-108, ifenprodil, and the backbone of EU93-

31 (Figure 10E).  
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Figure 10. Structure of GluN1b-GluN2B ATD in complex with EU93-108. (A) The GluN1b-
GluN2B ATD bound to EU93-108 is superposed to the structure of the intact GluN1b-2B NMDAR 
in complex with glycine and glutamate in non-active1 (PDB code: 7SAA; in gray). GluN1b-R1, 
GluN1b-R2, GluN2B-R1, and GluN2B-R2 are colored dark orange, light orange, dark cyan, and 
light cyan, respectively. (B) GluN1b-GluN2B ATD viewed from the eye in panel A. EU93-108 is 
shown as spheres. (C) FoFc omit map contoured at σ =3.8. (D) The binding site of EU93-108 
(purple stick). The interacting residues are shown as sticks. Dash represents polar interaction. (E) 
Superposition of EU93-108 with ifenprodil (yellow; PDB: 3QEL), EU93-31 (cyan; PDB: 6E7U). 
Data collected by Hiro Furukawa, PhD and Michael Regan, PhD at Cold Spring Harbor 
Laboratory. 

 

2.3.4 Determination of intrinsic antinociceptive properties of GluN2B-selective NAMs 

After evaluating EU93-108 in vitro, we next evaluated a panel of GluN2B inhibitors for 

their ability to produce an antinociceptive effect using a classical model of pain perception, 

determination of tail flick latency for mice when their tails are placed in hot water (Figures 11 

and 12). The hot water tail immersion test is a well-validated method of assessing reflexive (i.e. 

spinal) pain-like response in rodents214,215,489,490. We interpret a drug-induced increase in tail flick 

latency as analgesia.  

The inhibitors were injected i.p. 30 mins prior to a hot water tail immersion test. Four 

treatment groups and one control group were used (n=8 per group) where the control group 

received vehicle (10% DMSO, 20% PEG, 2% DMA in water) and groups 1 through 4 were 

randomly assigned one dose of the appropriate compound.  
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Figure 11. Intrinsic antinociceptive properties of EU93-4 (A), EU93-31 (B), EU93-108 (C), 
ifenprodil (D), and Ro25-6981 (E) in male C57BL/6J mice. Each dot represents one mouse (n=8 
per group) and data are presented as mean ± SEM. Data were analyzed using one-way ANOVA 
and Dunnet’s post hoc test for multiple comparisons, where each group was compared to vehicle. 
 

Male mice that received compound EU93-4 displayed significant increases in tail flick 

latency at 50 mg/kg, the highest dose tested (Figure 11). Mice that received EU93-31 displayed 

significant increases in latency at the two highest doses tested (50 and 100 mg/kg). Mice that 

received EU93-108 also displayed significant increases in latency at the two highest doses tested 

(30 and 60 mg/kg). The mean latency increase in the EU93-108 group was significantly higher 

than that of the EU93-4 or EU93-31 groups – 16 seconds compared to 10 seconds. Male mice that 

received ifenprodil, or Ro25-6981 did not display significant increases in latency at the doses 
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tested.  These data suggest that EU93-108 has more potent intrinsic analgesic effects than the other 

inhibitors tested. Significant latency increases were achieved at a lower dose of EU93-108 

compared to EU93-4 or EU93-31 (30 mg/kg compared to 50 mg/kg). 
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Figure 12. Intrinsic antinociceptive properties of EU93-4 (A), EU93-31 (B), EU93-108 (C), 
ifenprodil (D), and Ro25-6981 (E) in female C57/Bl6J mice. Each dot represents one mouse (n=8 
per group), and data is presented as mean ± SEM. Data was analyzed using one-way ANOVA and 
Dunnet’s post hoc test for multiple comparisons, where each group was compared to vehicle. 
 

Female mice that received EU93-4 or EU93-31 displayed significant increases in latency 

at the highest doses tested for each compound, 50 and 100 mg/kg respectively (Figure 12). Female 

mice that received EU93-108 also displayed increased latency, but only at 60 mg/kg, the highest 

dose tested. The mean increase of this group was comparable to the EU93-4 and EU93-31 groups. 
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As seen in the male mice, ifenprodil and Ro25-6981 did not produce any significant increases in 

latency at the doses tested. EU93-4 and EU93-31 have similar intrinsic analgesia in male and 

female mice. However, EU93-108 appears to be more potent in male mice because significant 

increase in latency was achieved at half the dose in males compared to females (30 mg/kg 

compared to 60 mg/kg). 

 

2.3.5 EU93-108 decreases mechanical allodynia and has sustained brain and plasma 

concentrations 

Given the direct effect of EU93-108 in the tail immersion test, we explored its actions in 

male rats in a model of chronic pain that involves an inflammatory component. The Chung Spinal 

Nerve Ligation (SNL) method241, first published in 1992, is a well-validated and widely used 

model of nerve injury and neuropathic pain. Briefly, the method involves tightly ligating either the 

L5 and L6 spinal nerves, or just the L5 nerve, of an anesthetized rodent. The spinal ligation elicits 

a strong local inflammatory response causing hypersensitivity in the affected hind paw. This model 

has been used to investigate a number of analgesic drugs491–493 and to further elucidate how 

NMDARs are involved in the development of persistent pain following peripheral nerve injury494–

497.  
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Figure 13. EU93-108 is efficacious in the Chung SNL model of allodynia and has sustained 
plasma and brain concentrations over 4 hours. The allodynia data (A) compares vehicle (5% 
DMSO, 50% PEG, 5% DMA in water, open circles) with 10 mg/kg EU93-108 (closed circles). 
Von Frey testing took place 30 minutes prior to injection and 30-, 60-, 120-, and 240-minutes post 
injection. Each symbol indicates n=10 rats. (B) EU93-108 concentrations are shown for plasma 
(open diamonds) and brain (closed diamonds). Brain and plasma concentrations were measured at 
0-, 30-, 120-, and 240-minutes post injection. Each symbol indicates n=3 rats. For panels A and B, 
all injections were given i.p. and results are shown as mean ± SEM. Panel A data collected by 
Algos Therapeutics in collaboration with Raymond Dingledine, PhD. Panel B data collected by 
Scott Myers, PhD. 
 

Male Sprague-Dawley rats were used for the experiments shown in Figure 6. For the 

mechanical allodynia data, 10 mg/kg of EU93-108 was given i.p. and von Frey thresholds were 

measured 30 minutes prior to injection and at 30-, 60-, 120-, and 240-mins post injection. EU93-

108 significantly increased von Frey threshold at 2 hours post injection, suggesting that EU93-108 

can decrease mechanical allodynia in male rats. (Figure 13A) We tested 10 mg/kg and 60 mg/kg 

doses of EU93-108 to establish an ED50 of approximately 11 mg/kg (data not shown).  Because 

we intended to co-administer this compound with morphine, an intermediate dose of EU93-108 

was needed.  Therefore, we chose 10 mg/kg for our subsequent studies on analgesia to observe 

potential enhancement effects.  

In a separate experiment, brain and plasma concentrations of EU93-108 were measured 30, 

120, and 240 mins following an i.p. injection of 60 mg/kg. Brain concentrations were measured 

from whole forebrain homogenate at each time point. EU93-108 reached peak concentration 30 



65 
 

mins post injection sustained for the duration of the experiment. EU93-108 reached a Cmax of 18 

µM in brain and 30 µM in plasma after 60 minutes, yielding a brain-to-plasma ratio of 0.6. Due to 

the minimal decrease in concentration over the course of the 240-minute experiment, the half-life 

of EU93-108 must be greater than 4 hours (Figure 13B). 

 

2.3.6 Acute morphine and EU93-108 co-administration produce enhanced tail flick latency 

After observing that EU93-108 possessed intrinsic antinociceptive properties in both the 

hot water tail immersion test and in the von Frey apparatus, we chose to focus on this compound 

for the remaining experiments. We were next interested in evaluating the effects of EU93-108 

when given acutely in combination with morphine. 5 mg/kg morphine was chosen because this 

dose elicited an approximately half-maximal response in our initial morphine dose-response curve 

(Supplemental Figure S2). This half-maximal response would allow us to see any changes in tail 

flick latency that EU93-108 might elicit.  

Four treatment groups and one control group were used (n=8 per group). The control group 

received vehicle i.p. (10% DMSO, 20% PEG, 2% DMA in water) plus 5 mg/kg morphine s.c. 

formulated in normal saline, and groups 1-4 were randomly assigned one dose of EU93-108 i.p. 

plus 5 mg/kg morphine s.c. The doses used were the same as in the intrinsic analgesia experiments.  

` 
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Figure 14. (A and C)  Acute co-administration of EU93-108 and 5 mg/kg of morphine in male (A, 
blue circles) and female (C, red circles) mice. Each dot in panels A and C represents one mouse 
(N=8 per group). Data were analyzed using one-way ANOVA and Tukey’s post hoc test for 
multiple comparisons, where all groups were compared to each other. (B and D) Fitted dose-
response curves for EU93-108 in male (B) and female (D) mice. The dotted lines depict estimated 
ED50 values. All data are presented as mean ± SEM. 
 
 

A dose-dependent increase in tail flick latency was observed in both male and female mice. 

In male mice, the highest tail flick latency was observed when 10 mg/kg of EU93-108 was 

combined with 5 mg/kg of morphine (Figure 14A). The majority of mice in this group did not 
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have a tail flick response within 25 seconds in three consecutive tests (i.e., maximal analgesia). 10 

mg/kg was the lowest dose that significantly increased latency in male mice. Figure 8B depicts 

the fitted ED50 curves for EU93-108 with and without morphine in male mice. In male mice, EU93-

108 is approximately 3-fold more potent when combined with morphine versus EU93-108 alone 

(Figure 14B). In female mice, the lowest dose of EU93-108 that significantly increased latency 

was 20 mg/kg (Figure 14C). The effect of EU93-108 in female mice was less variable than male 

mice, and apparently more robust. However, the estimated ED50 for EU93-108 plus morphine in 

female mice was higher than in male mice, suggesting that lower doses of EU93-108 may be more 

efficacious in male mice compared to female mice. The data for EU93-108 alone in female mice 

did not yield a sufficient curve and was therefore not fitted (Figure 14D). 

 

2.3.7 EU93-108 has sedative effects at high doses 

Some NMDAR antagonists can impact locomotor behavior in animals448,498,499. Lower 

doses have minimal impact while high doses can have anesthetic action that can produce complete 

immobility. We evaluated this potential side effect in a locomotor assay using a range of doses of 

EU93-108. We used these data along with the previously described data in Figures 10, 11, and 13 

to choose a target dose to use for the chronic morphine administration/tolerance experiments 

shown in Figures 17 and 19. We defined a target dose as that exhibits enhancement in tail flick 

latency when combined with morphine, while showing little to no effect on locomotor activity. 
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Figure 15. Rest time data for EU93-108 in male (A, blue circles) and female (B, red circles) mice. 
Rest time percentage was used to calculate dose-response curves for males and females (C and D 
respectively).  Each circle in A and B represents one mouse (n=8 per group), while each circle in 
C and D represent the mean ± SEM of all 8 mice for each group. The dotted lines depict estimated 
ED50 values. Data were analyzed using one-way ANOVA and Dunnet’s post hoc test for multiple 
comparisons, where each group was compared to vehicle. 
 

In both males and females, we observed dose-dependent decreases in total distance 

traveled, number of movements made, and percentage of time spent moving (Supplemental 
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Figure 3). Conversely, we observed a dose-dependent increase in percentage rest time (Figures 

15A and 15B). Groups that received 30 mg/kg of EU93-108 showed sedation, with rest time 

increasing from 72% to on average 99% of the experiment time. We used rest time percentage to 

calculate the sedation ED50 curves shown in Figure 8C and 8D. ED50 values were similar for males 

and females (Figures 15C and 15D). 

 

2.3.8 Chronic co-administration of morphine with EU93-108 did not inhibit development of 

tolerance 

Given that acute doses of EU93-108 increase tail flick latency in the presence and absence 

of morphine, we subsequently assessed changes in tail flick latency when given chronically (i.e., 

multiple injections over multiple days). Specifically, we were interested in whether the presence 

of EU93-108 would inhibit the development of analgesic tolerance to morphine.  

To decide on a target dose for the chronic administration studies, we used the difference 

between our tail flick latency ED50 and locomotor activity ED50 as the therapeutic window between 

increase in tail flick latency (i.e., analgesia) and sedation. For males, the ED50 of analgesia with 

morphine was 3.5 mg/kg (Figure 14) and the ED50 of sedation was 13.5 mg/kg (Figure 15). We 

chose 10 mg/kg EU93-108 because that dose falls within the therapeutic window, it yielded 

maximal analgesia with morphine, and it is below the ED50 of the sedation curve. We know from 

our previous data that females require higher doses to achieve the same effects seen in males. In 

our tail flick data, we saw that females required twice the dose needed for males, so we selected 

20 mg/kg EU93-108 for testing in female mice. 
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Figure 16. Morphine analgesic tolerance “stair stepping” dosing regimen. TIT = tail immersion 
test. On day 1, TIT was conducted to determine baseline latencies for all mice. On days 1 through 
3, each mouse was administered morphine s.c. three times per day at doses increasing from 25 
mg/kg to 40 mg/kg at 8:00am, 12:00pm, and 4:00pm. Doses of morphine are shown above the 
arrows, in mg/kg. Mice were also randomly assigned to receive either vehicle, one dose of EU93-
108 (10 mg/kg for males and 20 mg/kg for females), or one dose of ifenprodil (10 mg/kg for males 
and 20 mg/kg for females),  i.p. at the same time points. Each mouse received  an i.p. injection of 
drug or vehicle followed by a sc. injection of morphine or saline. On day 4, each mouse was 
challenged with the minimum dose of morphine (25 mg/kg) 30 mins prior to a tail immersion test. 
 

To assess whether EU93-108 had an inhibitory effect on the development of morphine 

tolerance, four groups were used (n=8 per group): vehicle/saline, vehicle/morphine, 

ifenprodil/morphine, and EU93-108/morphine. Morphine tolerance was induced using repeated 

administration of increasing doses of morphine from 25 mg/kg to 40 mg/kg three times a day at 3 

to 4-hour intervals over three consecutive days (Figure 16). This procedure was adapted from 

previous publications500–502.  
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Figure 17. Effects of co-administration of EU93-108 and morphine on tolerance development in 
male (A) and female (B) mice. Mice received either vehicle and saline (blue circles), vehicle and 
morphine (green circles), ifenprodil and morphine (purple circles) or EU93-108 and morphine 
(yellow circles). Naïve indicates latencies prior to the first morphine dose. Day 1 indicates latencies 
after first morphine dose and day 4 indicates latencies after final morphine dose once tolerance has 
developed. Each circle represents n=8 mice and data are presented as mean ± SEM. 
 

The vehicle/morphine groups, which were the tolerance controls, successfully developed a 

tolerance phenotype, as shown by the decrease in latency on day 4 compared to day 1 (Table 2). 
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In both male and female experiments, EU93-108 failed to inhibit the development of tolerance 

when co-administered with morphine three times a day for three consecutive days (Figure 17).  

 

 

Table 2. P values for tolerance development experiments (Figure 9). For male and female mice, 
all relevant comparisons were analyzed using paired or unpaired Student’s t-tests as appropriate. 
T-tests were followed by Bonferroni correction where each p-value was multiplied by the total 
number of comparisons made, yielding an adjusted p-value. We also indicated whether the 
adjusted p-values were significant (<0.05). 

 

2.3.9 Co-administration of EU93-108 and morphine slows worsening of pre-established 

tolerance 

We next wanted to assess EU93-108 for effects on other facets of tolerance. Specifically, 

we were interested in whether EU93-108 could increase tail flick latency in mice that are already 

tolerant to morphine (i.e., pre-established tolerance). To assess the effect of EU93-108 on pre-

established tolerance, five groups were used (n=8 per group): vehicle/saline, vehicle/morphine, 

ifenprodil/morphine, EU93-108/saline and EU93-108/morphine. All groups except for the 

vehicle/saline control group were administered morphine three times per day (according to the 

stair stepping protocol outlined in Figure 18) at gradually increasing doses from 25 mg/kg to 40 

Male Mice

Comparison Paired or 
unpaired?

Unadjusted 
p value

Bonferroni 
corrected p value

Significant after 
adjustment?

Day 4 108/mor - Day 1 108/mor Paired 0.0004 0.0016 Yes
Day 4 veh/mor - Day 1 veh/mor Paired 0.0043 0.0172 Yes
Day 4 ifen/mor - Day 1 ifen/mor Paired 0.139 0.558 No

Day 4: 108/mor - veh/mor Unpaired 0.118 0.47 No

Female Mice

Comparison Paired or 
unpaired?

Unadjusted 
p value

Bonferroni 
corrected p value

Significant after 
adjustment?

Day 4 108/mor - Day 1 108/mor Paired 0.0317 0.127 No
Day 4 veh/mor - Day 1 veh/mor Paired 0.0156 0.0624 No
Day 4 ifen/mor - Day 1 ifen/mor Paired 0.0003 0.0012 Yes

Day 4: 108/mor - veh/mor Unpaired 0.553 2.21 No
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mg/kg three times a day at 3 to 4-hour intervals for three consecutive days until tolerance was 

observed on day 4 (Figure 19, black circles).  

 

 

 

 

Figure 18. Dosing regimen to assess effects of EU93-108 on tolerant mice. TIT = tail immersion 
test. All mice received morphine or saline three times a day according to the protocol in Figure 9. 
Doses of morphine are shown above the arrows, in mg/kg. Once tolerance was established on day 
4, mice were randomly assigned to receive either vehicle, EU93-108, or ifenprodil once a day for 
two consecutive days. TIT was conducted at the same time points as in Figure 9 and 30 minutes 
after injection on days 5 and 6. 
 

Once tolerance was established, mice were randomly assigned to receive either vehicle, EU93-

108, or ifenprodil once a day for two consecutive days (Figure 19). The doses differed between 

males and females: males received 10 mg/kg EU93-108 and 10 mg/kg ifenprodil, while females 

received 20 mg/kg EU93-108 and 20 mg/kg ifenprodil. Tail immersion tests were conducted 30 

minutes post injection of EU93-108 or ifenprodil on days 5 and 6. 
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Figure 19. Effects of EU93-108 on tolerant male (A) and female (B) mice. Black circles show that 
all mice were treated the same and given only morphine to establish tolerance on days 1 through 
4. Once tolerance was established (Day 4 Tolerance), mice were randomly assigned to receive 
either vehicle and morphine (green circles), ifenprodil and morphine (purple circles), EU93-108 
and saline (yellow circles) or EU93-108 and morphine (red circles). Blue circles depict mice that 
did not receive any drug for the duration of the experiment. For the male mice, the dose of 
ifenprodil and EU93-108 was 10 mg/kg, and for female mice the dose was 20 mg/kg. Days 1 
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through 4 depict tolerance development. Days 5 and 6 represent latencies 30 minutes after the first 
and second co-administrations, respectively. 
 

 

Male and female mice in all groups successfully developed tolerance over days 1 through 

4 (Figure 19, black circles). The vehicle/morphine, ifenprodil/morphine and EU93-108/saline 

latencies all continued to decrease on day 5 (Table 3), followed by a plateau on day 6. The EU93-

108/saline group showed the most significant decrease in latency and plateaued at values 

equivalent to the vehicle/saline baseline. In contrast, the EU93-108/morphine group did not show 

a further decrease in latency on day 5, meaning the latencies on days 4 and 5 were equivalent. The 

EU93-108/morphine group also had the highest latency on day 5 compared to the other groups. In 

the male mice, this increase in latency was only seen on day 5, whereas in females the effect 

remained constant through day 6. Morphine alone and EU93-108 alone did not increase tail flick 

latency in tolerant mice, but EU93-108 plus morphine did increase latency.  This suggests that 

EU93-108 requires co-administration with morphine to slow the worsening of the tolerance 

phenotype in tolerant mice.  
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Table 3. P values for tolerant mice experiments (Figure 18). All relevant comparisons were 
analyzed using paired or unpaired Student’s t-tests as appropriate. T-tests were followed by 
Bonferroni correction where each p-value was multiplied by the total number of comparisons 
made, yielding an adjusted p-value. We also indicated whether the adjusted p-values were 
significant (<0.05). 

 

2.3.10 Off-Target Effects of EU93-108 

EU93-108 was further examined for its behavior against common off-target receptors. 

First, selectivity for GluN2B over other ion channels in the brain was examined via two-electrode 

voltage clamp recordings of Xenopus oocytes expressing AMPA, kainate, nicotinic acetylcholine, 

serotonin, GABA, glycine, and ATP receptors. Current responses were tested with saturating 

concentrations of agonist in both the absence and presence of 10 μM EU93-108, and confirmed 

selectivity for GluN2B-containing NMDA receptors over AMPA, kainate, GABA, glycine, ATP, 

and 5-HT3A receptors (Supplemental Table S3). 

 

Male Mice

Comparison Paired or 
unpaired?

Unadjusted 
p value

Bonferroni 
corrected p value

Significant after 
adjustment?

Day 4 108/Sal - Day 5 108/Sal paired 0.0024 0.012 Yes
Day 4 108/Mor - Day 5 108/Mor paired 0.711 3.55 No
Day 4 Veh/Mor - Day 5 Veh/Mor paired 0.0252 0.126 No

Day 5: 108/Mor - 108/Sal unpaired 0.0004 0.002 Yes
Day 5: 108/Mor - Veh/Mor unpaired 0.0268 0.134 No

Female Mice

Comparison Paired or 
unpaired?

Unadjusted 
p value

Bonferroni 
corrected p value

Significant after 
adjustment?

Day 4 108/Sal - Day 5 108/Sal paired 0.0002 0.001 Yes
Day 4 108/Mor - Day 5 108/Mor paired 0.543 2.72 No
Day 4 Veh/Mor - Day 5 Veh/Mor paired 0.0035 0.0175 Yes

Day 5: 108/Mor - 108/Sal unpaired 0.0003 0.0015 Yes
Day 5: 108/Mor - Veh/Mor unpaired 0.0146 0.073 No
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Compound EU93-108 was also tested for inhibition of binding of probes to a range of 

GPCRs and other targets (Table 4 and Supplemental Table S4). We found that EU93-108 has 

multiple off-target receptor interactions, some of which are consistent with liabilities of previously 

described GluN2B-selective NAMs including ifenprodil396,398,407,447,503,504. EU93-108 produced 

significant displacement of binding probes for the 5-HT2 receptors and alpha-1-adrenergic 

receptors, as well as D3, H1, and σ1 receptors. 

Concentration-response binding competition curves for these targets were used to 

determine Ki values (Table 4). Given that the brain concentration of EU93-108 achieved 30 

minutes post i.p. injection is 18 µM (Figure 13), the doses that yield our desired antinociceptive 

effects may engage some of the receptors listed in Table 4. 

Table 4. Secondary Off-Target Screen. Dose-response curves were constructed for any receptors 
that showed 50% or greater mean inhibition in a primary high-throughput screen (Supplemental 
Table S4). The associated Ki values are shown along with the ratio of Ki to the IC50 for EU93-108 
(555 nM). Ratios less than 1 correspond to receptors that EU93-108 has a higher affinity for 
compared to GluN2B-containing NMDARs. These constitute the strongest off-target effects. 

 

2.4 Discussion 

The 93 series is a class of potent, brain penetrant, GluN2B-selective NAMs. These 

compounds have shown utility as in vitro and in vivo tool compounds but have never been 

evaluated in the context of pain and opioid tolerance. We report a novel and potent GluN2B-

Receptor Log(Ki) Ki (nM) 
Ki/IC50 of 

93-108 
(nM) 

Receptor Log(Ki) Ki (nM) 
Ki/IC50 of 

93-108 
(nM) 

5-HT2A -6.31 490 0.88 Alpha2B -6.14 728 1.31 
5-HT2B -6.01 976 1.75 Alpha2C -6.06 862 1.55 
5-HT2C -5.74 1825 3.28 D3 -6.72 190 0.34 
Alpha1A -6.77 170 0.31 H1 -6.59 254 0.46 
Alpha1D -6.44 359 0.65 Sigma1 -6.3 505 0.91 
Alpha2A -5.94 1151 2.07     
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selective NMDAR inhibitor, EU93-108, and explore the structural basis for its binding to the 

GluN1/GluN2B NMDAR ATD using X-ray crystallography. This compound is highly brain 

penetrant and maintains high brain and plasma concentrations for at least 4 hours post i.p. injection. 

EU93-108 possesses intrinsic analgesic properties in the Chung spinal nerve ligation model of 

allodynia and the rodent tail immersion test. We also observed a significant, acute enhancement in 

tail flick latency where the combination of EU93-108 and morphine yielded higher latencies 

compared to either compound alone. This combination also transiently slowed worsening of 

tolerance in tolerant mice. 

Limitations of EU93-108 include several off-target interactions, some of which have 

previously been described as liabilities for other GluN2B-selective NAMs. The strongest 

interactions were at alpha-1-adrenergic, D3, H1, and 5-HT2 receptors. Among the interactions 

observed, the sedative effect seen in the locomotor data may reflect inhibition of the H1 histamine 

receptor and could complicate use of this compound as a tool for in vivo experiments.  

The favorable effects of EU93-108 appear to be acute as opposed to chronic or cumulative. 

The most promising data shown in this study corresponds to the immediate effects of EU93-108, 

either at Tmax (30 mins), or in the allodynia data, up to 4 hours post-injection. In the tolerance 

development experiments shown in Figure 11, we did not observe any cumulative effect of 

multiple doses of EU93-108 when the mice were assessed for tolerance. 

Another interesting aspect of EU93-108 is that it has opposite effects in tolerant versus 

non-tolerant mice when given alone, whereas with morphine it has similar acute effects in either 

case. In Figures 4-6, we showed that EU93-108 alone can increase analgesia in non-tolerant mice. 

However, once mice have developed tolerance to morphine, administering EU93-108 without 

morphine appears to further exacerbate tolerance (Figure 19, yellow circles). When EU93-108 is 
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co-administered with morphine, we observed enhancement of morphine-induced analgesia in non-

tolerant mice, as well as an acute plateau of tolerance in tolerant mice. In both cases, the 

combination of EU93-108 and morphine yielded favorable effects.  

The potency of EU93-108 is sex-dependent, with males requiring lower doses than females 

for the same effect. Two potential explanations for this sexual dimorphism that have been 

quantified in the literature are differences in cytochrome P450 (CYP) expression and differences 

in analgesia. It is well documented that male and female mice have differential expression of 

several CYP enzymes505–507. For example, CYP2D9 is almost exclusively expressed in male 

mice505, whereas CYPs 2B9 and 2B13 are almost exclusively expressed in female mice505. 

CYP3A4, the isoform responsible for approximately 50% of phase-I metabolism of drugs, shows 

higher expression and activity in female mice508. This could suggest that EU93-108 is cleared faster 

in female mice and therefore more frequent dosing might be needed to see increased analgesic 

effects. CYP reaction phenotyping of EU93-108 would be needed to explore this idea further. 

Pain tolerance and analgesia differ between strains of mice509 and between sexes509–512. 

Female mice tend to have lower pain tolerance than males509,510,513. Opioids such as morphine also 

have higher potency in male mice compared to female mice510,511,514. This suggests that female mice 

might require higher doses of opioids compared to male mice. Additionally, morphine is 

metabolized faster in female mice515. This is primarily due to increased activity of UGT2B7, the 

primary UDP-glucuronosyltransferase that metabolizes morphine into its two main metabolites, 

M3G and M6G516–518.  This suggests that elimination of drugs is accelerated in female mice, 

therefore more frequent dosing of opioids or other analgesics might be required to achieve the 

same level of pain relief observed in males. 
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This work introduces a promising tool compound on which to base future structure-activity 

relationship (SAR) studies. The insights gained from EU93-108 help to create a blueprint for the 

next generation of GluN2B-selective inhibitors, highlighting aspects of GluN2B negative 

modulation that are beneficial and some that are detrimental in the context of pain relief. We have 

demonstrated that negative modulation of GluN2B can both increase analgesia in the absence of 

an opioid and enhance the analgesic properties of an opioid with co-administration. These are 

aspects that need to be maintained in the next generation of compounds based on this scaffold. 

Conversely, EU93-108 has several off-target liabilities, therefore the next iteration of inhibitors 

must possess an improved off-target profile. Ultimately, this new generation of GluN2B-selective 

NAMs may be evaluated for clinical use alongside opioids. These candidates would be co-

administered with opioids to enhance their effect, which would decrease the dose of opioid needed 

for suitable analgesia. Decreasing opioid dose could decrease the rate of development of tolerance 

and decrease risk of physical dependence and addiction with chronic use.  
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2.5 Materials and Methods 

Chemicals 

Buffers, salts, agonists, and ifenprodil-(+)-tartrate salt were purchased from Millipore Sigma. 

Morphine sulfate was purchased from McKesson Medical Surgical. All other compounds were 

synthesized at Emory according to published methods or as described below.  Ifenprodil was 

formulated in 10% DMSO, 20% PEG, 2% DMA in water. Morphine sulfate was formulated in a 

0.9% saline solution. All 93 series compounds were formulated in 10% DMSO, 20% PEG, 2% 

DMA in water. 

 

General 93 Series Synthesis483 
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Scheme 1. 93 series synthesis. Para-nitrophenol was combined with (S)-(+)-glycidyl nosylate and 

cesium fluoride to afford the nitro intermediate, b. The nitro group was reduced to an amine using 

poisoned palladium on carbon. The unstable amine was immediately combined with N,N-

diisopropyl-N-ethyl amine and methane sulfonylchloride to afford the sulfonamide intermediate, 

d. The sulfonamide was combined with 3,4-dichlorophenethylamine under reflux conditions to 

afford EU93-4. EU93-31 was afforded by combining EU93-4 with the appropriate aldehyde and 

sodium triacetoxyborohydride. EU93-108 was synthesized by combining the previous 

sulfonamide intermediate, d, and 1-(3,4-difluorophenyl)piperazine in ethanol under reflux 

conditions. 

 

The  compounds EU93-4 and EU93-31 (Scheme 1) were synthesized according to previously 

published methods450,519,520.  

 
 
Synthesis of EU-93-108 ((S)-N-(4-(3-(4-(3,4-difluorophenyl)piperazin-1-yl)-2-

hydroxypropoxy)phenyl)methanesulfonamide):  

 

N N O
H
N S

F

F

93-108
OH

CH3

O O

 
 

N-[4-[[(2S)-Oxiran-2-yl]methoxy]phenyl]methanesulfonamide (75 mg, 0.31 mmol) and 1-(3,4-

difluorophenyl)piperazine (61 mg, 0.31 mmol) were dissolved in ethanol (5 mL) and heated at 

reflux for 3-4 hours. The reaction mixture was then cooled to rt, and the solvent was evaporated in 

vacuo.  The remaining residue was then purified via column chromatography on silica gel using 
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0-30% 90:10:0.5% DCM:methanol:NH3 in DCM to yield  N-[4-[(2S)-3-[4-(3,4-

difluorophenyl)piperazin-1-yl]-2-hydroxy-propoxy]phenyl]methanesulfonamide (82 mg, 0.19 

mmol in 60 % yield).   

  
1H NMR (500 MHz, CDCl3): δ 7.20 – 7.12 (m, 2H), 7.02 (dt, J = 10.3, 9.2 Hz, 1H), 6.91 – 6.85 

(m, 2H), 6.69 (ddd, J = 13.3, 6.8, 2.9 Hz, 1H), 6.60 – 6.53 (m, 1H), 4.15 – 4.09 (m, 1H), 4.00 – 

3.92 (m, 2H), 3.15 – 3.10 (m, 4H), 2.92 – 2.89 (m, 3H), 2.84 – 2.77 (m, 2H), 2.68 – 2.59 (m, 3H), 

2.56 (dd, J = 12.5, 3.8 Hz, 1H). 13C NMR (126 MHz, CDCl3): δ 156.96, 150.24, 148.20, 144.35, 

129.74, 124.34, 115.45, 111.53, 109.98, 105.44, 70.49, 65.67, 60.40, 53.13, 49.54, 

38.76. HRMS calc'd for C26H26O4N3F2S 442.16066; found 442.16148 [M+H].  

 

Two-Electrode Voltage Clamp Recordings from Xenopus laevis Oocytes 

Rat cDNA encoding GluN1-1a, (GluN1, RefSeq NP_058706), GluN2A (NP_036705), 

GluN2B (NP_036706), GluN2C (NP_036707), and GluN2D (NP_073634) were obtained from 

Drs. S. Heinemann (Salk Institute), S. Nakanishi (Kyoto University), and P. Seeburg (University 

of Heidelberg). cRNA was transcribed in vitro from linearized plasmids containing NMDAR 

cDNAs according to manufacturer’s instructions (mMessage mMachine, Ambion; ThermoFisher 

Scientific, Waltham, MA). NMDARs were expressed in Xenopus laevis oocytes following 

microinjection of 3-5 ng of the GluN1 subunit cRNA and 7-10 ng of GluN2B subunit cRNA in 50 

nL of RNAse free water as previously described521.  Oocytes were incubated in Barth’s solution at 

18°C, and recordings were made 2-7 days after the injections at room temperature using two two-

electrode voltage clamp amplifiers at a holding potential of -40 mV.  
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Oocytes were perfused with a solution of 90 mM NaCl, 1 mM KCl, 10 mM HEPES and 

0.5 mM BaCl2 and the pH was adjusted to 7.4 using 1 M NaOH. 10 µM of EDTA was added to 

chelate contaminant divalent ions such as Zn2+.  Oocytes were placed in a dual-track plexiglass 

recording chamber that was assumed to be at a reference potential of 0mV. The glass 

microelectrodes were filled with KCl—300mM for the voltage electrode, and 3M for the current 

electrode. Bath clamps communicating across silver chloride wires were placed into each side of 

the recording chamber. The IC50 data was obtained by applying 100 µM glutamate and 30 µM 

glycine, followed by application of glutamate and glycine plus increasing concentrations of the 

test compound up to 30 µM. Current responses of less than 50 nA were not included. The level of 

inhibition was calculated as a percent of the initial glutamate response, averaged across all oocytes 

from a single frog. Each experiment used 6-7 oocytes from the same frog. The results from these 

experiments were pooled and fitted to the equation, 

 

Percent Response = (100 – minimum) / (1 + ([conc]/IC50)nH) + minimum 

 

where minimum is the residual percent response at saturating concentration of the test compound 

and nH is a slope factor for the steepness of the inhibition curve.  

 

Triheteromeric NMDAR Constructs 

Triheteromeric receptor constructs were generated using rat GluN1 and GluN2A with 

modified C-terminal peptide tags as previously described485. Briefly, C-terminal peptide tags were 

generated from leucine zipper motifs found in GABAB1 (referred to as C1) and GABAB2 (referred 

to as C2). These tags were placed downstream of a synthetic helical linker and upstream of a 
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KKTN endoplasmic reticulum retention signal522–524. The tag was introduced in frame and in place 

of the stop codon at the GluN2A C-terminal tail to make 2AC1 and 2AC2. A chimeric GluN2B 

subunit was constructed in which the 2B carboxyl tail after residue 838 was replaced by the 

GluN2A carboxyl tail and C-terminal-linker-C1 or -C2-ER retention motifs to make 2BAC1 and 

2BAC2485. The C1 and C2 leucine zipper motifs can form a coiled-coil structure that masks the 

KKTN retention motif and allows for expression of only triheteromeric receptors on the cell 

surface. Recordings were taken at pH 7.4. 

Measurement of “escape” currents was used to assess the efficiency of the peptide tags 

which control surface expression. Our average escape currents were typically less than 10% and 

this was an acceptable threshold. Currents were estimated using pairs of mutations (GluN2A-

R518K,T690I and GluN2B-R519K,T691I) that render the agonist binding domain incapable of 

binding glutamate, and therefore unable to pass current.  

 

Expression and purification of intact NMDARs 

Expression and purification methods of intact NMDAR receptors were based on previously 

established methods488. The membrane fractions (100 mg/ml) of the infected insect cells were 

solubilized in the buffer containing 20 mM HEPES-Na pH7.5, 150 mM NaCl, 1 mM Glycine, 1 

mM Na-glutamate, and 0.5% lauryl maltose neopentyl glycol (LMNG) for 2 hours at 4°C and 

centrifuged at 125,000g for 40 minutes. The supernatant was purified using Strep-tactin resin 

followed by Superose 6 Increase column (GE Healthcare) size exclusion chromatography (SEC) 

which was pre-equilibrated with 20 mM HEPES-Na pH 7.5 and 150 mM NaCl. All of the 

purification steps above were conducted in the absence of glycine and glutamate. 
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Structural biology of GluN1b-GluN2B ATD 

Coexpression and purification of the Xenopus laevis GluN1b and rat GluN2B ATD heterodimer 

were performed as described previously290,392. Briefly, Trichoplusia ni (High Five, Thermo Fisher) 

insect cells were infected with a baculovirus harboring Xenopus GluN1b ATD and rat GluN2B 

ATD cDNAs for 48 h. The concentrated medium was subjected to purification by Chelating-

Sepharose charged with CoCl2. Poly-Histidine tags at the C-terminus of GluN1b ATD and the N-

terminus of the GluN2B ATD were removed by thrombin digestion and the digested samples were 

further purified by Superdex200 (GE Lifescience). Purified protein was concentrated to 10 mg/mL 

and dialyzed against 50 mM NaCl, 10 mM Tris (pH 8.0), and 1 μM ifenprodil hemi-tartrate 

(Tocris). The dialyzed protein was filtered through a 0.1μm spin filter (Millipore) prior to the 

crystal screens. Crystals grew in sodium formate/HEPES as previously described290, taking 3–4 

days to appear, then continuing to grow for up to 2–3 weeks at 18 °C. Crystals were transferred to 

2 μL drops containing 4 M sodium formate, 0.1M HEPES (pH 7.5), 35 mM NaCl, 7 mM Tris (pH 

8.0), and 50 μM of EU93-108, and allowed to soak overnight. Crystals were then transferred to a 

new drop of the same condition and soaked overnight again. Crystals were flash-frozen in liquid 

nitrogen for X-ray diffraction data collection by sequentially transferring them to 4.5 M and 5 M 

sodium formate and left overnight. 

 

Chung Spinal Nerve Ligation  

The Chung spinal nerve ligation model was implemented by Algos Therapeutics. Male 

Sprague-Dawley rats (Hsd:Sprague-Dawley®™SD®™, Harlan, Indianapolis, Indiana, U.S.A.) 

weighing 222 ± 1 g were housed three per cage and given ad libitum access to food and water. 

Animal holding rooms operated on a 12:12h light/dark schedule for the entire duration of the study. 
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The animal colony was maintained at 21ºC and 60% humidity. All experiments were conducted in 

accordance with the International Association for the Study of Pain guidelines and were approved 

by the University of Minnesota Animal Care and Use Committee. 

Allodynia was induced via the Chung spinal nerve ligation (SNL) method241 in which the 

animals were anesthetized with isoflurane, the left L5 transverse process was removed, then the 

L5 and L6 spinal nerves were tightly ligated with 6-0 silk suture. Finally, the wound was closed 

with internal sutures and external staples. Allodynia was assessed using 8 Semmes-Weinstein 

filaments (Stoelting, Wood Dale, IL, USA) with varying stiffness (0.4, 0.7, 1.2, 2.0, 3.6, 5.5, 8.5, 

and 15 g) following the up-down method219 first published by Chaplan et al. in 1994. Baseline 

measurements were taken two weeks following SNL and prior to compound administration. 

Measurements were also taken 30, 60, 120 and 240 minutes post intraperitoneal compound 

injection. Any animals displaying lethargy were excluded from the study. 

 

Determination of Plasma and Brain Concentrations of EU93-108 

EU93-108 was formulated in 2% DMA, 10% DMSO, and 20% PEG in sterile water and 

administered intraperitoneally (i.p.) with a 10 mL/kg dose volume to adult male Spraque-Dawley 

rats (7-8 wks, approx. 200 g; Charles River, USA).  At 30-, 120-, and 240-min post administration 

the rats were briefly anesthetized with isoflurane and then decapitated.  Trunk blood was collected 

in K-EDTA tubes and then spun in a microcentrifuge at 3500 rpm for 10 min to separate plasma, 

which was then transferred to a clean tube and frozen on dry ice. To prepare forebrain tissue 

samples, the whole brain was removed from the skull, the cerebellum and brainstem cut away, the 

meninges were removed, and the forebrain then rinsed with ice-cold normal saline, after which it 

was blotted dry with filter paper and weighed on a microbalance.  To each forebrain 2.5 mL of ice-
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cold 50 mM K-phosphate buffer (pH 7.4) was then added and the samples homogenized with a 

hand-held homogenizer. The brain homogenates were then transferred to clean tubes (2 per brain) 

and frozen on dry ice.  

Plasma and brain homogenate samples were analyzed by LC-MS/MS operating in multiple 

reaction monitor mode (MRM) by Ricerca Biosciences (Dublin, OH). Briefly, plasma and brain 

were centrifuged at 4000 rpm for 15 minutes to clarify a supernatant from which fractions were 

collected and injected onto the LC-MS/MS. The amount of parent compound in each plasma or 

brain sample was calculated by comparing the response of the analyte in the sample to that of a 

standard curve (Ricerca, OH). 

 

Hot Water Tail Immersion Paradigm525–528 

All animal studies performed at Emory have been approved by the Institutional Animal 

Care and Use Committee at Emory University.  Male and female C57BL/6J mice weighing 

between 20-30 g were housed five per cage and given ad libitum access to food and water. Mice 

were 8-10 weeks of age at the time of experimentation. Animal holding rooms operated on a 12-

hour dark/light cycle with the dark cycle from 7:00pm to 7:00am. Mice were allowed to acclimate 

in cages for one week after arrival. Mice were handled regularly and habituated to scruffing and 

cloth restraint for 3-5 days prior to experimentation.  

Mouse weights were recorded on the day of each experiment. Mice were given the 

appropriate treatment(s) 30 mins prior to testing. All injection volumes were 10 mL/kg (e.g. 350 

µL for a 35 g mouse). For the tail immersion experiments, each mouse was restrained with a 

Wypall cloth, leaving the tail exposed. The distal two-thirds of the tail was lowered into a sous 

vide water bath set to 48°C, and a stopwatch with a resolution of 0.01 s was used to record the 
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time elapsed between immersion and tail flick. Three recordings were taken for each mouse, and 

each data point is expressed as the mean of the three recordings. A cut-off time of 25 s was 

implemented to prevent tissue damage or scarring. For each experiment, the identities of the doses 

were coded by an independent researcher to ensure blinding. The identities were not decoded until 

the data were analyzed. 

Prism™ 9.3.1 software (GraphPad, San Diego, CA, USA) was used for all data analysis 

and visualization. Data for intrinsic antinociception was analyzed using one-way ANOVA and 

Dunnett’s post hoc test for multiple comparisons where each group was compared to vehicle. Data 

for acute morphine potentiation experiments was analyzed using one-way ANOVA and Tukey’s 

post hoc test for multiple comparisons was also used, where each group mean was compared to 

the mean of every other group. Data for tolerance experiments was analyzed using repeated 

measures two-way ANOVA and Bonferroni post hoc analysis. Data is presented as mean ± SEM 

and p < 0.05 constitutes significance.  

An a priori power analysis was conducted using G*Power3529 to test the difference between 

two independent group means using a two-tailed test, a large effect size (d= 0.80), and an alpha of 

0.05. The results showed that a total sample of n = 7 animals per group was required to achieve a 

power of 0.80. 

 

Locomotor Assessment 

For both male and female mice, n = 8 mice per group were used. Locomotor activity was 

assessed at 3, 5, 7, 10, 20, and 30 mg/kg of EU93-108. Mice were brought to the experiment room 

the night before and given ad libitum access to food and water. Each mouse was given an i.p. 

injection of the appropriate dose or vehicle 30 mins prior to starting the locomotor boxes 
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(Versamax420 Animal Activity Monitoring System, AccuScan Instruments Inc., Columbus, OH, 

USA). Movements of the mice were tracked for 1 hour then the mice were placed back in their 

cages. Data were analyzed using one-way ANOVA and Dunnett’s post hoc test for multiple 

comparisons where each group was compared to vehicle. Data are presented as mean ± SEM. 

 

Radioligand Binding Assay 

Conventional competition and saturation radioligand binding assays were used to 

determine the affinities of reference standards and EU93-108. Experiments were carried out by the 

NIMH Psychoactive Drug Screening Program (PDSP) were performed as previously described530. 

The detailed experimental protocols for the radioligand assays are available on the NIMH PDSP 

website at https://pdsp.unc.edu/pdspweb/content/UNC-CH Protocol Book.pdf 

 

Author Contributions  

Synthesis of the 93 series compounds was completed by Y.A.T., N.S.A., and L.D.H. Oocyte 

recordings were performed by K.A.N. and L.D.H. S.J.M. performed the triheteromeric recordings. 

Crystal structure data were provided by H.F. and M.C.R. Spinal nerve ligation and plasma and 

brain concentration data were collected and analyzed by R.D., S.J.M., and L.J.W. L.D.H performed 

all tail immersion and locomotor experiments. L.D.H., M.C.R., S.J.M., H.F., L.J.W., R.D., S.F.T., 

and D.C.L. were involved in experimental design. Data were analyzed by L.D.H., M.C.R., S.J.M., 

and H.F. All authors were involved in writing the manuscript. 

 

 

https://pdsp.unc.edu/pdspweb/content/UNC-CH%20Protocol%20Book.pdf
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2.6 Supplemental Data 

Supplemental Table S1. Table of EU93-108 concentration-inhibition results at NMDA receptors 
expressed in Xenopus oocytes. Receptor subtypes shown correspond to receptor subtypes and data 
presented in Figure 2.  * indicates a significant difference from r2Bc1/r2Bc2 and h2B/h2B 
receptors by one-way ANOVA and Tukey’s multiple comparison test, p<0.05 or better. Statistical 
tests were conducted on the LogIC50 values. N represents the number of oocytes evaluated.  

 

 

 

 

 

 

 

  
Receptor IC50 

µM 
IC50 µM 95% 

CI nH nH 95% CI Ymin 95% CI N 

r2Ac1/r2Ac2 ND ND ND ND 104.8 (102, 107.5)  6 
r2Ac1/r2Bc2 0.543* (0.460, 0.640) -0.92* (-1.0, -0.85) 54.0* (50.3, 57.7) 12 
r2Bc1/r2Bc2 0.233 (0.196, 0.279) -1.06 (-1.09, -1.02) 10.6 (7.9, 13.3) 8 

h2B/h2B 0.261 (0.197, 0.347) -1.16 (-1.25, -1.07) 12.0 (8.5, 15.5) 10 
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Supplemental Figure S1: The mean raw current ± SEM in nanoamperes (nA) in response to 
exposure of Xenopus oocytes recorded under two electrode voltage clamp to 100 µM glutamate 
and 100 µM glycine. Values for wild type (2A/2B) or variant GluN1/GluN2AC1/GluN2BC2 
triheteromeric NMDARs are shown that have a wild type agonist binding domain or harbor the 
RKTI mutations in the agonist binding domain that renders the indicated GluN2 subunit incapable 
of binding glutamate (see Methods). The average nA current response for RKTI mutations is 
shown as the percentage of that observed for NMDARs with functional glutamate binding sites 
indicated at the top. This percentage is an estimate of the amount of current that could potentially 
reflect diheteromeric receptors that escape the ER retention strategy and reach the surface with 
two copies of either the GluN2C1 or two copies of GluN2C2 subunit (see Hansen et al., 2014). 
 
 
 
 



93 
 

 
Supplemental Table S2. X-ray crystallographic data collection and model refinement statistics. 
All datasets were collected from a single crystal. Values in parentheses are for the highest-
resolution shell. 
 
 
 
 
 
 
 
 
 
 
 

 

Data Collection ATD + EU93-108 
Beamline NSLS-II (17-ID-1) 

Space group C2 
Wavelength (Å) 0.9198 

Unit cell dimensions  
a, b, c (Å) 269.172 

 60.076 
 145.572 

β (o) 117.020 
Resolution (Å) 50.00-2.85 (2.90) 

Rmerge 0.073 (0.776) 
I/σs 14.7 (1.0) 

Completeness (%) 99.1 (91.2) 
Redundancy 3.3 (2.3) 

  
Refinement  

Resolution (Å) 35 – 2.85  
No. reflection 48,988 
Rwork/Rfree 0.174/0.246 
No. atoms  

Protein 11,244 
Ligand 60 

Na 2 
Water 94 

B factors (Å2)  
Protein 57.01 
Ligand 54.40 

Na 44.79 
Water 39.00 

R.M.S. deviations  
Bond length (Å) 0.007 
Bond angles (o) 1.527 
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Supplemental Figure S2. Morphine dose-response curve in male C57BL/6J mice. Morphine was 
given s.c. at 1, 2, 5, 10 and 20 mg/kg (n=8 mice per dose). Tail immersion tests were conducted 
30 minutes post injection. A 25-second cut-off time was implemented for each experiment. Each 
circle represents the mean ± SEM for each dose. The dotted line depicts the estimated ED50 value. 
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Supplemental Figure S3. Locomotor activity of EU93-108. Data for male mice are shown in 
panels A-C, and data for female mice shown in panels D-F. (A) and (D) depict the number of 
movements made in the locomotor box during the one-hour experiment. (B) and (E) depict the 
average distance traveled in centimeters. (C) and (F) depict the average percentage of time the 
mice spent moving. All data are presented as mean ± SEM. Each dot represents one mouse, N=8 
mice per group. Data were analyzed using a one-way ANOVA and Dunnett’s post hoc test for 
multiple comparisons, where each group was compared to vehicle. P < 0.5 constitutes significance. 
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Supplemental Table S3. Off-target actions of EU93-108 at ligand-gated ion channels expressed 
in Xenopus oocytes. The mean ± standard error of the mean for agonist plus 10 μM EU93-108 as 
a percentage of agonist in vehicle are given for each compound and receptor tested. Number of 
oocytes tested is given in parentheses.  
 

 

  

Receptor Agonist % Control  
10 µM EU93-108 

GluN1/GluN2A 100 µM glutamate, 30 
µM glycine 95.6 ± 1.6 (7) 

GluN1/GluN2B 100 µM glutamate, 30 
µM glycine 13.2 ± 6.1 (8) 

GluN1/GluN2C 100 µM glutamate, 30 
µM glycine 97 ± 2.8 (7) 

GluN1/GluN2D 100 µM glutamate, 30 
µM glycine 97 ± 1.9 (6) 

GluA1 100 µM glutamate 101.3 ± 1.9 (8) 
GluA2-R607Q 100 µM glutamate 98.4 ± 0.57 (8) 
hGluA3-L531Y 100 µM glutamate 94.7 ± 5.1 (8) 

GluK2 100 µM glutamate 88.1 ± 4.4 (8) 
hGluN1/GluN3A 100 µM glycine 103.6 ± 1.7 (9) 
rGluN1/GluN3B 100 µM glycine 108.8 ± 4.0 (8) 
α4β2-nACh 10 µM acetylcholine 3.2 ± 0.7 (8) 
α7-nACh 300 µM acetylcholine 70.9 ± 6.5 (7) 
5-HT3A 100 µM serotonin 92.8 ± 2.7 (8) 

α1β2γ2S-GABAA 100 µM GABA 92.8 ± 1.5 (9) 
ρ-GABAC 100 µM GABA 97 ± 1.5 (5) 
α1-Glycine 100 µM glycine 105 ± 6.6 (8) 

hP2x 9 µM ATP 96.6 ± 4.3 (11) 
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Receptor Mean % 
Inhibition 

Receptor Mean % 
Inhibition 

Receptor Mean % 
Inhibition 

5-HT1A 22.81 Alpha2B 67.97 H2 13.66 
5-HT1B -7.29 Alpha2C 62.97 H3 22.66 
5-HT1D 39.2 Beta1 29.14 H4 2.12 
5-HT1E 1.68 Beta2 13.7 KOR -3.1 
5-HT2A 83.75 Beta3 -10.49 M1 -18.06 
5-HT2B 67.36 BZP Rat Brain Site 14.68 M2 -23.09 
5-HT2C 71.28 D1 24.67 M3 9.26 
5-HT3 0.87 D2 23.12 M4 51.36 
5-HT5A 12.99 D3 67.14 M5 -0.11 
5-HT6 25.27 D4 11.37 MOR 4.04 
5-HT7A 55.89 D5 8.94 NET 12.52 
Alpha1A 86.3 DAT -7.01 PBR -0.34 
Alpha1B 5.09 DOR -8.82 SERT 15.1 
Alpha1D 76.65 GABAA 1.91 Sigma1 69.21 
Alpha2A 77.72 H1 76.87 Sigma2 47.16 

Supplemental Table S4. Off-Target Actions of EU93-108: Primary GPCR Screen. Cloned human 
molecular targets were individually expressed and submitted to molecular target-based screening 
with initial screens performed at a final concentration of 10 µM in quadruplicate. Complete 
protocols for the assays have been previously published (Besnard J et al. 2012). Where inhibition 
greater than 50% was measured, secondary screens were performed wherein Ki values were 
calculated (see Table 4). 
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Chapter 3: Considerations, Future Directions, and Broader Implications 

3.1 Summary  

In Chapter 1 of this dissertation, I first discussed the neurocircuitry of beneficial and 

pathological pain, including types of pain and interventions for pain management. Next, I 

introduced opioid receptors and discussed activation and deactivation and opioid mechanisms of 

action. I then discussed the opioid receptor’s role in the dopamine reward system, exploring the 

addictive nature of opioids. Next, I discussed the US opioid epidemic including contributing 

factors and societal impact. I then introduced the concept of analgesic tolerance and explained 

several proposed mechanisms for its development and also discussed the role of NMDARs and 

GluN2B-containing NMDARs in tolerance development. Finally, I introduced the 93 series of 

Glun2B-selective NAMs developed by the Liotta lab, and the novel compound from this class that 

was the focus of Chapter 2, EU93-108. 

In Chapter 2, I set out to answer four research questions: 

1. What is the effect of EU93-108 on tail flick latency when used alone? 

2. What is the effect of the combination of EU93-108 and morphine on tail flick latency? 

3. Does EU93-108 have an effect on the development of analgesic tolerance due to 

chronic morphine administration? 

4. Does EU93-108 have an effect on tail flick latency in tolerant mice? 

Previously published compounds from the 93 series have shown utility as in vitro and in vivo tool 

compounds, but have never been evaluated in the context of chronic pain and opioid tolerance. In 

Chapter 2, I reported a novel and highly potent GluN2B-selective NMDAR inhibitor, EU93-108.  

We have reported the structural basis for binding of EU93-108 via single particle cryo-EM, and 
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found that this compound is highly brain penetrant and maintains high brain and plasma 

concentrations for at least 4 hours post i.p. injection. EU93-108 possesses intrinsic analgesic 

properties in the spinal nerve ligation model of neuropathic pain and the rodent tail flick test for 

thermal pain. We also observed a significant, acute enhancement in tail flick latency where the 

combination of EU93-108 and morphine yielded higher latencies compared to either compound 

alone. This combination also briefly slowed worsening of tolerance in tolerant mice, but had no 

effect on the development of tolerance in naïve mice.  

3.2 Experimental Considerations 

3.2.1 Analgesia vs Sedation 

One critique of this work is the nature of reflexive behavioral studies in rodents. The output 

for both tail immersion and mechanical allodynia tests is a reflexive behavior (i.e. tail or hind paw 

movement), and in both paradigms the absence of these reflexes is interpreted as analgesia. The 

problem with this method of evaluation is that EU93-108 has sedative properties, which means we 

cannot separate whether this absence of reflex is due to actual analgesia or sedation, as both 

produce the same outcome. 

In my work with EU93-108, I calculated that the ED50 for analgesia (tail flick latency) in 

male mice in the absence of morphine was 9.7 mg/kg. In male mice, the ED50 for sedation (rest 

time) was 13.5 mg/kg. The data show that there is a dose dependent increase in both analgesia and 

sedation outputs, whereby the same doses that produce the highest increases in tail flick latency 

also produce the highest rest time percentages in the locomotor experiment. This suggests that 

these two effects are not easily distinguishable. The sedative property of EU93-108 significantly 

impacts interpretation of the tail flick latency results.  
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 There are two potential solutions for this issue: either ensure the compound of interest does 

not possess any sedative or other confounding properties prior to evaluating it in a reflexive 

behavioral paradigm or choose a non-reflexive paradigm. The first solution might require 

administering a range of compound doses then subjecting the rodents to a locomotor box or rotarod 

test. If the compound-treated animals have similar move and rest times in the locomotor box or 

similar latencies to fall off the rotarod compared to vehicle-treated animals, this would suggest 

that the chosen dose range does not elicit significant locomotor dysfunction. For the second 

solution, there are several non-reflexive paradigms that can be used to evaluate pain-like behaviors 

in rodents. However, it is important to note that sedative properties of the test compound might 

also impact interpretation of non-reflexive behavioral tests as the output is still movement. 

Conditioned place preference/aversion531  

Place conditioning is a type of Pavlovian or classical conditioning where the test subject 

makes decisions about its location based on the presence of a rewarding or aversive stimulus. This 

behavioral paradigm has commonly been used to evaluate the rewarding effects of drugs and has 

been validated in many animal models. The paradigm has also been adapted to evaluate locomotor 

dysfunction and tolerance to drugs with repeated use.  

For a tolerance experiment, the set up could include one bright chamber and one dark 

chamber equipped with a slit to insert a brush or another item to elicit a pain-like response in the 

test subjects. The animal must decide whether to remain in the aversive bright light or withstand 

the pain caused by the brush in the dark chamber. For tolerant mice, the morphine given would not 

be as effective, therefore one might expect that those mice would spend more time in the bright 

light due to their higher sensitivity to the painful stimulus in the dark chamber compared to non-

tolerant mice. 
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Mechanical conflict avoidance apparatus (MCAA)532,533 

The MCAA is a more sophisticated version of the conditioned place preference/aversion 

paradigm. It contains three chambers: one dark (preferred), one with bright light (aversive but not 

painful), and a middle chamber with either sandpaper or nociceptive probes (aversive and painful). 

The mice are placed in the bright light chamber, then time spent in the bright chamber and the 

number of successful crosses to the dark chamber are recorded. Mice who are in no pain are more 

likely to subject themselves to a small amount of pain in the middle chamber to escape the aversive 

light. However, mice who are in pain are less likely to traverse the whole apparatus to get to the 

dark chamber because their sensitivity to the painful middle chamber is higher.  

This paradigm could be used to evaluate tolerance development in mice. Mice who are 

tolerant to morphine will be less likely to traverse the apparatus which would result in lower 

number of crosses and more time spent in the bright chamber, but mice who are not tolerant will 

be more likely to cross, yielding higher number of crosses and less time spent in the bright 

chamber. 

3.2.2 Differences Between EU93-108 and Previous GluN2B-selective NAMs 

EU93-108 has properties that distinguish it from previously published GluN2B-selective 

NAMs. The first of which is that EU93-108 demonstrated efficacy in nociceptive tests in the 

absence of morphine, whereas ifenprodil and Ro25-6981 do not have efficacy in antinociceptive 

tests in our hands. One potential explanation of this could be that the acute analgesic effects of 

EU93-108 could be mediated through inhibition of another receptor. In our off-target data, we 

showed that EU93-108 has a higher affinity for 5-HT2A, Alpha1A, D3, H1, and sigma1 receptors 

compared to the GluN2B-containing NMDAR. Evidence has shown that inhibition of 5-HT2A, 
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Alpha1A, H1, and sigma1 receptors all produce antinociceptive effects534–537, so the antinociceptive 

properties seen in EU93-108 could be due to interaction with any of these receptors as opposed to 

negative modulation of the GluN2B subunit. 

The second difference is that EU93-108 did not have any effect on tolerance development, 

whereas ifenprodil and Ro25-6981 have demonstrated efficacy in inhibiting tolerance. One 

potential explanation could be differences in experimental design set-up. Ko et al. demonstrated 

that Ro25-6981 can decrease tolerance when chronically co-administered with morphine442. One 

difference between the experiment in that study and the one we conducted was that Ko took latency 

measurements each day during the co-administration, whereas we only looked once at the 

beginning of co-administration and again at the end. Ko’s beginning and end data looked very 

similar to ours: by the end of the experiment Ro25-6981 no longer improved latency. Perhaps the 

effect of EU93-108 is similarly short-lived and only able to be observed during the intermediate 

days of the experiment. A future study should take latency measurements each day to provide more 

information about any effects EU93-108 might elicit, but at present we cannot conclude that EU93-

108 does not have efficacy in decreasing tolerance. 

3.2.3 Off-Target Effects 

A significant limitation of EU93-108 is the prevalence of many off-target interactions 

among which alpha-1 adrenergic, 5-HT, dopamine D3, sigma 1 and histamine 1 receptors were the 

strongest. 

One strategy to improve the clinical utility of EU93-108 and similar compounds could be 

to decrease the histamine 1 receptor interaction, which would decrease the likelihood of sedation. 

EU93-108 functions as a histamine 1 receptor antagonist, giving it antihistamine properties like 
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that of allergy medications such as fexofenadine (Allegra®) or cetirizine (Zyrtec®) (Figure 19). 

Upon studying these chemical structures, nitrogen-containing heterocycles and oxygens inserted 

into an acyl chain are featured in all structures. Focusing on modifying these moieties while 

maintaining efficacy could allow for a class of compounds with significantly decreased histamine 

receptor interactions. 

 Alpha-1-adrenergic receptor interactions are among the strongest off-target effects seen in 

EU93-108 and in GluN2B-selective NAMs in general. Substitutions on the phenyl ring and the 

presence of secondary amines are two structural similarities between much of the 93 series and 

many common alpha-1 agonists as seen in Figure 19. These structural motifs could be good focal 

points to drive down alpha-1 activity; however, maintaining potency and selectivity will most 

likely be an ongoing challenge. 

 

Figure 20. Structural considerations for improving off-target effects of EU93-108 and similar 

GluN2B-selective NAMs. 
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3.2.4 Sex differences 

As discussed in Chapter 2, we observed differences in potency of EU93-108 between males 

and females, where males required lower doses of the compound than females to achieve the same 

increase in tail flick latency. The following section is a more detailed discussion of the basis of 

sexual dimorphism in animal research as it relates to differences in stress hormone levels, 

metabolic enzyme expression and pain sensitivity. 

Stress Hormones  

 The stress response is how living organisms respond to environmental changes. Stress 

helps to alert our bodies to potentially harmful stimuli and is an important survival mechanism538. 

The mechanisms underlying stress differ between males and females539. In females, the different 

phases of the estrus cycle and the associated changes in estradiol and progesterone are known to 

impact the stress response540. In fact, fluctuations in gonadal steroids such as progesterone are 

thought to be the main contributor to differences in stress response between sexes538. The pituitary 

gland functions to reestablish homeostasis following stress541. The female pituitary gland releases 

more adrenocorticotropic hormone compared to males in response to stress542 which suggests that 

females have a stronger response to stress than males. In the adrenal gland, females also release 

more corticosterone compared to males following stress543. 

 To contextualize this to my work with EU93-108, it is known that the estrus cycle 

significantly impacts stress response in female mice. The late diestrus stage is characterized by a 

decline in progesterone, and this is the phase where female mice are most easily stressed544. Future 

work could involve determining which stage of the estrus cycle the female mice are in prior to 
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experimentation and avoiding conducting experiments during the late diestrus stage to mitigate the 

stress response as much as possible. 

 Rodents are heavily predated animals, so any behavioral experiment will elicit a stress 

response. Therefore, minimizing stress before, during, and after experimentation should be 

prioritized. Methods of mitigating stress include handling the animal prior to experimentation, 

reducing the time spent in the experiment, reducing time spent either upside-down or on the side, 

reducing light and sound in the room, and avoiding temperature fluctuations. 

CYP Expression 

As mentioned in the Chapter 2 discussion, CYP metabolic enzyme expression differs 

between males and females. Kato and Kamataki545 were the first to report on sex-specific and sex-

dominant CYPs in the liver in 1982. CYP2C11 is known to be regulated by growth hormones. 

This isoform is suppressed by female growth hormones and stimulated by male growth hormones, 

making it male-specific. Conversely, CYP2C12 is female-specific546. The most male-dominant 

CYPs are 3A2, 2A2, 2C13, and 2C22. These isoforms have 10- to 20-fold higher expression in 

males compared to females. CYPs 2B1, 2B2, and 3A1 are slightly less male-dominated, having 2- 

to 5-fold higher expression in males. Female dominant CYPs are 2A1, 2C7, 2E1, and 1A2, and 

are 2-fold higher in females than males. CYP 2C6 and 1A1 expression has no significant sex 

difference547. 

Metabolic analysis of compounds of interest is very useful because it provides more 

information on how quickly the compound is metabolized and by which enzyme(s). CYP analysis 

also helps to determine whether any enzymes are being suppressed by the compound and could 

help to explain any differences in efficacy in in vivo experiments. For example, if EU93-108 is 
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found to be primarily metabolized by a female-dominant CYP isoform, then that might suggest 

that the compound is cleared more rapidly in females and therefore more frequent dosing might be 

required to see comparable effects compared to male mice. 

Pain Sensitivity 

Pain threshold and pain sensitivity are known to be lower in females than males, as shown in a 

series of studies182,513,548–550. Additionally, frequency, severity, and duration of pain is higher in 

females182,551. In fact, in humans some types of chronic pain are more common in women including 

migraine, irritable bowel syndrome, fibromyalgia, temporomandibular disorder, and rheumatoid 

arthritis550,552,553. For female mice, the estrus cycle can also impact pain sensitivity554–556. In the 

context of EU93-108, if pain threshold is lower in female mice, then a higher dose would be 

required to elicit the same level of analgesia observed in male mice. This might also potentially 

explain the lower potency of EU93-108 in female mice. In general, differences in pain threshold 

should be taken into account when performing animal research as this can affect efficacy of 

analgesic therapies. 

3.3 Future Directions  

In light of the useful information gained from EU93-108, many additional research questions 

can be asked to further probe the compound’s utility and to deepen our understanding of GluN2B 

negative modulation as it relates to pain and analgesia, such as: 

1. What are the effects of EU93-108 in a mouse model where 2B is overexpressed, such as 

Tg-GluN2B2A(CT)? 

2. What is the effect of EU93-108 in combination with biased agonists like oliceridine 

(TRV130) in context of analgesic tolerance and pain? 
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3. Does EU93-108 have an effect on physical dependence?  

4. Does EU93-108 have any addiction liability?  

The Tg-GluN2B2A(CT) transgenic mouse has been genetically modified to overexpress the 

GluN2B subunit in the forebrain. Several studies have used this mouse line to show that 

overexpression of GluN2A in forebrain leads to impaired memory function while overexpression 

of GluN2B leads to enhanced memory557,558. As discussed in the NMDAR Role in Tolerance 

section, there is significant overlap between the mechanisms that allow for learning and memory 

and those that bring about central sensitization and chronic pain. Therefore, evaluating the effects 

of EU3-108 in this mouse line would be advantageous. Because EU93-108 is GluN2B-selective 

and the GluN2B subunit is overexpressed in this model, I would expect a significant increase in 

potency. Less drug would be needed to see favorable effects because there are more receptors to 

bind to. I would also expect to see less off-target effects due to the lower dose. 

 As discussed in the Strategies to Develop Safer Analgesics section, biased agonism or 

functional selectivity is at the forefront of analgesic research. Biased agonists like oliceridine are 

considered the next generation of opioids and the actions of these compounds require further 

evaluation. EU93-108 could be co-administered with oliceridine in analgesia and tolerance 

experiments. Because oliceridine is Gα-biased like morphine204, I would expect to see similar 

enhancement effects. Additionally, EU93-108 could be evaluated for oral bioavailability then used 

in combination with opioids such as oxycodone or hydrocodone which are commonly prescribed 

and orally administrated. Oral dosing is more clinically relevant and is therefore the next logical 

step in testing the efficacy of EU93-108 and subsequent compounds. 

 Physical dependence is manifested by withdrawal symptoms following cessation of drug 

use. Rasmussen and other groups have reported that these withdrawal symptoms are primarily 
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brought about by increased excitation due to increased glutamate release in the locus coeruleus 

(LC)559–562. To that end, negatively modulating NMDAR activity in the LC has previously been 

shown to mitigate or completely inhibit withdrawal symptoms, as seen in the channel blockers 

dextromethorphan563, ketamine563, and MK-801564,565. Additionally, the GluN2B-selective NAM 

con-T has recently demonstrated efficacy in inhibiting physical dependence to morphine566. This 

suggests a role for GluN2B in mitigating physical dependence as well as tolerance to opioids. As 

such, EU93-108 would be expected to have some efficacy in naloxone-precipitated withdrawal 

experiments. I would expect to see decreases in wet dog shakes, escape jumps and weight loss 

among other withdrawal symptoms commonly seen in rodents. 

 Finally, in addition to tolerance evaluation, the conditioned place preference (CPP) 

paradigm is also useful for assessing addiction liability of compounds567. This paradigm, along 

with self-administration paradigms, evaluates how likely an animal is to repeatedly seek out the 

test compound. NMDAR antagonists are commonly subjected to these types of experiments 

alongside PCP, a channel blocker with profound psychotomimetic and addictive effects568. In an 

effort to gain a more complete understanding of the favorable and unfavorable effects of EU93-

108, this compound could be subjected to CPP. I do not expect that EU93-108 would have 

significant psychotomimetic effects because I did not observe any abnormal behavior in treated 

animals, however it is still a worthwhile experiment and would provide useful information. 

3.4 Broader Implications for GluN2B Negative Modulation 

The goal of this dissertation was to learn more about the effects of GluN2B negative 

modulation in the context of pain and opioid use. My work highlighted analgesic tolerance which 

is one of many substrates of opioid misuse and addiction. I also briefly discussed how GluN2B 

negative modulation has efficacy in inhibiting physical dependence566.  
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It is promising to see that GluN2B negative modulation has positive effects on 

physiological aspects of drug misuse like tolerance and dependence, but the potential utility of this 

negative modulation does not stop there. A growing body of evidence supports the idea that 

GluN2B negative modulation can also have utility in treating chronic pain itself356. This would 

mean that future GluN2B NAMs might not have to be used in combination with an opioid, but 

could function as effective analgesics alone.  

Additionally, a relatively small body of evidence suggests that GluN2B negative 

modulation has further implications in treating addiction569. Shen et al. demonstrated that LTP 

mediated by GluN2B-containing NMDARs is required for heroin relapse in rats. Negatively 

modulating these receptors could therefore inhibit drug relapse and, potentially, addiction as well. 

Somatoform pain disorder is a form of idiopathic chronic pain characterized by hyper-fixation on 

symptoms like pain or fatigue570 and is a common comorbidity in chronic pain patients571. GluN2B 

negative modulation could have applications in treating this disorder as well. 

Further research is needed to explore all of the ideas discussed above, but there is much 

promise and much to be explored in the future. The work presented in this dissertation is yet 

another step forward in broadening and deepening our understanding of the potential therapeutic 

impact of GluN2B negative modulation. 
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	2.1 Abstract
	2.3.1 EU93-108 is a potent, GluN2B-selective NMDAR NAM
	EU93-108 is a member of a class of piperazine-containing GluN2B inhibitors that show promising properties410,482. We assessed EU93-108 for its potency and subunit selectivity across NMDAR subtypes (Table 1). Two-electrode voltage clamp recordings from...
	Table 1. EU93-108 is a potent, GluN2B-selective NMDAR NAM. The structure of EU93-108 is shown along with the molecular weight and experimentally determined IC50. The percent inhibition of Xenopus oocytes expressing recombinant GluN1/GluN2A-D receptors...
	2.3.2 EU93-108 concentration-response curves on diheteromeric and triheteromeric NMDARs
	Diheteromeric NMDARs are assembled from GluN1 and only one type of GluN2 subunit (e.g., GluN1/GluN2B), and thus possess two copies of GluN1 and two copies of the same GluN2 subunit. By contrast, triheteromeric NMDARs are assembled from the GluN1 subun...
	Concentration-inhibition curves for EU93-108 were constructed from current responses recorded from Xenopus oocytes expressing rat and human diheteromeric (GluN1/GluN2B/GluN2B) NMDARs, as well as from oocytes expressing rat triheteromeric (GluN1/GluN2A...
	Taken together, these data demonstrate substantial selectivity for inhibition of GluN2B versus GluN2A NMDA receptors.  In addition, EU93-108 is both more potent and can achieve a greater degree of maximal receptor inhibition and in 2B/2B diheteromeric...
	An important control for triheteromeric experiments is to confirm that a minimal proportion of receptors contain two copies of GluN2A or two copies of GluN2B.  To confirm negligible contribution from diheteromeric receptors, we introduced two mutation...
	2.3.3 Crystal structure of GluN1b-GluN2B ATD in complex with EU93-108
	Figure 10. Structure of GluN1b-GluN2B ATD in complex with EU93-108. (A) The GluN1b-GluN2B ATD bound to EU93-108 is superposed to the structure of the intact GluN1b-2B NMDAR in complex with glycine and glutamate in non-active1 (PDB code: 7SAA; in gray)...
	2.3.4 Determination of intrinsic antinociceptive properties of GluN2B-selective NAMs
	2.3.6 Acute morphine and EU93-108 co-administration produce enhanced tail flick latency
	Figure 14. (A and C)  Acute co-administration of EU93-108 and 5 mg/kg of morphine in male (A, blue circles) and female (C, red circles) mice. Each dot in panels A and C represents one mouse (N=8 per group). Data were analyzed using one-way ANOVA and T...
	A dose-dependent increase in tail flick latency was observed in both male and female mice. In male mice, the highest tail flick latency was observed when 10 mg/kg of EU93-108 was combined with 5 mg/kg of morphine (Figure 14A). The majority of mice in ...
	2.3.7 EU93-108 has sedative effects at high doses
	Figure 15. Rest time data for EU93-108 in male (A, blue circles) and female (B, red circles) mice. Rest time percentage was used to calculate dose-response curves for males and females (C and D respectively).  Each circle in A and B represents one mou...
	In both males and females, we observed dose-dependent decreases in total distance traveled, number of movements made, and percentage of time spent moving (Supplemental Figure 3). Conversely, we observed a dose-dependent increase in percentage rest tim...
	2.3.8 Chronic co-administration of morphine with EU93-108 did not inhibit development of tolerance
	2.3.9 Co-administration of EU93-108 and morphine slows worsening of pre-established tolerance
	2.4 Discussion
	The 93 series is a class of potent, brain penetrant, GluN2B-selective NAMs. These compounds have shown utility as in vitro and in vivo tool compounds but have never been evaluated in the context of pain and opioid tolerance. We report a novel and pote...
	Limitations of EU93-108 include several off-target interactions, some of which have previously been described as liabilities for other GluN2B-selective NAMs. The strongest interactions were at alpha-1-adrenergic, D3, H1, and 5-HT2 receptors. Among the...
	The favorable effects of EU93-108 appear to be acute as opposed to chronic or cumulative. The most promising data shown in this study corresponds to the immediate effects of EU93-108, either at Tmax (30 mins), or in the allodynia data, up to 4 hours p...
	Another interesting aspect of EU93-108 is that it has opposite effects in tolerant versus non-tolerant mice when given alone, whereas with morphine it has similar acute effects in either case. In Figures 4-6, we showed that EU93-108 alone can increase...
	The potency of EU93-108 is sex-dependent, with males requiring lower doses than females for the same effect. Two potential explanations for this sexual dimorphism that have been quantified in the literature are differences in cytochrome P450 (CYP) exp...
	Pain tolerance and analgesia differ between strains of mice509 and between sexes509–512. Female mice tend to have lower pain tolerance than males509,510,513. Opioids such as morphine also have higher potency in male mice compared to female mice510,511...
	This work introduces a promising tool compound on which to base future structure-activity relationship (SAR) studies. The insights gained from EU93-108 help to create a blueprint for the next generation of GluN2B-selective inhibitors, highlighting asp...
	Percent Response = (100 – minimum) / (1 + ([conc]/IC50)nH) + minimum
	Supplemental Figure S3. Locomotor activity of EU93-108. Data for male mice are shown in panels A-C, and data for female mice shown in panels D-F. (A) and (D) depict the number of movements made in the locomotor box during the one-hour experiment. (B) ...
	Supplemental Table S3. Off-target actions of EU93-108 at ligand-gated ion channels expressed in Xenopus oocytes. The mean ± standard error of the mean for agonist plus 10 μM EU93-108 as a percentage of agonist in vehicle are given for each compound an...
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