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Abstract of the Dissertation 

Investigating the role of a plant extract, Corydalis Yanhusuo, in morphine tolerance and 
dependence          

    
By 

Lamees Alhassen 

Doctor of Philosophy in Pharmacological Sciences 

University of California, Irvine, 2024 

Professor Olivier Civelli, Chair 

 

The opioid epidemic, fueled by the over prescription of opioid analgesics, necessitates 

innovative strategies to enhance the efficacy of opioid therapy while mitigating its adverse effects. 

This dissertation investigates the potential of Corydalis yanhusuo extract (YHS) and GPR 139 in 

addressing opioid-related challenges. Chapter 1 provides a comprehensive overview of the opioid 

epidemic, emphasizing the need for alternative approaches to opioid therapy. In Chapter 2, we 

delve into the multifaceted impact of YHS on morphine antinociception, showcasing its potential 

to enhance the efficacy of morphine and consequently reduce opioid dependence. Our findings 

reveal that the coadministration of YHS with morphine not only hinders the development of 

morphine tolerance, dependence, and addiction but also demonstrates a remarkable capacity to 

reverse morphine dependence and addiction in animals subjected to extended morphine treatments. 

These results collectively suggest the potential utility of YHS as a co-medication in morphine 

therapies, offering a promising avenue to mitigate adverse morphine effects. Chapter 3 delves into 

the molecular mechanisms underlying YHS's ability to reduce morphine tolerance. By exploring  

xiv 



the modulation of mu opioid receptor (MOR) expression in various brain regions, including the 

lateral septal nucleus, primary and secondary motor cortex, anterior cingulate cortex, and 

thalamus, the study aims to elucidate the potential of YHS in preventing tolerance development.  

Chapter 4 explores the bioactive constituents of YHS, focusing on those with the capability 

to inhibit the development of morphine tolerance. Using reverse phase high-performance liquid 

chromatography (HPLC) and tolerance assays, the study aims to identify the active compounds 

responsible for YHS's mitigating effects on morphine tolerance, laying the groundwork for 

targeted interventions in pain management.  

Chapter 5 explores the multifaceted role of GPR 139, a receptor discreetly expressed in the 

medial habenula, in modulating neurobehavioral circuits. The study systematically evaluates the 

potential of the GPR 139 agonist, JNJ-63533054, as a versatile pharmacological agent. The focus 

lies on its multifaceted attributes, particularly its remarkable ability to inhibit morphine-induced 

analgesia and self-administration. This suggests a promising avenue for JNJ-63533054 as an 

analgesic, showcasing its potential in pain management and its potential to modulate opioid-related 

behaviors. The findings underscore the versatility of JNJ-63533054, positioning it as a candidate 

with dual implications, both in mitigating pain responses and potentially addressing concerns 

related to opioid misuse and addiction. In addition, this chapter investigates the interaction between 

YHS and GPR 139 in blocking morphine tolerance. By elucidating whether GPR 139 is involved 

in the mechanism by which YHS mitigates morphine tolerance, the study provides insights into 

alternative pathways for targeting pain medications.  

xv 

 



 

In conclusion, this dissertation presents a comprehensive investigation into the potential of 

YHS and morphine as co-medications in opioid therapy. These findings offer promising avenues 

for developing alternative strategies to address the opioid epidemic and improve pain management. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

xvi 



 1 

Chapter 1: Introduction 
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1. Exploring the Spectrum of Pain: A Comprehensive Analysis of Types and Mechanisms for 

In Depth Understanding 

 

Pain, a complex and multifaceted phenomenon, plays a pivotal role in human experience 

and health. This section delves into the intricate landscape of pain, aiming to provide a 

comprehensive understanding of its diverse manifestations, ranging from acute to chronic, 

nociceptive to neuropathic. By examining the intricate interplay of biological, psychological, and 

social factors contributing to pain perception, this section seeks to unravel the intricacies of the 

human pain experience. Through an exploration of the mechanisms governing the sensory and 

emotional aspects of pain, this section aims to offer insights that may pave the way for more 

effective approaches to pain management in the future. 

 

1.1 Defining Pain 

Pain is an instinct in human primates, defined as a distressing sensation and an emotional 

experience linked to actual or potential tissue damage [1]. Its primary purpose is to alert the body's 

defense mechanism, prompting a response to avoid further harm [1]. Pain sensation involves the 

activation of receptors in primary afferent fibers, including unmyelinated C-fibers and myelinated 

$ı-fibers, which are dormant in the absence of pain and activated in the presence of a potential 

noxious stimulus [2]. 

The brain detects pain and responds to threats through a series of sensory events [2]. Pain 

perception occurs in three main stages: first, pain sensitivity; second, transmission of signals from 

the periphery to the dorsal horn (DH) in the spinal cord through the peripheral nervous system 

(PNS); and third, transmission of signals to the higher brain via the central nervous system (CNS) 
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[2]. Signal transmission occurs through two routes: the ascending pathway, carrying sensory 

information from the body to the brain via the spinal cord, and the descending pathway, where 

nerves travel downward from the brain to reflex organs via the spinal cord [2]. 

Pain is a broad topic that can arise from various sources, affecting different parts of the 

body. It can stem from conditions like cancer, fibromyalgia, neuropathic pain, persistent post-

surgical pain, arthritis, childhood and adolescent pain, headache and migraine, orofacial pain, 

visceral pain, musculoskeletal pain, and pelvic pain [3]. The International Association for the 

Study of Pain (IASP) classifies pain based on factors such as the body region involved, the pattern 

of occurrence (acute or chronic), or the dysfunctional system causing the pain (e.g., 

gastrointestinal, nervous) [1]. However, a more simplified classification considers three 

characteristics: symptoms, mechanisms, and syndromes.  

The mechanism and pathways of pain perception involve both the central nervous system 

(CNS) and peripheral nervous system (PNS) [2]. The PNS, comprising nerves and ganglia outside 

the brain and spinal cord, connects the CNS to organs and limbs, facilitating communication [2]. 

Meanwhile, the CNS, consisting of the spinal cord and brain, interprets information from the PNS 

and coordinates bodily activities before sending responses to effector organs [2]. 

 

1.2 Basic Mechanisms of Pain 

Essentially, the fundamental mechanism of pain unfolds through three distinct events²

transduction, transmission, and modulation²when confronted with noxious stimuli. To illustrate, 

transduction progresses along the nociceptive pathway in a sequential manner: (1) stimulus events 

transform into chemical tissue events; (2) these chemical tissue and synaptic cleft events then 

convert into electrical events within the neurons; and (3) the electrical events in the neurons are 
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transduced back into chemical events at the synapses [1]. Following the completion of 

transduction, the subsequent phase involves transmission, wherein electrical events propagate 

along neuronal pathways, with neurotransmitters in the synaptic cleft transmitting information 

from a post-synaptic terminal of one cell to a presynaptic terminal of another [4]. Simultaneously, 

the modulation event occurs across all levels of nociceptive pathways, involving up- or down-

regulation through the primary afferent neuron, DH, and higher brain centers [4]. Collectively, 

these processes culminate in a singular outcome²the initiation and completion of the pain 

pathway, enabling the perception of the painful sensation triggered by the stimulus [5]. 

Neurons play a crucial role in connecting, receiving, and processing nociceptive 

information in both the CNS and PNS [5]. There are three main types of neurons in our body: 

sensory neurons (which transmit information to the CNS), interneurons (which relay signals 

between afferent and efferent neurons), and motor neurons (which carry signals away from the 

CNS). All neurons share common components²soma, axon (myelinated or unmyelinated), and 

dendrites²and form intricate networks in the body [6]. These neurons communicate through 

specialized connections called synapses, where chemical and electrical signals are transmitted. The 

signals, either inhibitory or excitatory, are sent from one neuron's dendrites and soma to another's 

(synaptic transmission) [6]. After receiving signals, neurons transmit them through axons as brief 

pulses called action potentials [6]. These action potentials travel along axons, activate synapses, 

and are sent to other neurons, forming pathways that carry signals from the source to the spinal 

cord or brain [7]. Sensory neurons in the dermis and epidermis react to stimuli like touch by 

sending signals, while motor neurons receive signals from the brain and spinal cord, producing 

responses such as muscle contractions and affecting glandular outputs. Neurons are essential for 

our body's ability to react to environmental stimuli, enabling us to respond to potential dangers 
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[7]. 

Axons, also called nerve fibers, are the primary part of a neuron responsible for carrying 

action potentials in one direction²from dendrites to axonal terminals and from one neuron to 

another [8]. Axons can be myelinated or unmyelinated. The myelin sheath, known as the node of 

Ranvier, enhances the speed of impulse propagation along myelinated fibers through saltatory 

conduction, generating action potentials at each node [8]. It also acts as an insulator to prevent 

electrical impulses from escaping during transmission. In unmyelinated fibers, impulses move 

FRQWLQXRXVO\�EXW�DW�D�VORZHU�SDFH��$į-fibers of primary afferent neurons are myelinated, while C-

fibers are unmyelinated. Most preganglionic neurons of efferent neurons are myelinated [9]. Nodes 

of Ranvier have small gaps and contain K+ and Na+ channels, serving as an energy reserve during 

action potential transmission. Sensory neurons (afferent) are classified into three main groups²

Group A, B, and C²based on impulse velocity, axon diameter, and function. Motor neurons 

(efferent) are grouped into Type Ia, Ib, II, III, and IV [9]. 

Essentially, pain transmission relies on maintaining a balance between excitatory and 

inhibitory influences acting on the neuron circuits within the somatosensory system. The CNS 

plays a pivotal role in pain transmission at various levels, including the spinal cord (supraspinal), 

the brainstem (midbrain, medulla oblongata, and pons), and the cortical regions (cerebral cortex) 

[10]. The dorsal horn (DH) of the spinal cord is crucial in integrating inputs from primary afferent 

neurons and local interneuron networks, as well as receiving descending signals from the 

supraspinal center [10]. In the ascending system, primary afferent nociceptors convey noxious 

information to projection neurons in the DH of the spinal cord. Subsequently, a subset of these 

projection neurons transmits sensory information to the thalamus, reaching the somatosensory 

cortex through the spinothalamic tract. This pathway provides details on the intensity and location 
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of the noxious stimulus [10]. The spinothalamic tract consists of two parts²the lateral 

spinothalamic and anterior spinothalamic tracts, each serving distinct functions [10]. The lateral 

spinothalamic tract focuses on pain and temperature sensation, while the anterior spinothalamic 

tract conveys information related to crude touch and firm pressure sensation to the thalamus [11]. 

Other projection neurons connect with the cingulate and insular cortices via the parabrachial 

nucleus and the amygdala, contributing to the overall pain experience [11]. The PAG integrates 

information from higher brain centers, including the hypothalamus, amygdala, and frontal lobe, as 

well as receiving ascending nociceptive input from the DH [12]. The PAG controls the processing 

of nociceptive information in the DH of the spinal cord through projection neurons to RVM and 

dorsolateral pontine tegmentum (DLPT) [12]. Various neurotransmitters, including endogenous 

opioids, cannabinoids, 5-hydroxytryptamine (5-HT), and norepinephrine (NE), are highly 

expressed through the PAG/RVM pathways [12]. 

 

1.3 Types of Pain 

Consequently, pain is internationally categorized into three main classes²nociceptive 

pain, neuropathic pain, and inflammatory pain [13]. Nociceptive pain manifests as either acute or 

chronic, with acute pain characterized by sudden onset and short duration, while chronic pain 

persists or recurs for over three months [13]. Chronic pain significantly impacts both physical and 

psychological well-being, ranking as a primary reason for adults seeking medical attention and 

correlating with limitations in daily activities, anxiety, depression, reduced quality of life, and 

opioid dependence [13][14]. The economic burden of chronic pain is substantial, contributing to 

an estimated $560 billion annually in direct medical costs, lost productivity, and disability 

programs [15]. 
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Acute nociceptive pain results from the activation of peripheral nociceptors by noxious 

stimuli, with afferent signals subject to modification by descending systems originating from 

various central nervous system regions, including the hypothalamus, lateral tegmental area, and 

somatosensory cortex [16]. Activation of these descending pathways induces analgesic effects 

modulated by neurotransmitters such as noradrenaline and serotonin [17]. Persistent acute pain 

leads to neuronal remodeling in both the spinal cord and the brain, resulting in reduced modulation 

of painful nerve impulses, increased excitability and sensitivity of pain signal-transmitting nerve 

cells, and an overall heightened connection between peripheral and central nervous system cells 

[18]. This peripheral and central sensitization contributes to hyperalgesia, an exaggerated response 

to painful stimuli, and allodynia, pain in response to normally non painful stimuli [19]. 

Dysfunction of descending serotonergic and noradrenergic modulatory pathways disrupts the 

balance between inhibitory and excitatory pain signaling pathways in the central nervous system 

[20]. Over time, pain hypersensitivity can develop, leading to changes in the brain that perpetuate 

chronic pain [20]. The complexity of chronic pain poses challenges for responding to analgesic 

and anti-inflammatory drugs alone, prompting the widespread prescription of opioids for this type 

of pain [20]. 

Neuropathic pain results from damage or dysfunction of the nervous system, leading to 

aberrant signaling and perception of pain [18]. It is often described as burning, tingling, or shooting 

pain and can be challenging to treat effectively [18]. Conditions such as diabetic neuropathy, 

postherpetic neuralgia, and nerve compression syndromes are common causes of neuropathic pain 

[21]. Neuropathic pain results from damage or disease in the somatosensory nervous system [21]. 

It arises from various pathological mechanisms and is categorized based on anatomy or cause. 

Common triggers include metabolic disorders (like peripheral diabetic neuropathy), viral 
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infection-related neuropathies (such as post-herpetic neuralgia, HIV, leprosy), autoimmune 

disorders affecting the central nervous system (like multiple sclerosis and Guillain±Barre 

syndrome), chemotherapy-induced peripheral neuropathies, traumatic nervous system damage 

(e.g., spinal cord injury and amputation), inflammatory disorders, hereditary neuropathies, and 

channelopathies [21]. 

Inflammatory pain is the feeling and emotional response to harmful stimuli during an 

immune or inflammatory reaction [22]. The inflammatory response is a well-coordinated set of 

processes that occur after injury or infection to address and resolve the issue [22]. It is marked by 

classic symptoms: redness, heat, swelling, pain or hypersensitivity, and loss of function. In normal 

circumstances, inflammation is crucial for healing wounds. However, acute inflammation causes 

noticeable pain by directly activating sensory neurons transmitting pain signals [23]. More 

commonly, inflammation lowers the threshold for sensory neuron activation (especially 

nociceptors) or increases their firing in response to a stimulus, known as peripheral sensitization 

[23]. This leads to heightened sensitivity to painful stimuli (hyperalgesia) or perceiving non-

painful stimuli as painful (allodynia) [23]. Of greater concern in clinical settings is chronic 

inflammatory pain, which occurs in conditions like rheumatoid arthritis (an autoimmune disorder) 

and osteoarthritis. Chronic inflammatory pain can stem from a prolonged immune or inflammatory 

response and alterations in the expression of proteins affecting the excitability of sensory neurons 

[24]. 
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2. Comprehensive Approaches to Mitigating the Opioid Epidemic: Integrating Opioid and 

Non-Opioid Treatments, Including Traditional Chinese Medicine and Non-Opioid Receptor-

Based Therapies 

 

The opioid epidemic, a pressing public health crisis, is marked by the widespread misuse and 

addiction to opioid substances. Opioids, despite their effectiveness in pain management, pose 

significant risks of dependence and overdose. Addressing this crisis requires a comprehensive 

approach, encompassing both opioid and non-opioid treatment options. Incorporating non-opioid 

receptor-based treatments and traditional Chinese medicine into the therapeutic landscape 

provides alternative perspectives on pain management, offering holistic approaches that extend 

beyond conventional pharmaceutical interventions. A well-rounded strategy, integrating these 

diverse treatment modalities, holds the potential to address the opioid epidemic while providing 

safer and more varied options for individuals navigating pain and addiction challenges. 

 

2.1 The rise of the opioid epidemic  

The origins of the opioid epidemic can be linked to the widespread prescription of opioid 

painkillers [25]. In the 1990s, pharmaceutical companies reassured the medical community that 

opioids were safe and non-addictive, leading to an increase in their prescription for chronic pain 

management [26]. The prescription rates for opioids, such as oxycodone and hydrocodone, surged 

during the early 2000s [26]. The well-intentioned goal of addressing pain management resulted in 

a substantial increase in the availability of prescription opioids, contributing to the subsequent 

epidemic [27].  As prescription opioids became more tightly regulated, individuals turned to illicit 

opioids, such as heroin, which was often more accessible and affordable [25]. This shift 
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exacerbated the epidemic, leading to a surge in heroin-related overdoses [28].  

The significant increase in opioid misuse in the past 25 years has led to a serious public 

health crisis, marked by a sharp rise in drug overdose deaths [25]. In 2017, around 12 million 

Americans misused opioids, leading to over 47,000 deaths from opioid overdose [29]. This marked 

a 345% increase in overdose fatalities from 2001 to 2016, with a particularly steep rise since 2015 

[30]. The U.S. Department of Health and Human Services declared the growing opioid misuse 

issue a national public health emergency in 2017 [31]. In recent years, scholars, researchers, health 

professionals, and politicians have focused on the opioid misuse problem. While there have been 

calls for a comprehensive public health approach, the full scope of such a strategy hasn't been 

clearly defined or put into action. Despite various interventions being implemented over time, they 

have generally failed to effectively reduce non-fatal and fatal overdoses on a national scale [32]. 

Approaches targeting only one aspect, like restricting opioid supply, are insufficient to address the 

opioid epidemic. The situation is further complicated by the rapidly changing nature of the 

epidemic, such as the widespread availability of fentanyl and its analogues since around 2013, 

leading to a sharp increase in overdose death rates despite improvements in other public health 

indicators, such as prescription opioid misuse [32]. 

Moreover, despite the recent attention drawn to the escalating fatalities, the issue of opioid 

misuse is not a new one. Opioid use disorder (OUD) has been a debilitating condition causing 

significant harm and mortality to individuals, families, and communities for many decades [32]. 

Although the introduction of agonist treatments in the 1970s provided crucial relief for some with 

this illness, only a few people received any treatment even before the current crisis [33]. The 

increasing criminalization of drug use further pushed a significant portion of this population into 

the criminal justice system [34]. Thus, the inadequate response to the harms of opioids, both from 
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public health and societal perspectives, has been a longstanding issue, and there is a pressing need 

for new and expanded responses [34]. 

The complexity of the crisis is evident in the various influences stemming from individual 

factors, interpersonal relationships, and community and societal impacts [29]. Addressing the 

opioid epidemic requires a multifaceted approach, encompassing policy changes, improved 

prescribing practices, enhanced addiction treatment, and increased public awareness [29]. Ongoing 

research aims to better understand the factors contributing to opioid misuse and develop innovative 

strategies for prevention and intervention [29]. 

 

2.2. Contemporary Challenges in Chronic Pain Management 

Opioids, known for their analgesic properties, have a history of use spanning over 5,000 

years [35]. The term "opiate" specifically refers to opioids derived from the opium poppy, such as 

morphine and codeine [35]. Opioids encompass semi-synthetic opiates (derived from natural 

opiates) and synthetic opioids like methadone or fentanyl [35]. This term broadly covers 

FRPSRXQGV� ELQGLQJ� WR� RSLDWH� UHFHSWRUV�� LQFOXGLQJ� PX� �ȝ��� NDSSD� �ț��� GHOWD� �į�� UHFHSWRUV�� DQG�

opioid-receptor-like-1 (ORL-1) [35]. Opioid peptides and receptors are found throughout 

nociceptive neural circuitry and critical areas of the central nervous system, including structures 

related to reward and emotion [36]. 

Although morphine has been the traditional gold standard for addressing severe pain, 

certain patients either do not attain sufficient pain relief or experience intolerable side effects from 

the use of this medication [37].  While opioids remain highly effective analgesics, they come with 

a range of side effects, such as dependence, tolerance, constipation, and respiratory depression 

[38]. Pain relief-induced addiction has become a significant crisis in medicine, associated with 
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high disease morbidity [39]. Opioid use, even for a short duration, may predispose certain 

individuals to opioid use disorder, a pressing public health crisis globally [39]. However, reducing 

opioid prescriptions may mitigate the risk of misuse. The rise in opioid misuse over the past 25 

years has led to the opioid epidemic, with approximately 12 million Americans misusing opioids 

and over 47,000 dying from opioid overdoses in 2017 [40]. Elevated opioid doses are linked to 

increased toxicity and mortality [40].  

 

2.4. Contemporary Challenges in Inflammatory Pain 

Inflammation and pain are intricate bodily responses that can lead to persistent health 

issues. Managing them is a clinical challenge due to the complex network of molecules and 

receptors involved [22]. The discovery of natural and synthetic compounds with pain-relieving 

and anti-inflammatory properties has played a crucial role in addressing various painful and 

inflammatory diseases [41]. However, concerns about side effects, particularly in chronic 

conditions, have led to numerous studies evaluating the safety and effectiveness of new natural 

and synthetic products for pain and inflammation treatment [41]. 

Nonsteroidal anti-inflammatory drugs (NSAIDs) are extensively used in the USA due to 

their proven effectiveness in alleviating pain and inflammation [42]. In 2000 alone, over 111 

million prescriptions for NSAIDs were issued in the country, and these medications are also 

prevalent over-the-counter, with more than 30 billion tablets sold annually [43]. Notably, more 

than one-third of older adults take NSAIDs daily, and 70% use them at least once a week [44]. 

Despite their widespread use, a significant drawback of traditional NSAIDs is their 

potential for gastrointestinal toxicity [45]. Studies have shown that 15±30% of regular NSAID 

users develop gastric or duodenal ulcers, and throughout the 1990s, these NSAID-related events 
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led to around 100,000 hospitalizations and 16,500 deaths annually [46]. Recent research indicates 

a 67% decline in the risk of serious NSAID-related stomach issues over the past decade [47]. This 

improvement is attributed to factors such as lower NSAID doses, the use of gastroprotective agents 

like proton pump inhibitors (PPIs), and the introduction of selective cyclo-oxygenase (COX)-2 

inhibitors [48]. 

The cost of treating gastrointestinal side effects associated with NSAIDs ranges from 

US$0.66 to US$1.25 for every US$1 spent on NSAIDs [44]. Moreover, about one-third of the 

expenses related to managing arthritis are linked to treating adverse effects of NSAIDs [44]. Given 

the extensive use of these medications, the potential health problems associated with NSAID-

related gastrointestinal issues are significant [49]. Alternatively, selective COX-2 NSAIDs may be 

considered for patients at high risk of gastrointestinal events, as they have roughly half the 

gastrointestinal risks compared to nonselective NSAIDs [50]. However, recent concerns have been 

raised about the potential cardiovascular toxicity of the entire NSAID class, including both 

selective and nonselective agents [50]. 

 

2.5 Mechanism of Opioid Tolerance  

Morphine stands as the quintessential opioid analgesic, serving as the benchmark against 

which other pain relievers are evaluated [52] [51]. Its primary mechanism of action involves 

binding to the mu-opioid receptor (MOR) in both the CNS and PNS [52]. In exploring the 

intricacies of opioid tolerance, the traditional theory posits the downregulation of opioid receptors 

as a fundamental explanation [53]. Prolonged exposure to opioid agonists, such as morphine, 

precipitates a reduction in the number of available opioid receptors, thereby contributing to a 

diminished response to the drug over time [54]. 
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Furthermore, opioid receptors, particularly MOR, undergo desensitization and uncoupling 

from downstream signaling pathways following agonist exposure [52]. This process renders the 

receptor less responsive to the drug, even in the continued presence of the agonist [52]. The 

complexity deepens with chronic exposure to morphine, where elevated levels of cyclic adenosine 

monophosphate (cAMP) are observed [55]. This surge is attributed to the upregulation of adenylyl 

cyclase, protein kinase A (PKA), and CREB [56]. The resulting dysregulation of cAMP signaling 

is postulated to contribute significantly to the development of tolerance [57]. 

$GGLQJ�WR�WKLV�LQWULFDWH�ZHE�RI�PHFKDQLVPV��ȕ-DUUHVWLQV��VSHFLILFDOO\�ȕ-arrestin 2, emerge 

as key players in the regulation of MOR internalization [58]. The concept of biased agonism 

introduces an additional layer of complexity, as different agonists exert distinct effects on MOR 

regulation, contributing to the multifaceted nature of opioid tolerance [59]. Studies exploring the 

modulation of acute analgesic tolerance reveal the significance of JNK inhibition, specifically c-

Jun N-terminal kinase, in mitigating this phenomenon [60]. Notably, GRK-3 (G protein receptor 

NLQDVH� ��� GRHV� QRW� LQIOXHQFH� WKLV� SURFHVV�� D� GLVWLQFWLRQ� REVHUYHG� ZLWK� FHUWDLQ� ȝ� DJRQLVWV� OLNH�

fentanyl or oxycodone [61].In essence, the intricate interplay of downregulation, desensitization, 

cAMP dysregulation, biased agonism, and the differential impact of signaling pathways 

collectively shape the mechanisms underpinning opioid tolerance, presenting a nuanced and 

multifaceted landscape that contributes to the reduced efficacy of opioids over extended periods 

of use [54]. 

 

2.6 Traditional medicine & Corydalis yanhusuo plant extract 

For over 7000 years, various plant extracts have served as analgesics [62]. Notably, 

morphine, considered the gold standard in analgesic therapy, is derived from a plant alkaloid [62]. 
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The plant extract from Corydalis yanhusuo, known as YHS, comprises over 160 compounds, 

including alkaloids, organic acids, volatile oils, amino acids, alcohols, and sugars [63]. More than 

80 alkaloids have been identified in YHS, encompassing tertiary amines, quaternary alkaloids, and 

numerous non-alkaloids [63]. One study investigated the effects of YHS in various pain animal 

models. In this study, YHS was evaluated for its antinociceptive activity using the tail flick, 

formalin paw licking, von Frey filament, and hot box assays after spinal nerve ligation [64]. YHS 

demonstrated an increase in tail flick latency without inducing tolerance [64]. Additionally, it 

reduced paw licking time in the formalin assay and elevated the paw withdrawal threshold latency 

in the von Frey and hot box assays [64]. These findings collectively suggest that YHS effectively 

mitigates acute, inflammatory, and neuropathic pain without causing tolerance [64]. 

To unravel its mechanism of action, YHS underwent screening against various G-protein 

coupled receptors, and its mechanism was studied using knock-out mice [64]. This investigation 

revealed that YHS acts, in part, through the dopamine D2 receptor [64]. Further delving into YHS 

and its alkaloids, Dehydrocorybulbine (DHCB) was isolated from YHS and found to exhibit 

antinociceptive activity [62]. It was demonstrated that DHCB's antinociceptive effect primarily 

stems from its interaction with D2 receptors [62]. DHCB proved effective against inflammatory 

and neuropathic pain without inducing antinociceptive tolerance [62]. Moreover, several studies 

advocate for pain treatment through non-opioid receptors to mitigate the negative side effects 

associated with opioids alone. 

 

2.7. Treatment of pain through non-opioid receptors 

GPR139, a Gq-coupled receptor, is activated by essential amino acids like L-tryptophan 

and L-phenylalanine [65]. Predominantly expressed in the brain and pituitary, GPR139's 



 16 

physiological function remains elusive despite advanced pharmacological tools. Some studies hint 

at its involvement in addiction, Parkinson's disease, and schizophrenia [66]. In contrast to opioids, 

which target MOR to alleviate pain but pose addiction risks, one study identified the orphan 

receptor GPR139 with anti-opioid activity [67,68]. Deleting GPR139 in mice enhanced opioid-

induced inhibition of neuronal firing, impacting morphine-induced analgesia, reward, and 

withdrawal [67]. A GPR139 agonist, JNJ-63533054, reduced morphine analgesia and suppressed 

morphine intake in the reward assay [67]. These in vivo results suggest that GPR139 negatively 

regulates responses to acute opioid exposure and potentiates withdrawal from chronic opioid 

administration. Additionally, GPR139 inhibits MOR signaling in vitro, impacting MOR 

trafficking and signaling properties [67-72]. Another study explored co-expression between the 

dopamine D2 receptor and GPR139, revealing a similar distribution pattern in the brain and 

pituitary across species [66]. Co-expression occurred in dopaminergic signaling pathways, 

indicating a functional interaction between GPR139 and D2 under physiological conditions. These 

findings propose GPR139 and D2 as potential targets to enhance opioid safety [66]. 
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Chapter 2: The Extract of Corydalis yanhusuo Prevents Morphine Tolerance and 
Dependence 
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Abstract 
 
The opioid epidemic was triggered by an overprescription of opioid analgesics. In the treatment of 

chronic pain, repeated opioid administrations are required which ultimately lead to tolerance, 

physical dependence, and addiction. A possible way to overcome this conundrum consists of a co-

medication that maintains the analgesic benefits of opioids while preventing their adverse 

liabilities. YHS, the extract of the plant Corydalis yanhusuo, has been used as analgesic in 

traditional Chinese medicine for centuries. More recently, it has been shown to promote analgesia 

in animal models of acute, inflammatory, and neuropathic pain. It acts, at least in part, by inhibiting 

the dopamine D2 receptor, suggesting that it may be advantageous to manage addiction. We first 

show that, in animals, YHS can increase the efficacy of morphine antinociceptive and, as such, 

decrease the need of the opioid. We then show that YHS, when coadministered with morphine, 

inhibits morphine tolerance, dependence, and addiction. Finally, we show that, in animals treated 

for several days with morphine, YHS can reverse morphine dependence and addiction. Together, 

these data indicate that YHS may be useful as a co-medication in morphine therapies to limit 

adverse morphine effects. Because YHS is readily available and safe, it may have an immediate 

positive impact to curb the opioid epidemic. 

Institutional Review Board Statement 

$OO�DQLPDO�H[SHULPHQWV�ZHUH�FDUULHG�RXW�LQ�DFFRUGDQFH�ZLWK�WKH�8QLYHUVLW\�RI�&DOLIRUQLD��,UYLQH¶V�

Animal Institutional Animal Care and Use Committee (IACUC #2002±2343). 
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Introduction 

Over the past two decades, dramatic increases in opioid overdose mortality have occurred in 

the United States and other nations. Recognized as a public health crisis, it is commonly referred 

to as the opioid epidemic [73]. The opioid epidemic started with an increase in opioid prescriptions 

to treat chronic pain. Chronic pain is a therapeutic challenge and its management by opioids is 

controversial [74]. Non-opioid treatments should be the preferred first step, but are often replaced 

by opioid medications as conditions worsen [75]. 

Opioids are administered for their superior analgesic effectiveness. However, associated with 

repetitive opioid administration is the development of tolerance, which represents a loss of efficacy 

upon time [76]. Pain-afflicted patients require higher doses of opioids to maintain a mostly pain-

free state, which in turn increases the risk of dependence, addiction, and fatal overdose [77, 78]. 

In animals, tolerance is monitored by quantifying analgesic responses over repeated opioid 

administration [79]. Repeated administration of opioids also leads to physical dependence, i.e., the 

need for maintained administration. Dependence manifests itself with the emergence of 

withdrawal symptoms when the use of opioids is abruptly discontinued and can be precipitated by 

opioid antagonists [79, 80, 81]. It can be quantified by treating opioid-dependent animals with 

naloxone and monitoring withdrawal symptoms. Dependence is also associated with the desire to 

repeat the positive reinforcing effects of the opioids [82]. While it involves numerous neuronal 

systems, it is predominantly mediated by the dopaminergic mesocorticolimbic reward system [82, 

83, 84, 85]. In experimental animals, addiction can be assessed by using assays monitoring drug-

seeking behaviors, such as conditioned place preference (CPP) [86, 87, 88]. 

The US Centers for Disease Control and Prevention (CDC) has issued guidelines aiming at 

reducing the use of opioid drugs [73, 89]. Recommendations include prescribing over-the-counter 
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pain relievers, such as acetaminophen and ibuprofen in lieu of opioids. Nonsteroidal anti-

inflammatory drugs (NSAIDs) are most effective against mild to moderate pain linked to 

inflammation. Indeed, the lack of efficacy of acetaminophen in chronic pain conditions has been 

documented [90, 91, 92]. 

The CDC guidelines also accept the use of opioids in combination with non-opioid therapy 

after careful assessment of pain control. We reflected that, ideally, the co-administration of a non-

opioid drug should not only decrease the need of the opioid drug but also prevent its tolerance-

inducing or addictive properties [75]. The extract of the plant Corydalis yanhusuo (YHS) may 

offer such an opportunity as a safe and readily available co-medication in the treatment of chronic 

or severe pain. 

YHS has been used as an analgesic in traditional Chinese medicine (TCM) for centuries [93, 

94]. We have reported that YHS effectively attenuates acute, inflammatory and chronic pain in 

animal models. It elicits these responses without causing tolerance. Its mode of action relies at 

least in part on its antagonistic activity at the dopamine D2 receptor [93]. This suggested to us that 

it may also have anti-addictive properties. Therefore, we evaluated the antinociceptive activity of 

YHS in combination with morphine as well as its role in decreasing morphine tolerance and 

dependence. We finally assess YHS abilities to reverse these responses. 
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Results 
 
The antinociceptive activity of morphine in the presence of YHS. 

 
Antinociceptive activities were measured using foot withdrawal latency (FWL) in the hot 

plate assay [23 95]. Mice were first tested before injection for their basal FWL response which 

was found to be similar in the range of 3±7 secs. Then, mice were injected intraperitoneally (i.p.) 

with saline or variable doses of morphine (M) or YHS (Y). FWL was measured at 30 min, 60 min, 

and 120 min after the injection. Figure 2.1A shows the FWL of mice injected with saline or 

morphine (2.5 mg/kg), YHS (250 mg/kg), or the combination of morphine and YHS (2.5 mg and 

250 mg/kg, respectively) at different times after injection. At these doses, morphine induces a 

FWL response that is smaller than YHS but when both are combined the response is strongly 

increased. When variable doses of morphine, YHS, or YHS and morphine are compared (Figure 

2.1B), dose responses show that YHS potentiates the antinociceptive activity of morphine. Indeed, 

co-administration of YHS at 250 mg/kg increases the morphine 2.5 mg/kg FWL response to that 

equivalent to morphine 10 mg/kg. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://www.mdpi.com/1424-8247/14/10/1034#B23-pharmaceuticals-14-01034
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A. 

 

B. 
 

 

Figure 2.1 YHS increases morphine antinociception. A. Foot withdrawal latency (FWL) of mice 

injected with saline, morphine (2.5 mg/kg), YHS (250 mg/kg), or the combination of morphine 

and YHS (2.5 mg and 250 mg/kg, respectively) at 30, 60, and 120 min after i.p. administration (n 

= 10). The black dots correlate to the number of animals used in each experiment. Two-way 



 23 

ANOVA revealed significant drug effects F (3, 288) = 332.8 p < 0.0001, time effect F (4, 288) = 

217.5 p < 0.0001, and drug x interaction time F (12, 288) = 55.29 p ����������IROORZHG�E\�7XNH\¶V�

multiple comparison test *** p < 0.001 compared with M2.5 mg/kg, $$$ p < 0.0001 compared 

with saline, ### p < 0.0001 compared with M5 mg/kg. B. FWL at 30 min after morphine (2.5 

mg/kg, 5 mg/kg, 10 mg/kg), YHS (125 mg/kg, 250 mg/kg, 500 mg/kg),or morphine + YHS (n = 

9±10) i.p. administration. One-way ANOVA revealed significant drug effects F = 247.2, p < 

��������IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW��p < 0.001 compared with saline, ## p 

< 0.01, ### p < 0.001 compared with M2.5 mg/kg. YHS prevents morphine tolerance. 

Tolerance was assessed by injecting morphine, YHS, or a combination of both twice daily for 6 

days. As shown in Figure 2.2A and Figure 2.7, morphine (2.5 mg/kg) lost its antinociceptive 

activity over the seven-day period while analgesic effects of YHS (250 mg/kg) were retained. 

Moreover, when combined, YHS was able to completely prevent tolerance development to any 

morphine dose tested, while retaining the additive antinociceptive effect of the combination 

(Figure 2.2B). 
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A. 
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B. 

 

Figure 2.2 YHS inhibits morphine tolerance. A. FWL at 30 min after morphine 2.5 mg/kg (M2.5), 

YHS (250 mg/kg), and morphine +YHS (M2.5+YHS) (i.p. administration) over a period of 7 days 

(n = 7±11) to display tolerance. The black dots correlate to the number of animals used in each 

experiment. The gradient color for each figure shows the time-dependent change. One-way 

$129$�IROORZHG�E\�7XNH\¶V�WHVW�UHYHDOHG�VLJQLILFDQW�GUXJ�WROHUDQFH�RYHU���GD\V�)� ��������p < 

0.0001, D1 *** p < 0.001 compared with D2-D7, D2 ### p < 0.0001, ## p < 0.01 compared with 

D4-D7, D3 $$ p < 0.01, $ p < 0.05 compared with D6 and D7 in the morphine (2.5 mg/kg) group. 

One-ZD\�$129$�IROORZHG�E\�7XNH\¶V�WHVW�UHYHDOHG�QR�VLJQLILFDQW�GUXJ�WROHUDQFH�RYHU���GD\V�IRU�

YHS (250 mg/kg) group, D3 # p < 0.05 compared with D7. One-way ANOVA followed by 

7XNH\¶V� WHVW� UHYHDOHG�QR� VLJQLILFDQW� GUXJ� WROHUDQFH�RYHU� ��GD\V� IRU� WKH� FRPELQDWLRQ�JURXS��B. 

Comparison of FWL at day 1 and day 7 30 min after i.p. administration of morphine, YHS, and 

morphine + YHS (n = 10). Two-way ANOVA revealed significant tolerance amongst all morphine 
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doses (2.5, 5, 10 mg/kg) F(9, 180) = 291.3 p ����������IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�

test, ### p < 0.001. Two-way ANOVA revealed significant analgesic effects between saline and 

DOO�RWKHU�JURXSV�RQ�'D\����)��������� �������IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW��p 

< 0.001 compared with saline, p < 0.05 compared with saline. YHS prevents morphine 

dependence. 

To investigate the effects of YHS and morphine on withdrawal, we observed chronically treated 

animals after naloxone injection. Withdrawal behaviors, such as body grooming, jumping, 

writhing, head shakes, genital licking, face wiping, teeth chattering, dysphoria, rearing, chewing, 

and diarrhea, were scored over a 15-min time period. Figure 2.3 displays the various withdrawal 

behaviors observed in each group. While morphine-treated mice (2.5 and 5 mg/kg) showed 

significantly elevated signs of nalone-precipitated withdrawal, animals chronically treated with 

YHS (250 mg/kg) or a combination of morphine (2.5 mg/kg) + YHS displayed no withdrawal 

behaviors and were indistinguishable from saline-treated controls. It appears that co-

administration of YHS (250 mg/kg) is sufficient to prevent establishment of typical morphine 

dependence. Sniffing was unchanged in all treatment groups and served as an internal control for 

natural behavior. 
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Figure 2.3 YHS inhibits morphine physical dependence after i.p. administration. Jumping, 

writhing, head shakes, genital licking, body grooming, face wiping, teeth chattering, dysphoria, 

rearing, chewing, diarrhea, and sniffing after naloxone injection (n = 8). One-way ANOVA 
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revealed significant percentage of jumping, writhing, head shakes, genital licking, body 

grooming, face wiping, teeth chattering, dysphoria, rearing, chewing, and diarrhea in both 

morphine groups, F = 65.51 p ����������IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW�0�����

p < 0.0001 compared with saline, M5, YHS 250, and M2.5YHS250; M5 ### p < 0.0001 

compared with saline, M2.5, YHS 250, and M2.5 YHS250. YHS inhibits the rewarding 

properties of morphine. 

Reward-related behavior was monitored in the CPP paradigm. A preference score was 

determined by observing the time that each animal spent in the drug-paired chamber vs. the 

saline-paired chamber during the pre- and post-training periods. As shown in Figure 2.4, M2.5 

and M5 induced strong preference scores (100 and 250, respectively), indicative of addiction and 

the associated drug-seeking. When YHS 250 was added to M2.5 or M5 during the training, 

preference scores decreased strongly, showing that YHS is able to significantly limit the 

rewarding effects of morphine. 
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Figure 2.4 Morphine-induced CPP is inhibited by YHS after i.p. administration. Preference 

VFRUHV�FDOFXODWHG�EDVHG�RQ�DQLPDO¶V�WLPH�VSHQW�LQ�WKH�GUXJ-paired chamber vs. the non-drug-

paired chamber during the pre- and post-preference periods (n = 8±11). The black dots correlate 

to the number of animals used in each experiment. One-way ANOVA revealed significant drug 

addiction in all morphine groups and a reduction in the combination groups F = 62.50 p < 

��������IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW��* p < 0.0001 compared with M2.5, 

M5, and M5 YHS250, ### p < 0.0001 compared with M2.5, M5, and M5 YHS250, $$$ p < 

0.0001 compared with M5 and M2.5 YHS 250. YHS reverses morphine tolerance and 

dependence. 

The previous data suggest that co-administration of morphine and YHS could prevent 

development of tolerance and dependence in morphine-naive animals. We next investigated 

whether YHS might also be beneficial in already-dependent animals and could, thus, potentially 

be used to curb the opioid epidemic. For tolerance reversal, mice were treated for 3 days with 
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morphine (2.5 mg/kg twice daily), followed by four days of YHS (250 mg/kg) or YHS + 

morphine (250 mg/kg and 2.5 mg/kg, respectively) and then tested for analgesic tolerance 

(Figure 2.5). YHS alone or in combination with morphine reverses morphine tolerance and 

restores analgesia in previously tolerant animals. 

 

Figure 2.5 YHS reverses morphine tolerance. Analgesic response after 3 days (D) of Morphine, 

followed by 4 D of either YHS (250 mg/kg) or M2.5-M2.5+YHS (n = 10) (i.p. administration). 

Two-way ANOVA revealed significant drug effects F (6, 168) = 205.9 p < 0.0001, followed by 

7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW���p < 0.0001 M2.5 compared with M2.5-YHS and M2.5-

M2.5-YHS on D4-7, $$$ p < 0.0001 compared M2.5-YHS with M2.5-M2.5-YHS on D4-7. 

The same animals were also tested for naloxone-precipitated withdrawal (Figure 2.8). As 
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expected, mice treated with morphine at 2.5 mg/kg for seven days exhibited significant signs of 

withdrawal behaviors (Figure 2.8). Switching treatment from morphine alone to morphine 2.5 

mg/kg + YHS 250 mg/kg completely prevented²and may indeed have reversed²opioid 

dependence. Similarly, animals treated with morphine 2.5 mg/kg for 3 days and then switched to 

YHS also showed no signs of persisting morphine dependence, although we cannot rule out the 

possibility that these mice already underwent morphine withdrawal during the four days of YHS 

treatment. Importantly, adding YHS to an ongoing morphine treatment regimen appears to 

reverse pre-existing morphine dependence while maintaining high antinociceptive efficacy. For 

reversal of morphine rewarding properties, mice were either treated with saline or morphine (2.5 

mg/kg) for 7 days. After this initial treatment, mice were kept on saline or saline treatment, or 

switched to YHS (250 mg/kg) or morphine (2.5 mg/kg) + YHS (250 mg/kg) for another 7 days. 

Conditioned place preference was tested to observe for any addiction-like properties. Mice that 

were treated initially with morphine and then switched to either YHS (250 mg/kg) or morphine 

(2.5 mg/kg) + YHS (250 mg/kg) reversed any addiction-like behavior in mice (Figure 2.6). 
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Figure 2.6 YHS reverses morphine-induced CPP. CPP responses for the following groups: 14 

days of Sal injections (Sal±Sal), 7 days of Sal followed by 7 days of M2.5 injections (Sal-M2.5), 

14 days of M2.5 injections (M2.5-M2.5), 7 days of M2.5 followed by 7 days of YHS (250 

mg/kg) or M2.5-YHS injections (i.p. administration). (n = 7±11). The black dots correlate to the 

number of animals used in each experiment. One-way ANOVA revealed significant drug 

preference F = 8.131 p ����������IROORZHG�E\�7XNH\¶V�PXOWLSle comparison test, *** p < 0.0001 

compared with Sal and M2.5-YHS, $$$ p < 0.0001 compared with Sal-Sal, M2.5-YHS, and 

M2.5-M2.5+YHS. 
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Discussion 

The opioid epidemic resulted in an increase in opioid prescriptions to treat neuropathic and 

other forms of chronic pain. Opioids are effective for treating severe acute pain, but display less 

effectiveness in treating chronic pain. Chronic pain requires repetitive administration of an 

antinociceptive agent. When opioids are administered repeatedly, they induce analgesic tolerance, 

which is a time-dependent loss of efficacy requiring increasing doses to reach the same 

antinociceptive state [73 ,96, 97]. Repeated administrations of opioids then lead to physical 

dependence, i.e., the need for maintained administration to prevent withdrawal symptoms. 

Dependence manifests itself in withdrawal when the use of opioids is abruptly discontinued [74, 

98] and is accompanied by addictive behaviors to re-experience the rewarding effects of the 

opioids or at least avoid withdrawal [99, 100, 101]. 

The opioid epidemic stems from pain-sufferers becoming addicts because they have to 

simultaneously cope with pain, opioid tolerance, and dependence. To fight the epidemic, the CDC 

has recommended using NSAIDS alone or in combination with opioid drugs to reduce their use. 

However, NSAIDs often lack efficacy against neuropathic pain [75, 90]. A safer pain medication 

would be one that could limit or inhibit all three opioid-related phenomena: tolerance, dependence, 

and addiction [73, 92, 102]. In the present study, we present evidence that the extract of the plant 

Corydalis yanhusuo (YHS) may be able to maintain the analgesic benefits of opioids while curbing 

their adverse liabilities when administered as a co-medication. 

We first show that adding YHS to morphine potentiates its analgesic activity in a dose- and 

time-dependent manner. While a single low dose of morphine (2.5 or 5 mg/kg) induces analgesia 

30 min after its administration but begins to display tolerance 30 min later, YHS alone or morphine 

with YHS retain most of their antinociceptive activities for over a 2 h period. When co-
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administered, YHS at all doses tested increases the antinociceptive effect of morphine, showing 

that it could serve as an adjuvant to opiates in managing pain. This would allow for lowering the 

doses of morphine at the same level of antinociceptive effectiveness, thus decreasing the risk of 

addiction. 

An important clinical limitation of opioid treatment is the development of tolerance. Over 

repeated administrations, opioids lose their potencies [82, 99, 103]. We assessed the effect of 

adding YHS to morphine on tolerance. While morphine induces definitive tolerance over 7 days 

of repeated administration, the addition of YHS prevents morphine tolerance. This implies that the 

need to increase morphine doses to maintain antinociception would not occur in the presence of 

YHS, a factor that could significantly help to reduce addiction. Moreover, we show that co-

administration of YHS with morphine can prevent the establishment of opioid dependence in drug-

naive animals. More clinically relevant is the observation that a combination of YHS and morphine 

can reverse a preexisting morphine dependence and could thus help addicted patients to escape the 

vicious cycle of continued opioid exposure. 

In trying to understand the mechanism underlying YHS mode of action, we have to recognize 

that YHS is a complex extract and that its activity may rely on several components. YHS contains 

over 100 chemical components [98]. Of these, some 81 are protoberberine, apomorphine, opiate-

like, and other alkaloids [104, 105]. Several YHS components have been pharmacologically 

analyzed and found to display antagonism at dopamine receptors [92], agonism at opioid receptors 

[106], or inhibition of acetylcholinesterase activity [107]. These components act at their respective 

receptors at high nanomolar or micromolar concentrations. Of the YHS components, possibly the 

most studied is L-tetrahydropalmatine (L-THP) [108]. L-THP has been shown to exhibit sedative, 

anti-epileptic, antidepressant, and anxiolytic effects in addition to its analgesic activity [109]. With 
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regard to drugs of abuse, L-THP has been shown to attenuate cocaine-associated reward [109], 

self-administer cocaine, and promote recovery from cocaine-induced effects in rats [109,110]. L-

THP was used to treat heroin withdrawal syndrome in patients [107]. L-THP was found to 

significantly reduce heroin craving and withdrawal symptoms and to improve the abstinence rate 

of heroin addicts. In these experiments L-THP was given at a dose of 60 mg twice daily. L-THP 

represents approximately 0.2% of the total dry mass of YHS [109], which is usually taken at about 

5±10 g per day. L-THP should therefore not account for the full efficacy of YHS. 

Dehydrocorybulbine (DHCB), another YHS component and chemically related to L-THP, may 

also partially contribute to YHS effects in models of drug addiction or analgesia [109]. However, 

it has been shown that a combination of L-THP and DHCB does not account for the entire YHS 

analgesic effect [111]. It is therefore probable that several of the YHS components may participate 

in its efficacy and that YHS polypharmacological profiles are required for its full efficacy against 

morphine tolerance and dependence. Alternatively, undiscovered YHS component(s) may be 

responsible for these beneficial effects. Further studies will be needed to fully understand YHS 

mode of action. 

 

 

 

 

 



 37 

Materials and Methods 

 Animals  

CD-10 male mice obtained from Charles River aged 8 weeks were used for all behavior 

experiments. Mice were group housed and maintained on a 12 h light/dark cycle with food and 

water available ad libitum. All behaviors and treatments are approved by the Institutional Animal 

Care and Use Committee of the University of California, Irvine (AUP #20-015). Animals were 

frequently weighed and observed after injections to ensure proper health and weight gain. Any 

animals that seemed to be in distress or abnormal were excluded from the study. 

Drugs 

Morphine 

Morphine injectable C II obtained from Patterson Veterinary (10 mg/mL concentration) (07-

892-4699) was used according to the assigned groups and behavioral experiment. Three doses 

were used: 10 mg/kg, 5 mg/kg, and 2.5 mg/kg. Morphine was injected twice daily (morning and 

afternoon) for seven days intraperitoneally (i.p.) in a volume of 5 uL/g. The dosage for each animal 

was deteUPLQHG�EDVHG�RQ�WKH�DQLPDO¶V�ERG\�ZHLJKW��0RUQLQJ�DQG�DIWHUQRRQ�LQMHFWLRQV�ZHUH�VSDFHG�

out for about 10 h. The varied doses of morphine used was dissolved in sterile saline. The vehicle 

used for all experiments was sterile saline. 

Naloxone 

Naloxone hydrochloride dihydrate obtained from Sigma Aldrich (N7758) at a dose of 6 mg/kg 

was given to precipitate withdrawal-like symptoms in mice at the end of the hot plate assay. The 
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GRVDJH�IRU�HDFK�DQLPDO�ZDV�GHWHUPLQHG�EDVHG�RQ�WKH�DQLPDO¶V�ERG\�ZHLJKW�LQ�D�YROXPH�RI���X/�J��

Naloxone was injected via intraperitoneal administration. 

YHS 

The Corydalis yanhusuo extract (YHS) obtained from Dongyang County (Zhejiang, China) 

and authenticated by Institute of Medication, Xiyuan Hospital of China Academy of Traditional 

Chinese Medicine, as previously described [94]. A dose of 250 mg/kg dose [94] in a volume of 5 

uL/g was used for most assays. To demonstrate a dose response of YHS, both the 125-mg/kg and 

the 500-mg/kg doses were used. The YHS powder was dissolved in saline solution and injected 

via intraperitoneal administration. 

Animal Groups and Treatments 

Mice were divided into various groups: control (saline only), YHS (125, 250, 500 mg/kg), 

morphine (10, 5, 2.5 mg/kg), and the combination of YHS and morphine at varying YHS 

concentrations (125, 250, 500 mg/kg). Drugs or vehicle were injected twice daily for seven days 

in the hot plate assay, and twice daily for 6 days in the conditioned place preference assay (CPP). 

The same mice are used for the pain, tolerance, and withdrawal assay. Behavioral testing was 

performed according to each model explained below. 

Behavioral Assays 

Pain Model 

To establish the antinociceptive effects of YHS and morphine in combination on acute pain, 

foot withdrawal latency (FWL) in the hot plate assay was measured 30, 60, and 120 min after 
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injections, as well as before to establish a baseline on day 1 at 52 degrees Celsius. A hotplate assay 

was performed, as described in the literature [95, 96]. The cutoff time for the hotplate assay was 

50 s. 

Tolerance Assay 

Mice were injected twice daily and the hot plate assay was tested on day 7 for tolerance-like 

behavior. FWL on the hotplate was measured at 30, 60, and 120 min after injections. Day 1 and 

Day 7 responses were compared to observe any tolerance to the drugs. 

Withdrawal Assay 

The withdrawal assay was tested on day 8 for withdrawal-like behaviors. Mice were observed 

for withdrawal symptoms, such as teeth chattering, genital licking, face wiping, head shakes, etc. 

[7]. The total time for this assay was about 50 min. All sessions were videotaped and analyzed 

later by individuals blinded to the experiment. Mice were habituated to a 40-x 40 locomotor test 

chamber for 5 min. After 5 min, the mice were injected according to their previous treatment (YHS, 

Morphine, Saline, or YHS+M2.5). Mice were observed for 30 min after injection and then were 

injected with naloxone followed by observation for 15 min. 

Conditioned Place Preference (CPP) 

The CPP assay consisted of multiple stages: a habituation period, conditioning sessions, and 

a test day as previously described [95]. The CPP assay consisted of a three chamber box. The 

middle chamber is considered the neutral side, where the mouse is placed and is allowed to explore 

the other two sides of the chamber. One side of the chamber is decorated with stripes and the other 

https://www.mdpi.com/1424-8247/14/10/1034#B7-pharmaceuticals-14-01034
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side with circles. Mice were then habituated to all three compartments of the chamber for 3 days 

for 10 min. Animals that display a preference during the habituation period are omitted from the 

study. After the habituation period was conducted, mice were conditioned to both sides of the 

chamber (morning and afternoon) for 7 days and were injected with their corresponding drug (i.e., 

morphine group animals are injected with saline on the circles side in the morning and then 

morphine on the stripes at night). After the conditioning sessions, mice were given a day in 

between with no injections to induce drug craving, as previously described [89]. The next day, 

mice were tested for their preference in a total duration of 10 min. Preference score was calculated 

b\�XVLQJ�WKH�HTXDWLRQ����$��í�$���$��100 כ�, where A2 represents the percent time spent on the 

most preferred side during the final preference test and A1 represents the percent time spent on 

this same side during the initial habituation period. 

To test CPP in mice dependent on morphine, animals were first treated with morphine and 

then switched to a treatment of YHS or the combination of M2.5 and YHS. This experiment was 

conducted the same way as described above, except it includes 7 days of morphine conditioning, 

and then an additional 7 days of the alternative treatment (either YHS or M2.5 + YHS). Once 

again, the mice were given a day with no injections before testing their CPP the next day. The 

groups that started with morphine were never taken off it to avoid any withdrawal symptoms that 

may arise and interfere with analyzing addiction-like behavior. All CPP testing sessions were 

videotaped and analyzed by individuals blinded by the experiment. A preference score for each 

mouse was calculated based on the equation described above. 
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Statistical Analysis 

GraphPad Prism (GraphPad Software, Inc., San Diego, CA, USA) was used for statistical 

DQDO\VLV�� DQG� DOO� GDWD� DUH� SUHVHQWHG� DV�PHDQௗ�ௗVWDQGDUG� HUURU�PHDQ� �6(0���2QH-way ANOVA 

followed by Tukey post-test was used to analyze morphine antinociception, dependence, 

morphine-induced CPP, reversal of CPP, and reversal of dependence. Two-way ANOVA followed 

by multiple comparisons tests was used to analyze inhibition of morphine tolerance and reversal 

of morphine tolerance. p YDOXHௗ�ௗ�����ZDV�GHHPHG�VWDWLVWLFDOO\�VLJnificant. 
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Conclusions 

In summary, although therapeutic plants were studied for many years for various ailments, the 

combination of opioids and herbal medicine for the management of pain and addiction has not 

been effectively explored. We show that the extract of the plant Corydalis yanhusuo (YHS) is able 

to reduce required doses of morphine in pain management and can successfully block development 

of morphine tolerance and dependence. Moreover, YHS is able to reverse a previously established 

opioid dependence. YHS therefore displays advantageous properties in our aim to curb the opioid 

epidemic. The fact that it is safe and readily available implies that it could have an immediate 

effect on this epidemic and that clinical trials are warranted. 
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Supplementary Materials 

The following are available online at 

https://www.mdpi.com/article/10.3390/ph14101034/s1, Figure 2.7: FWL at 30 min after 

morphine 2.5 mg/kg (M2.5), YHS (250 mg/kg), and morphine +YHS (M2.5+YHS) over a period 

of 7 days (n = 7±11, i.p. administration) to display tolerance. Two way ANOVA revealed 

significant drug tolerance of morphine (M2.5) over 7 days (D) F (6, 168) = 7.023 p < 0.0001, 

IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW��7ZR�ZD\�$129$�UHYHDOHG�VLJQLILFDQW�DQDOJHVLF�

effects between M2.5, YHS 250, and M2.5+YHS F (6, 168) = 7.023 p < 0.0001, followed by 

7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW�0����p < 0.0001 compared to YHS on D1±7, YHS ### p < 

0.0001 compared to M2.5 + YHS on D1±7, M2.5 $$$ p < 0.001 compared to M2.5 + YHS on D1±

7., Figure 2.8: Jumping, writhing, head shakes, genital licking, body grooming, face wiping, teeth 

chattering, dysphoria, rearing, chewing, diarrhea, sniffing after naloxone i.p. administration (n = 

7). One way ANOVA revealed significant percentage of jumping, writhing, head shakes, genital 

licking, body grooming, face wiping, teeth chattering, dysphoria, rearing, chewing, and diarrhea 

in animals treated with morphine only, F (3, 24) = 81.05 p ����������IROORZHG�E\�7XNH\¶V�PXOWLSOH�

comparison test, *** p < 0.0001, M2.5*** p < 0.0001 compared with M2.5-YHS and M2.5-M2.5 

+ YHS. 
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Materials and Methods     

The mice used in the tolerance reversal assay were also used to assess withdrawal behaviors shown 

in Figure 2.7. The withdrawal assay was carried out as previously described in the manuscript.  

 

 

Figure 2.7: FWL at 30 min after morphine 2.5 mg/kg (M2.5), YHS (250 mg/kg), and morphine 

+YHS (M2.5 + YHS) over a period of 7 days (n = 7±11, i.p. administration) to display tolerance. 

Two way ANOVA revealed significant drug tolerance of morphine (M2.5) over 7 days (D) F 

�������� �������S�����������IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW��7ZR�ZD\�$129$�

revealed significant analgesic effects between M2.5, YHS 250, and M2.5+YHS F (6,168) = 7.023 

S�����������IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW�0����S����.0001 compared to YHS 

on D1±7, YHS ### p < 0.0001 compared to M2.5 + YHS on D1±7, M2.5 $$$ p < 0.001 compared 

to M2.5 + YHS on D1±7.  
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Figure 2.8: Jumping, writhing, head shakes, genital licking, body grooming, face wiping, teeth 

chattering, dysphoria, rearing, chewing, diarrhea, sniffing after naloxone i.p. administration (n = 

7). One way ANOVA revealed significant percentage of jumping, writhing, head shakes, genital 

licking, body grooming, face wiping, teeth chattering, dysphoria, rearing, chewing, and diarrhea 

LQ�DQLPDOV�WUHDWHG�ZLWK�PRUSKLQH�RQO\��)��������� �������S�����������IROORZHG�E\�7XNH\¶V�PXOWLSOH�

comparison test, *** p < 0.0001, M2.5 *** p < 0.0001 compared with M2.5-YHS and M2.5-M2.5 

+ YHS.  
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Chapter 3: Morphine and an extract of Corydalis Yanhusuo Effects on Mu Receptor levels 
in the Mouse Brain 
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Abstract 
 
Morphine, a potent mu opioid receptor (MOR) agonist, is known for its robust analgesic properties 

but is associated with the development of tolerance. We have previously shown that an extract of 

the therapeutic plant, Corydalis Yanhusuo (YHS), can reduce morphine tolerance. We hypothesize 

that YHS regulates MOR levels to prevent the development of tolerance and thus sought out to 

assess this using immunocytochemical and protein analyses. This study explores the potential 

impact of YHS upregulation of MOR expression within distinct brain regions, including the lateral 

septal nucleus, primary and secondary motor cortex, anterior cingulate cortex, caudal lateral septal 

nucleus, thalamus, and amygdala. The knowledge derived from our study holds the promise of 

illuminating the complex mechanisms involved in tolerance development, with a particular 

emphasis on how these mechanisms can be improved through the use of YHS. 
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Introduction 
 

Morphine is historically known for its unparalleled analgesic properties [112-114]. To date, 

morphine is regarded as the gold standard treatment for pain management [74]. Morphine 

primarily exerts its analgesic (pain-relieving) properties through its interaction via tKH�ȝ-opioid 

UHFHSWRUV��025��DQG�WKH�FHQWUDO�QHUYRXV�V\VWHP�>���@��ȝ-opioid receptors are found in various 

regions of the central nervous system, particularly in the thalamus, amygdala, periaqueductal gray 

matter, spinal cord, the cerebral cortex, and many other regions [116, 117]. The widespread 

presence of mu opioid receptors is a key reason why opioid treatments can have numerous effects 

beyond pain relief, and why they also carry the potential for side effects and misuse. 

  When morphine activates MOR, it initiates a cascade of biochemical events that ultimately 

alleviate pain [118]. Repeated administration of morphine for pain management is a common 

medical practice, especially in cases of chronic or severe pain. However, this repeated morphine 

administration results in the phenomenon of tolerance, defined as a loss of efficacy over time. 

Furthermore, pain afflicted individuals require higher doses of morphine to maintain their initial 

analgesic response. 

  Several brain regions have been implicated in opioid tolerance, more specifically the 

reward and pleasure pathways, which encompass the nucleus accumbens and ventral tegmental 

area [77]. The hypothalamus, which governs responses to pain and stress, may also experience 

adaptations under prolonged opioid exposure, affecting pain perception and stress responses [119]. 

Additionally, the limbic system, encompassing the amygdala and hippocampus, has been linked 

to the emotional and memory aspects of opioid tolerance [120]. Opioid-induced changes within 

the limbic system can influence emotional responses to opioids and affect the formation of 

memories associated with drug use [121]. The prefrontal cortex, responsible for decision-making 
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and cognitive control, may also play a role, as adaptations in this region can influence an 

LQGLYLGXDO¶V�FDSDFLW\�WR�PDQDJH�RSLRLG�XVH�DQG�FUDYLQJV�>���@��,Q�HVVHQFH��RSLRLG�WROHUDQFH�LV�D�

multifaceted phenomenon that emerges from intricate interactions among these brain regions and 

their associated neural networks. Prolonged opioid exposure induces changes in the functional 

dynamics of these regions, ultimately leading to the need for escalated opioid doses to achieve 

these desired effects: a hallmark of opioid tolerance. 

  Studies have shown that morphine tolerance is closely related to MOR expression in the 

brain [38]. It often manifests through downregulation of opioid receptors, especially in areas where 

these receptors are abundant, such as the spinal cord and specific brainstem nuclei [123]. This 

downregulation is accompanied by receptor desensitization, which collectively reduces the 

efficacy of opioids [124]. Thus, morphine tolerance can lead to a decrease in both the number and 

sensitivity of MOR receptors [125]. 

  Corydalis yanhusuo (YHS), is a medicinal herb employed in traditional medicine for its 

analgesic and anti-inflammatory properties [126]. Previous research has demonstrated that YHS 

exhibits promising analgesic properties in animal assays. Our lab has shown that YHS is analgesic 

on its own, as well as in combination with morphine treatment in mice. We have also shown that 

YHS treatment can inhibit morphine developed tolerance and dependence in mice [126]. In this 

study, our objective is to elucidate the potential role of YHS in upregulating MOR expression 

throughout the brain, specifically in the lateral septal nucleus, primary and secondary motor cortex, 

anterior cingulate cortex (CTX), caudal lateral septal nucleus (LSN), thalamus (THA), and 

amygdala (AMG). Additionally, we aim to assess the impact of morphine (M), YHS, and the 

combination of both (MYHS) in altering MOR protein levels in the brain following 1- and 7-day 

treatment regimens. Furthermore, we endeavor to compare brain regions implicated in the 
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development of tolerance during morphine or morphine and YHS treatment in mice. Our 

hypothesis posits that the capacity of YHS to mitigate morphine tolerance may be attributed to an 

augmentation of MOR expression in various cerebral regions. Overall, our findings are poised to 

provide valuable insights into the mechanisms underlying tolerance development and its 

amelioration by YHS region specifically. 
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Methods & Materials 
 
Animals 

Experiments were conducted using male CD-10 mice, aged 8 weeks, sourced from Charles River. 

These mice were housed in groups, and maintained on a 12-hour light/dark cycle, with free access 

to food and water. All experimental procedures and treatments were conducted in accordance with 

the approval granted by the Institutional Animal Care and Use Committee at the University of 

California, Irvine (IACUC# 23-059). Regular weight measurements and post-injection 

observations were performed to ensure their well-being and healthy weight gain. Any animals 

displaying signs of distress or abnormalities were excluded from the study. 

 

Injections 

Morphine injectable (C II) (10 mg/mL), was obtained from Patterson Veterinary (Product ID: 07-

892-4699). Mice received intraperitoneal (i.p.) injections of morphine at a dosage of 2.5 mg/kg. 

YHS, obtained from Dongyang County in Zhejiang, China, and authenticated by the Institute of 

Medication at Xiyuan Hospital of China Academy of Traditional Chinese Medicine (as previously 

GHVFULEHG���ZDV�DGPLQLVWHUHG�DW�D�GRVH�RI�����PJ�NJ�LQ�D�YROXPH�RI���ȝ/�J�YLD� LQWUDSHULWRQHDO�

administration [126]. Mice were categorized into various groups and injected with either saline 

(S), YHS (100 mg/kg), morphine (at 2.5 mg/kg), or both morphine and YHS. The injection volume 

ZDV���ȝ/�J��DQG�LQGLYLGXDO�GRVDJHV�ZHUH�GHWHUPLQHG�EDVHG�RQ�HDFK�DQLPDO¶V�ERG\�ZHLJKW��'UXJV�

were administered twice daily in the morning and afternoon approximately 10 hours apart, for a 

duration of 7 days. Drugs were dissolved in sterile saline, which served as the vehicle for all 

experimental procedures. Brains were either harvested or perfused after 30 minutes following the 

first injection on day 1 or 30 minutes following the first injection on the 7th day. 
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Harvesting 

Mice were euthanized in accordance with approved ethical guidelines after 30 minutes following 

the first injection or 30 minutes following the first injection on the 7th day. Following carbon 

GLR[LGH�RYHUGRVH��WKH�PRXVH¶V�VNXOO�ZDV�FDUHIXOO\�RSHQHG�WR�H[SRse the brain, and the brain was 

gently extracted from the skull. Subsequently, the isolated brains were promptly frozen by 

immersion in pre-chilled isopentane (below freezing point of the tissue). Frozen brain tissue was 

then transferred and stored in  -80°C  for further analysis. 

  

ELISA 

Harvested brains were extracted for membrane proteins. Microtiter plates with 96 wells were 

coated with the capture antibody (monoclonal anti-target antigen, catalog No. NB1001620 

purchased from Fisher Scientific, 1:1000 dilution). The plates were then incubated at 4°C 

overnight to allow antibody binding to the plate surface. Following incubation, the plates were 

washed three times with phosphate-buffered saline (PBS) containing 0.05% Tween-20 (PBST) to 

UHPRYH�XQERXQG�DQWLERGLHV��$IWHU�ZDVKLQJ������ȝ/�RI�EOocking buffer (5% bovine serum albumin 

in PBS) was added to each well. The plates were incubated at room temperature for 2 hours to 

prevent non-specific binding. Subsequently, the plates were washed with PBST to remove excess 

blocking buffer. Brain samples, which contained the target antigen, were added to the wells at a 

YROXPH�RI�����ȝ/�SHU�ZHOO��7KH�SODWHV�ZHUH� LQFXEDWHG�DW����&�IRU���KRXU� WR� IDFLOLWDWH�DQWLJHQ�

binding to the capture antibody. After the sample incubation, the plates were washed four times 

with PBST to remove unbound samples and other contaminants. The detection antibody 

(monoclonal anti-target antigen conjugated with horseradish peroxidase, catalog No. 7TM0319N 
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purchased from 7TM antibodies, 1:1000 dilution) was added to each well at a concentration of 0.5 

ȝJ�P/�LQ�D�YROXPH�RI�����ȝ/��7KH�SODWHV�ZHUH�LQFXEDWHG�DW����&�IRU���KRXU�WR�DOORZ�WKH�GHWHFWLRQ�

antibody to form a "sandwich" with the captured antigen. To inLWLDWH�WKH�HQ]\PH�UHDFWLRQ������ȝ/�

of a substrate solution (3,3',5,5'-tetramethylbenzidine) was added to each well. The reaction was 

allowed to proceed for 15 minutes in the dark at room temperature. The absorbance of each well 

was measured at 450 nm using a microplate reader (BioTek Synergy H1). The absorbance values 

were recorded as a measure of the color change, indicating the presence of the target antigen. 

  

Immunohistochemistry 

Immunohistochemistry procedures for the examination of MOR-positive neurons were executed 

following previously established protocols. Mice were subjected to perfusion under isoflurane 

anesthesia, utilizing a 4% paraformaldehyde (PFA) solution. Subsequently, brains were extracted, 

post-IL[HG�LQ����3)$�IRU�DQ�RYHUQLJKW�SHULRG�DW��ௗ�&��DQG�XOWLPDWHO\�SUHVHUYHG�LQ�D�����VXFURVH�

VROXWLRQ��&RURQDO�EUDLQ�VHFWLRQV��PHDVXULQJ���ௗ�P�LQ�WKLFNQHVV��ZHUH�REWDLQHG��DQG�WKUHH�WR�IRXU�

sections were selected from each region of interest. Sections were subjected to blocking buffer 

consisting of 4% normal goat serum dissolved in PBS with 0.3% Triton X-���� IRU� �ௗKRXU��

Subsequently, sections were incubated in a blocking buffer containing the primary antibody 

specific for MOR (catalog: 7TM0319N purchased from 7TM antibodies). After rinsing with PBS, 

the sections were incubated with a secondary antibody (goat anti rabbit, 1:500 dilution, red) for a 

SHULRG� RI� �ௗKRXU�� IROORZHG� E\� VWDLQLQJ� ZLWK� �ƍ��-diamidino-2-phenylindole (DAPI). Finally, 

sections were mounted on slides for analysis. 
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Image acquisition 

Imaging was executed utilizing the Leica Sp8 TCS confocal microscope available at the UCI 

Optical Biology Core Facility and Keyence. Mor-positive neurons were quantified within the 

bilateral regions of interest in each section. The mean counts were calculated based on analysis of 

three non-consecutive sections per brain, with a total of 4-8 brains included in the study. Cell 

counts were determined using ImageJ software and were further verified through manual 

confirmation. Brain regions were identified using the Mouse Brain Atlas (2nd edition) from G. 

Paxinos and K.B.J. Franklin. 

  

Statistical analysis 

Statistical analyses of behavioral data were carried out using GraphPad Prism (GraphPad Software, 

Inc.). One-way and two-way ANOVA followed by Tukey post-test was used to analyze the data 

mentioned. 
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Results 

Two cohorts of mice were injected with saline, morphine, YHS, and morphine + YHS for 1 and 7 

days. Mice were euthanized 30 minutes following the first injection (Day 1) or the last injection 

on Day 7. Brains were collected and analyzed by enzyme-linked immunosorbent assay (ELISA) 

and immunohistochemistry analysis using a specific MOR antibody. This monoclonal antibody 

has been shown to be specific to the mu-opioid receptor (MOR) receptor. The levels of MOR 

expression were determined on Day 1 (left) or Day 7 (right) upon treatment with saline, morphine, 

YHS, and MYHS (Figure 3.1). On Day 1, although there was a weak but significant increase in 

MOR expression upon YHS treatment when compared to saline, the different treatments did not 

show significant changes. On Day 7, while the morphine treatment did not show a difference with 

saline treatment, the YHS or M+YHS treatments display significant increases in MOR expression. 
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Figure 3.1 Intensity of MOR expression measured in ELISA assay at 450 nm on full brains treated 

with 1 day (left) or 7 days (right) of saline (S), morphine (M), YHS, or the combination of 

morphine and YHS (MYHS). One-ZD\�$129$�IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ� test 

revealed an increase in MOR expression after 1 day,  F=3.039, *p<0.05 compared with S and YHS. 

One-ZD\�$129$�IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW�UHYHDOHG�DQ�LQFUHDVH�LQ�025�

expression after 7 days, F= 20.79, ****p<0.0001 compared with YHS, M, and S, ***p<0.001 

compared with MYHS and S, **p<0.01 compared with MYHS and M. 

 
 
To assess which specific levels of the brain contributed to the changes in MOR expression, 

immunocytochemical analyses were performed on Day 1 and Day 7 groups following saline, 

morphine, YHS, and morphine+YHS treatment on the second cohort of mice. The mice subjected 

to the protocol described in Figure 1 were perfused, and their brains were harvested, sectioned and 

subsequently immunostained using a specific MOR antibody (refer to the Materials and Methods 

section for details on the specific antibody used). Because it would be impossible to cover the 

entire brain, five different sections (1-5), representative of most of the brain, were chosen and 

further subdivided into specific regions of interest (highlighted in white in Figure 3.2A). MOR-

positive neuron quantification was conducted in bilateral regions of interest for each section and 

sub regions, and the resulting average MOR counts are presented in a heatmap. Figure 3.2B 

illustrates the methodology employed to acquire the positive MOR+/DAPI  counts under 

consideration. Specifically, five distinct subregions (DBN-2, CTX-2, THA-4, AVA-5, and HIP-5) 

were selected following a 1-day treatment with saline. The variability among these subregions is 

visually depicted via confocal imaging post-immunostaining, complemented by the accompanying 
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mean counts. These mean counts are subsequently transformed into a heat map, where the color 

gradation corresponds to the quantity of MOR in each sub region. 

A. 
Section 1    Section 2    
  

 

 
 

     Section 3        Section 4 
 

 
                                                                        Section 5 
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B. 

 

 

Figure 3.2 Immunostaining with a MOR specific receptor antibody in 5 sections of the mouse 

brain. A. 5 sections of the mouse brain were analyzed for positive MOR cells/DAPI expression 

after 1 or 7 days of saline, morphine, YHS, or MYHS injections. Sub regions are labeled in white. 

Section 1 sub regions analyzed include primary/ secondary motor area (CTX), striatum (STR), 

lateral septal nucleus (LSN), diagonal band nucleus (DBN), and the nucleus accumbens (NAc). 

Section 2 sub regions analyzed include primary/ secondary motor area (CTX), striatum (STR), 

lateral septal nucleus (LSN), diagonal band nucleus (DBN), medial septal nucleus (MSN) and the 

nucleus accumbens (NAc). Section 3 sub regions analyzed include primary motor and 

somatosensory area (CTX), globus pallidus (GP), hypothalamus (HYT), and thalamus (THA). 

Section 4 sub regions analyzed include hippocampus (HIP), primary/ secondary motor area (CTX), 

amygdala (AMG), thalamus (THA) and hypothalamus (HYT). Section 5 sub regions analyzed 

include anterior medial visual area (AVA), entorhinal area (ETA), midbrain reticular nucleus 

(MRN), ventral tegmental area (VTA), substantia nigra reticular and compact part (SN), thalamus 

(THA), hippocampal formation (HIP), and periaqueductal gray area (PG). B. Representative 
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images of MOR+ cells (red) and DAPI (blue) at 40x objective following 1 (left) and 7 day 

treatment (right) of S, M, YHS, and MYHS in mice in the primary and secondary motor and 

anterior cingulate area (CTX-section 2). Scale bar 20 um. 

 

Heat maps depicting the expression of MOR following 1 day of exposure to S, M, YHS, and 

MYHS are provided in Figure 3.3. Notable alterations in MOR expression were not discerned 

across the various treatment groups and subregions. Nevertheless, it can be deduced that a 

predominant portion of MOR expression is situated within the CTX-4, AVA-5, and HIP-5 areas.  

 

 
 
Figure 3.3 Heat maps of MOR expression in all sections after 1 day treatment of saline, morphine, 

YHS and MYHS. Heat map displaying MOR expression after 1 day of S, M, YHS, and MYHS 

treatment. X axis displays all sub regions at section 1-5. Scale bar ranges from 0-1000, which 

corresponds to counts of positive MOR cells/DAPI after immunostaining.  
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Heat maps depicting the expression of MOR following 7 days of exposure to S, M, YHS, and 

MYHS are provided in Figure 4. After 7 day treatment with S, M YHS, and MYHS we found that 

specific sub regions, CTX-2, AMG-4, and THA-4 were of particular interest. MOR expression 

was changed in all these regions following 7 days of morphine, YHS, and MYHS (Figure 3.4). All 

other subregions stayed relatively the same or had a small change in MOR expression. Small 

changes and confocal images between treatment groups and regions are further highlighted in the 

Supplementary section. 

 
 

 
 
Figure 3.4 A. Heat maps of MOR expression in all sections after 7 day treatment of saline, 

morphine, YHS and MYHS. X axis displays all sub regions at section 1-5. Scale bar ranges from 

0-1000, which corresponds to counts of positive MOR cells/DAPI after immunostaining.  
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Discussion 

 5HSHDWHG�H[SRVXUH�WR�RSLRLGV�UHVXOWV�LQ�GLPLQLVKHG�UHVSRQVLYHQHVV�WR�WKH�GUXJV¶�DQDOJHVLF�

and euphoric properties and leads to the development of tolerance, dependence, and ultimately, 

addiction. The brain regions responsible for the development of tolerance are still under study. We 

have previously shown that mice subjected to a 7-day regimen of morphine when co-injected with 

YHS do not display morphine tolerance [16]. In the course of this study, we employed two distinct 

methodologies to elucidate the expression of MOR in the mouse brain following treatments with 

saline (S), morphine (M), YHS, and MYHS for durations of 1 and 7 days. Initially, we conducted 

ELISA assays on whole-brain samples to comprehensively evaluate alterations in overall MOR 

expression. Subsequently, our second methodology involved a region-specific analysis, aiming to 

discern MOR changes within specific brain regions following the same treatments. Mouse brains 

were sectioned, and immunohistochemistry analysis was undertaken. Our initial findings reveal 

that the administration of a 7-day regimen of morphine does not elicit significant changes in MOR 

expression in whole brains. However, intriguingly, when YHS is administered alone or in 

combination with morphine, notable alterations in MOR expression are observed. In our pursuit to 

unravel the underlying mechanisms contributing to the role of YHS in morphine tolerance, we 

posited that the heightened MOR expression might be region-specific. To explore this hypothesis, 

we employed immunocytochemical analyses, focusing on different brain regions to pinpoint the 

selectivity of MOR expression induced by the combined YHS and morphine treatment. 

We quantified MOR-positive neuronal cells using immunostaining across five strategically 

chosen brain sections, covering a comprehensive spectrum of the brain, excluding the cerebellum. 

The construction of a MOR expression heat map was facilitated and validated by correlating 

positive cell numbers with color intensity. At the 30-minute mark following a single injection on 
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Day 1, minimal variations were observed in the heat maps among brain sections treated with saline 

(S), morphine (M), YHS, or the combination MYHS. However, distinctive outcomes emerged 

following the 7-day regimens. Notably, a 7-day morphine treatment failed to yield significant 

differences compared to saline treatment in the heat maps. In contrast, the administration of YHS, 

either alone or in combination with morphine, resulted in noteworthy increases in MOR expression 

over the 7-day period. The most pronounced enhancements were observed in multiple cortex 

sections (CTX1-4 AVA), the thalamus (THA3-4), the amygdala (AMG4), as well as smaller 

regions, such as the lateral septal nucleus (LSN). Remarkably, the cortex exhibited the most 

prominent increases after YHS and MYHS treatment. Importantly, our immunohistochemistry 

experiments consistently indicated that the presence of YHS for 7 days consistently led to 

increases, with no instances of significant decrease, in MOR expression. 

The lateral septal nucleus (LSN) is of particular significance due to its potential role in the 

neurobiological processes linked to the development of opioid tolerance and dependence [127]. 

Our immunohistochemistry results demonstrate that there is an upregulation of MOR expression 

subsequent to exposure to YHS and in combination with morphine. Given the well-established 

connection between MOR expression in the LSN and the central nervous syVWHP¶V� UHVSRQVH� WR�

opioid compounds, an augmentation in MOR expression within this region may hold significant 

implications for the phenomenon of morphine tolerance. The capacity of YHS to induce 

heightened MOR expression within the more caudal level of the LSN may potentially result in 

heightened analgesic effects, with the potential to mitigate the development of tolerance, a pattern 

SUHYLRXVO\� VKRZQ� LQ� RXU� SUHYLRXV� EHKDYLRUDO� VWXGLHV� >���@�� ,W¶V� LPSRUWDQW� WR� QRWH� WKDW� WKH�

relationship between MOR expression in the LSN and tolerance is complex and not fully 

understood. The development of tolerance involves various factors, including the type of opioid, 
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the dose, the duration of use, and genetic predispositions [127]. Additionally, MOR expression is 

regulated by various other factors, which makes this phenomenon more complex. 

Similar to the LSN region, our investigation revealed that the administration of YHS and 

MYHS over a period of 7 days led to a notable enhancement in MOR expression specifically 

within the primary and secondary motor cortex, as well as the anterior cingulate area (CTX), 

when compared to a 7-day regimen of morphine treatment. There is a well-established 

association between the somatosensory cortices and the formation of associative memories 

induced by morphine, and similarly, the anterior cingulate region has been linked to the 

processing of pain signals [128-130]. Notably, we observed a reduction in MOR expression after 

7 days of morphine treatment alone, while the coadministration of YHS and MYHS effectively 

led to an upregulation of MOR expression at this same juncture. Because the primary and 

secondary motor cortex and anterior cingulate area play a broader role in the neural network in 

pain, they may also be influenced indirectly by opioid exposure in the development of tolerance. 

In certain cases, the potential of YHS to enhance MOR expression could potentially mitigate the 

development of tolerance. This hypothesis is rooted in the idea that an augmentation of receptors 

within the primary and secondary motor cortex as well as the anterior cingulate cortex would 

create a surplus of binding sites for opioids. Consequently, this surplus could translate to a 

heightened responsiveness to opioids, potentially reducing the need for escalating doses, as 

observed in our study involving mice subjected to repeated YHS and morphine treatments.  

Lastly, we found that YHS and MYHS treatment for 7 days also enhanced MOR 

expression in the amygdala and thalamus region when compared to 7 days of morphine 

treatment. The thalamus and amygdala hold pivotal roles in the context of morphine tolerance, 

with each playing a unique part in this phenomenon [131]. The thalamus is more directly 
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associated with the sensory and pain-related aspects of tolerance [132], while the amygdala plays 

a role in the emotional and memory-related components of opioid tolerance and dependence 

[128]. Studies have suggested that prolonged morphine use can induce alterations in how the 

thalamus perceives and interprets pain, potentially resulting in a diminished responsiveness to 

such signals over time [133, 134]. This decreased thalamic sensitivity contributes to the 

declining efficacy of morphine in alleviating pain as reported in previous studies [135, 136], and 

aligns with our reported data after 7 days of chronic morphine treatment. Conversely, the 

amygdala assumes a crucial role with the emotional facets of pain perception and the 

establishment of emotional associations linked to pain and drug usage [137]. In the context of 

morphine tolerance, the amygdala can contribute to the emotional dimensions of opioid 

withdrawal [138]. Moreover, the capacity of YHS to enhance MOR expression within both the 

amygdala and thalamus, juxtaposed with the decrease in MOR expression resulting from 

prolonged morphine use, implies the pivotal role these regions play in the tolerance development 

process. We hypothesize that YHS may expand the reservoir of accessible receptors within 

regionally specific sites, like the thalamus and amygdala; this expansion could potentially serve 

as a mechanism to mitigate the development of morphine tolerance. 
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Conclusions 
 
In summary, morphine tolerance involves complex neural changes leading to reduced 

responsiveness to opioids, culminating in tolerance, dependence, and addiction. Although the 

specific brain regions driving these alterations remain unidentified, chronic opioid exposure 

necessitates higher doses for pleasurable effects, perpetuating drug use. Our study explores these 

changes, revealing increased MOR expression in certain regions with chronic morphine, and 

further enhancement with YHS treatment. This suggests YHS could mitigate tolerance by creating 

more binding sites for morphine. These findings provide valuable insights into the mechanisms of 

tolerance and offer potential avenues for managing opioid dependence, showcasing the promise of 

YHS in this regard. Additional investigations are imperative to provide conclusive evidence 

supporting the ability of YHS to enhance MOR expression in specific brain regions. Furthermore, 

these studies will be essential for establishing a direct correlation between the observed MOR 

expression increases and the underlying mechanisms contributing to tolerance development. 
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Supplementary Materials: 
 
Suppl. 3.5 
 
 
Section 1: Day 1 
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Section 1: Day 7 
 

 
 
Suppl. 3.5 Day 1: Quantification of MOR+ cells/DAPI in the LSN after 1 day of S, M, YHS, and 

MYHS injection. One-ZD\� $129$� IROORZHG� E\� 7XNH\¶V� PXOWLSOH� FRPSDULVRQ� WHVW� UHYHDOHG�

significant drug effects in the LSN, F= 9.885, ***p<0.001 compared with YHS, M, S, n= 4-8. 

Quantification of MOR+ cells/DAPI in the CTS, STR, NAc, and DBN after 1 day of S, M, YHS, 

or MYHS injection. One-ZD\�$129$�IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW�UHYHDOHG�QR�

significant drug effects on MOR expression. Day 7: Quantification of MOR+ cells/DAPI in the 

LSN and DBN region after 7 days of S, M, YHS, or MYHS injection. One-way ANOVA followed 
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E\� 7XNH\¶V� PXOWLSOH� FRPSDULVRQ� WHVW� UHYHDOHG� VLJQLILFDQW� GUXJ� HIIHFWV� LQ� WKH� /61�� ) � �������

*p<0.05 compared with S, M, and MYHS, n= 4-8. One-ZD\� $129$� IROORZHG� E\� 7XNH\¶V�

multiple comparison test revealed significant drug effects in the DBN, F= 5.815, **p<0.01 

compared with S and M, *p<0.05 compared with M and MYHS.  Quantification of MOR+ 

cells/DAPI in the CTX, STR, and NAc after 7 days of S, M, YHS, and MYHS injection. One-way 

$129$�IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW�UHYHDOHG�QR�VLJQLILFDQW�GUXg effects on 

MOR expression. 
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Suppl. 3.6 
Section 2: Day 1 
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Section 2: Day 7 
 
 

 
 
Suppl. 3.6 Day 1: Quantification of MOR+ cells/DAPI in the LSN after 1 day of S, M, YHS, and 

MYHS injection. One-ZD\� $129$� IROORZHG� E\� 7XNH\¶V� PXOWLSOH� FRPSDULVRQ� WHVW� UHYHDOHG�

significant drug effects in the lateral septal nucleus (rostral), F= 22.79, p**< 0.01 compared with 

M and YHS, n=4-6. Quantification of MOR+ cells/DAPI in the CTX, STR, NAc, MSN and DBN 



 73 

after 1 day of S, M, YHS, or MYHS injection. One-ZD\�$129$�IROORZHG�E\�7XNH\¶V�PXOWLSOH�

comparison test revealed no significant drug effects on MOR expression. Day 7: Quantification 

(right) of MOR+ cells/DAPI in the CTX. One-ZD\� $129$� IROORZHG� E\� 7XNH\¶V� Pultiple 

comparison test revealed significant drug effects in the CTX, F= 56.30, ****p<0.0001 compared 

with S, M, YHS, and MYHS. Quantification of MOR+ cells/DAPI in the STR. One-way ANOVA 

IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW�UHYHDOHG�VLJQLILFDQW�GUug effects in the  F= 22.45, 

****p<0.0001 compared with morphine, YHS, and M+YHS,***p<0.001 compared with S and 

MYHS. Quantification of MOR+ cells/DAPI in the LSN in mice following day 7 injection of S, 

M, YHS, and MYHS. One-ZD\�$129$�IROORZHG�E\�7XNH\¶V�Pultiple comparison test revealed 

significant drug effects in the LSN F= 22.79, ****p<0.0001 compared with S, M, and MYHS, 

**p<0.01 compared with YHS and M+YHS, *p<0.05 compared with M and YHS. Quantification 

of MOR+ cells/DAPI in the DBN  in mice following day 7 injection of S, M, YHS, and MYHS. 

One-ZD\�$129$�IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW�UHYHDOHG�VLJQLILFDQW�GUXJ�HIIHFWV�

in the DBN,  F= 15.99, ****p<0.001 compared with morphine and YHS,  ***p<0.001 compared 

with S, YHS, and MYHS, n=4-6. Quantification of MOR+ cells/DAPI in the NAc and MSN after 

7 days of S, M, YHS, or MYHS injection. One-ZD\�$129$� IROORZHG� E\� 7XNH\¶V� PXOWLSOH�

comparison test revealed no significant drug effects on MOR expression. 
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Suppl. 3.7 
Section 3: Day 1 
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Section 3: Day 7 
 

 
 
Suppl. 3.7 Day 1: Quantification of MOR+ cells/DAPI in the THA after 1 day of S, M, YHS, and 

MYHS injection One-way ANOVA followed by 7XNH\¶V� PXOWLSOH� FRPSDULVRQ� WHVW� UHYHDOHG�

significant drug effects in the THA, F= 6.761,  p**< 0.01 compared with S and MYHS, *p<0.05 
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compared with S and M, n=6. Quantification of MOR+ cells/DAPI in the CTX after 1 day of S, 

M, YHS, and MYHS injection One-ZD\�$129$�IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW�

revealed significant drug effects in the CTX, p**< 0.01 compared YHS and MYHS. Quantification 

of MOR+ cells/DAPI in the HYT and GP after 1 day of S, M, YHS, and MYHS injection. One-

ZD\�$129$�IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW�UHYHDOHG�QR�VLJQLILFDQW�GUXJ�HIIHFWV�

on MOR expression. Day 7: Quantification of MOR+ cells/DAPI in the THA after 7 days of S, M, 

YHS, and MYHS injection. One-ZD\�$129$� IROORZHG�E\�7XNH\¶V�PXOWLSOH� FRPSDULVRQ� WHVW�

revealed significant drug effects in the THA, F= 9.580,***p<0.001 compared with M and MYHS, 

p**< 0.01 compared with S and MYHS, n=6. Quantification of MOR+ cells/DAPI in the CTX 

after 7 days of S, M, YHS, and MYHS injection. One-ZD\�$129$�IROORZHG�E\�7XNH\¶V�PXOWLSOH�

comparison test revealed significant drug effects in the CTX, F=11.65, ***p<0.001 compared with 

M, YHS, and mYHS. Quantification of MOR+ cells/DAPI in the HYT and GP after 7 days of S, 

M, YHS, and MYHS injection. One-ZD\�$129$�IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW�

revealed no significant drug effects on MOR expression. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 77 

Suppl. 3.8 
Section 4: Day 1 
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Section 4: Day 7 
 

 
 
Suppl. 3.8. Day 1: Quantification of MOR+ cells/DAPI in the AMG after 1 day of S, M, YHS, 

and MYHS injection. One-ZD\�$129$�IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW�UHYHDOHG�

significant drug effects in the AMG, F=6.262 ** p<0.01 compared with S, M, and MYHS. 

Quantification of MOR+ cells/DAPI in the CTX, HIP, THA, and HYT  after 1 day of S, M, YHS, 

and MYHS injection. One-ZD\�$129$�IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW�UHYHDOHG�

no significant drug effects on MOR expression, n=4-8. Day 7: Quantification of MOR+ cells/DAPI 
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in the AMG after 7 days of S, M, YHS, and MYHS injection. One-way ANOVA followed by 

7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW�UHYHDOHG�VLJQLILFDQW�GUXJ�HIIHFWV�LQ�WKH�$0*��) �������S������

compared with S, M, YHS, and MYHS, n= 4-6. Quantification of MOR+ cells/DAPI in the THA 

after 7 days of S, M, YHS, and MYHS injection. One-ZD\�$129$�IROORZHG�E\�7XNH\¶V�PXOWLSOH�

comparison test revealed significant drug effects in the THA, F= 28.45, ****p<0.0001 compared 

with M, YHS, and MYHS, p**<0.01 compared with S, YHS, and MYHS, *p<0.05 compared with 

S and M. Quantification of MOR+ cells/DAPI in the CTX, HYT, and HIP after 7 days of S, M, 

YHS, and MYHS injection. One-ZD\�$129$� IROORZHG�E\�7XNH\¶V�PXOWLSOH� FRPSDULVRQ� WHVW�

revealed no significant drug effects on MOR expression, n= 4-6. 
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Suppl. 3.9 
Section 5: Day 1 
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Section 5: Day 7 
 

 
 
 
Suppl. 3.9 Day 1: Quantification of MOR+ cells/DAPI in the AVA after 1 day of S, M, YHS, and 

MYHS injection. One-ZD\� $129$� IROORZHG� E\� 7XNH\¶V� PXOWLSOH� FRPSDULVRQ� WHVW� UHYHDOHG�
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significant drug effects in the AVA, F= 3.597, *p<0.05 compared with YHS and MYHS, n= 4-8. 

Quantification of MOR+ cells/DAPI in the THA after 1 day of S, M, YHS, and MYHS injection. 

One-ZD\�$129$�IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW�UHYHDOHG�VLJQLIicant drug effects 

in the THA, F= 8.096, p**<0.01 compared with YHS and MYHS, *p<0.05 compared with S, M, 

YHS and MYHS, n= 4-8. Quantification of MOR+ cells/DAPI in the ETA, VTA, SN, MRN, HIP, 

and PG after 1 day of S, M, YHS, and MYHS injection. One-way AN29$�IROORZHG�E\�7XNH\¶V�

multiple comparison test revealed no significant drug effects on MOR expression, n= 4-8. Day 7: 

Quantification of MOR+ cells/DAPI in the MRN after 7 days of S, M, YHS, and MYHS injection. 

One-ZD\�$129$�IROORZHG�E\�7XNH\¶V�PXOWLSOH�Fomparison test revealed significant drug effects 

in the MRN, F= 3.774, *p<0.05 compared with S and M, n= 4-8. Quantification of MOR+ 

cells/DAPI in the ETA, VTA, SN, THA, HIP, and PG after 7 days of S, M, YHS, and MYHS 

injection. One-way ANOVA followed by TXNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW�UHYHDOHG�QR�VLJQLILFDQW�

drug effects on MOR expression. 
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Suppl. 3.10 
 
A. 
 
CTX-2 
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B. 
 
AMG-4 
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C. 
 
THA-4 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 86 

D. 
 
LSN-2 
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E. 
 
STR-2 
 

 
Suppl. 3.10 

A. Representative images MOR+ cells (red) and DAPI (blue) at 40x objective following day 1 

(top) and 7 days (bottom)  injection of S, M, YHS, and MYHS in mice at CTX level 2. Scale 

bar=20 um. B. Representative images MOR+ cells (red) and DAPI (blue) at 40x objective 

following day 1 (top) and 7 days (bottom)  injection of S, M, YHS, and MYHS in mice at AMG 

level 4. Scale bar=20 um. C. Representative images MOR+ cells (red) and DAPI (blue) at 40x 

objective following day 1 (top) and 7 days (bottom)  injection of S, M, YHS, and MYHS in mice 

at THA  level 4. Scale bar=20 um. D. Representative images MOR+ cells (red) and DAPI (blue) 

at 40x objective following day 1 (top) and 7 days (bottom)  injection of S, M, YHS, and MYHS in 

mice at LSN level 2. Scale bar=20 um. E. Representative images MOR+ cells (red) and DAPI 

(blue) at 40x objective following day 1 (top) and 7 days (bottom)  injection of S, M, YHS, and 

MYHS in mice at STR level 2. Scale bar=20 um. 
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Chapter 4: The active components in Corydalis yanhusuo 
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Abstract 
 
The Corydalis yanhusuo extract (YHS), celebrated in traditional Chinese medicine for its 

analgesic properties, encompasses a diverse composition of over 160 compounds, including 

alkaloids, organic acids, volatile oils, amino acids, alcohols, and sugars. Noteworthy among 

these constituents are 81 protoberberine, apomorphine, opiate-like, and other alkaloids 

recognized as pivotal bioactive agents in YHS. Previous work in our laboratory demonstrated 

YHS's efficacy in mitigating morphine tolerance in mice, underscoring its potential in pain 

management. Additionally, we have identified and characterized dehydrocorybulbine (DHCB) 

through high-performance liquid chromatography (HPLC), highlighting its antinociceptive and 

dopamine receptor antagonistic activities. This current study utilizes HPLC to fractionate YHS, 

aiming to identify the specific components responsible for mitigating morphine tolerance. 

Fraction A emerges as a promising candidate, sustaining morphine's analgesic effects over an 

extended period. This comprehensive investigation enhances our understanding of YHS's 

therapeutic potential, paving the way for targeted interventions in pain management. 
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Introduction 

Exploring the intricate mechanisms underlying the analgesic effects of Corydalis yanhusuo 

extract (YHS), particularly its capacity to alleviate morphine tolerance in mice, stands as a pivotal 

area of investigation, substantiated by our prior experimental findings [126]. Morphine, a 

cornerstone in pain management, often leads to the development of tolerance, necessitating higher 

doses for sustained efficacy [139]. This phenomenon poses challenges in clinical settings, as 

increased dosage may contribute to undesirable side effects and potential opioid dependence [140]. 

The imperative to address morphine tolerance and the growing need for alternative medicines in 

pain management underscore the significance of our inquiry into the multifaceted properties of 

YHS [140]. Acknowledging the complexity of YHS as an extract underscores the likelihood that 

its therapeutic efficacy may hinge on the synergistic interactions among a myriad of components. 

To date, YHS has yielded over 160 isolated compounds, encompassing alkaloids, organic 

acids, volatile oils, amino acids, alcohols, and sugars [63]. Of these, alkaloids emerge as the most 

pivotal biological active constituents within YHS [63]. The spectrum of alkaloids extracted and 

identified from YHS surpasses 80, including tertiary amines, quaternary alkaloids, and various 

non-alkaloid compounds [63]. Despite this wealth of chemical diversity, a comprehensive review 

examining the phytochemical and pharmacological aspects of YHS, specifically in the context of 

its analgesic properties, is notably absent from the existing literature. Some components of YHS 

have been identified as protoberberine, apomorphine, opiate-like, and various alkaloids [62, 63, 

141]. These constituents, subjected to pharmacological scrutiny, have exhibited notable 

interactions, including antagonism at dopamine receptors, agonism at opioid receptors, and 

inhibition of acetylcholinesterase activity, all occurring at concentrations in the high nanomolar or 

micromolar range [142]. 
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Berberine stands as a well-established active constituent of YHS, recognized for its 

prominent analgesic contributions in various pathological pain conditions [143]. Belonging to the 

protoberberine alkaloid group, it has been demonstrated to exhibit robust analgesic efficacy [144]. 

A study delving into its impact on visceral pain revealed that the antinociceptive activity of 

berberine was effectively nullified through the administration of the opioid receptor antagonist 

naloxone or selective antagonists targeting mu and delta morphine receptors (MOR and DOR) 

[144]. These findings strongly indicate that the analgesic effects of berberine in visceral pain are 

likely attributed to its binding activities at MOR and DOR [143]. 

Palmatine, an isoquinoline alkaloid belonging to the protoberberine class and closely 

structurally related to berberine [145], exhibits a diverse range of beneficial activities, with a 

notable emphasis on its role in analgesia and anti-inflammation [146]. Investigations have revealed 

that palmatine effectively diminishes the levels of proinflammatory cytokines IL-6 and TNF-Į�LQ�

lipopolysaccharide (LPS)-induced murine macrophage-like cells and BALB/c mice [146]. 

Magnoflorine, also known as thalictrine and escholine, stands as an isoquinoline alkaloid featuring 

an aporphine configuration [147]. As a quaternary ammonium alkaloid, it typically exhibits 

solubility in water, methanol, and ethanol, while remaining insoluble in low-polar organic solvents 

such as petroleum ether and chloroform [147]. Notably, magnoflorine draws attention due to its 

structural resemblance to morphine and its potential association with analgesic properties [147]. 

A study has underscored its significance by demonstrating anti-inflammatory effects, particularly 

at higher doses [148]. This investigation further revealed its capacity to inhibit nitric oxide (NO) 

inflammation production and safeguard murine macrophage cells (RAW 264.7) from 

lipopolysaccharide-induced apoptosis [148]. 

Foremost among the elucidated YHS components is L-tetrahydropalmatine (L-THP), 
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constituting approximately 0.2% of the total dry mass of YHS [149]. L-THP boasts a multifaceted 

pharmacological profile, encompassing sedative, anti-epileptic, antidepressant, anxiolytic, and 

analgesic effects [150]. Its impact extends to the modulation of drug abuse-related behaviors, 

including attenuation of cocaine-associated reward, self-administration of cocaine, and recovery 

from cocaine-induced effects in rats [151, 152]. Furthermore, L-THP has proven effective in 

treating heroin withdrawal syndrome, significantly reducing cravings and withdrawal symptoms 

while enhancing abstinence rates in heroin addicts [153, 154]. While L-THP represents a 

significant component of YHS, questions persist about its ability to solely account for the observed 

effects, given its minute representation in typical YHS consumption (5±10 g per day) [64]. 

Another YHS constituent, dehydrocorybulbine (DHCB), has emerged as a potential 

contributor to YHS effects in models of drug addiction and analgesia [62,]. Following the synthesis 

of DHCB through reverse-phase high-performance liquid chromatography (HPLC), our lab has 

previously shown that it displays moderate antagonist activities towards dopamine receptors [62]. 

Utilizing selective pharmacological compounds and dopamine receptor knockout (KO) mice, we 

also showed that DHCB's antinociceptive effect is predominantly attributed to its interaction with 

D2 receptors, particularly evident at lower doses [62]. Furthermore, this study demonstrates the 

efficacy of DHCB in addressing inflammatory pain and injury-induced neuropathic pain, 

accompanied by the noteworthy observation that it does not induce antinociceptive tolerance [62]. 

It is noteworthy that a combination of L-THP and DHCB does not fully replicate the 

comprehensive analgesic effects of YHS, implying the involvement of additional, yet-to-be-

discovered components [126]. This underscores the complexity of YHS's polypharmacological 

profiles and the imperative need for a detailed exploration of its chemical composition.  

Through reverse-phase HPLC fractionation, our objective is to dissect YHS into its 
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constituent parts, elucidating their individual contributions, and potentially uncovering novel 

compounds responsible for the observed beneficial effects against morphine tolerance and 

dependence. In our initial findings, certain fractions, specifically B and C, displayed inherent 

tolerance effects, contrasting with the sustained analgesic effects observed in Fraction A. These 

unexpected results highlight the intricate interplay of YHS fractions and their diverse 

pharmacological profiles, reinforcing the need for a meticulous investigation into the active 

components contributing to the modulation of morphine tolerance. Notably, Fraction A has 

emerged as a promising candidate, demonstrating the ability to sustain morphine's analgesic effects 

over an extended period. This promising outcome positions Fraction A as a potential key player in 

reversing tolerance, prompting further fractionation and rigorous testing to isolate the active 

component(s) responsible for this. Further elucidation of YHS's intricate pharmacological profile 

could pave the way for novel and more effective pain management strategies. 
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Materials and Methods 
 
Fractionation and Identification of Corydalis yanhusuo Extract Components Using Reverse Phase 
HPLC Technique 
 

YHS was fractionated into various samples for assessment in mice tolerance assays, as 

previously detailed [126]. Reverse phase high-performance liquid chromatography (HPLC) was 

employed as a technique for the separation and identification of components in a mixture [62]. In 

the initial step of column chromatography, the mobile phase (the liquid containing the mixture) 

was passed through a stationary phase (a solid) packed in a column [62]. The components then 

traversed the solid phase at different rates, depending on the compound, allowing for their 

separation over time. Methanol/water was utilized as the mobile phase in reversed-phase 

chromatography [62]. Due to methanol's polar-protic nature, it increased the retention of 

hydrophobic compounds in the reversed phase [62].  

The choice of the column in HPLC was crucial, as the physical and chemical characteristics 

of the specific column determined the degree of separation. In reverse-phase HPLC, where the 

mobile phase is hydrophilic and the stationary phase is hydrophobic, molecules were eluted by 

decreasing polarity through the use of an organic solvent. For the separation of YHS, a C18 column 

was employed [62]. All tested fractions were appropriately diluted based on the total mass 

collected during the HPLC process. Subsequently, individual fractions were subjected to testing 

in mice to observe their analgesic response. Following this initial assessment, morphine was 

administered alongside each individual fraction to monitor tolerance over a 7-day period. Fractions 

that successfully blocked morphine tolerance underwent further fractionation until single 

compounds (or compound combinations) were identified. 
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Animal Handling 
 
Male CD-10 mice, aged 8 weeks and sourced from Charles River, were utilized in all 

behavioral experiments. The mice were group-housed and maintained under a 12-hour light/dark 

cycle, with access to food and water ad libitum. All procedures and treatments were ethically 

approved by the Institutional Animal Care and Use Committee of the University of California, 

Irvine (AUP #20-015). To ensure their well-being, animals were regularly weighed and observed 

post-injections. Any mice exhibiting signs of distress or abnormalities were excluded from the 

study. 

 
Drug Administration 
Morphine 
 

Morphine injectable C II, obtained from Patterson Veterinary (concentration: 10 mg/mL, 

catalog number: 07-892-4699), was administered according to assigned groups and specific 

behavioral experiments. Morphine dosed at 2.5 mg/kg was intraperitoneally (i.p.) injected twice 

GDLO\��PRUQLQJ�DQG�DIWHUQRRQ��IRU�VHYHQ�FRQVHFXWLYH�GD\V��ZLWK�D�GRVDJH�RI���ȝ/�J�EDVHG�RQ�WKH�

individual animal's body weight. The morning and afternoon injections were spaced approximately 

10 hours apart. 

 
Corydalis yanhusuo extract (YHS) and fractions 
 

YHS was sourced from Dongyang County (Zhejiang, China) and validated by the Institute 

of Medication, Xiyuan Hospital of China Academy of Traditional Chinese Medicine, as detailed 

previously [126]. The introduction of YHS into the HPLC column resulted in the collection of 

various fractions (designated as A-E) using a fraction collector. In our prior mice experiments, 

YHS at a dose of 100 mg/kg was administered, and the dosages of the collected fractions were 
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calculated proportionally based on the percentage contribution of each fraction to the total weight 

of all fractions; the cumulative weight of the collected fractions amounted to approximately 77 

mg. All fractions were diluted in a vehicle solution of cremophor EL: ethanol: saline (2:1:17).  

Animal Grouping and Treatments 

Mice were categorized into distinct groups: vehicle, Fraction A-E, morphine 2.5 mg/kg 

(M2.5), and the combination of Fractions A-E with M2.5. Drugs or vehicle were administered 

twice daily for seven days in the hot plate assay. Behavioral testing was conducted in accordance 

with the models explained below. 

 
Behavioral Assessments 
 
Tolerance Assay 
 

Mice received injections twice daily, and the hot plate assay was conducted on day 7 to 

assess tolerance-like behavior. FWL on the hotplate was measured at 30, 60, and 120 minutes after 

injections. Responses on Day 1 and Day 7 were compared to observe any tolerance to the 

administered drugs. 

 
Statistical analysis 
 

GraphPad Prism (GraphPad Software, Inc., San Diego, CA, USA) was used for statistical 

DQDO\VLV�� DQG� DOO� GDWD� DUH� SUHVHQWHG� DV�PHDQௗ�ௗVWDQGDUG� HUURU�PHDQ� �6(0���2QH-way ANOVA 

IROORZHG�E\�7XNH\¶V�SRVW-test was used to analyze the data in this paper. 
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Results 
 

Fractionation of YHS was achieved through reverse phase chromatography. Figure 1 illustrates 

the methodology for reversed phase high-performance liquid chromatography (HPLC). Briefly, 

YHS is injected into the stationary phase (labeled HPLC column).The liquid phase is propelled 

through the column by a binary gradient, meticulously regulated by two pumps, operating under 

high pressure. As the constituents within YHS traverse the solid phase, they exhibit distinct rates 

of movement, facilitated by the unique characteristics of each compound. This differential 

migration enables the temporal separation of the components. Upon exiting the column, the 

individual components encounter an ultraviolet detector, which quantifies their presence. The 

detector output is subsequently transmitted to a computer system, where it is processed to generate 

a chromatogram, providing a visual representation of the separated components in YHS. 

 

 

Figure 4.1 Methodology of reverse phase high performance liquid chromatography of. YHS 

undergoing separation within the stationary phase of the HPLC column, driven by a binary gradient 
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under high pressure. As individual components traverse the solid phase at varying rates, the 

ultraviolet detector captures their presence, producing a chromatogram for detailed analysis. 

 

The fractionation process of YHS resulted in the generation of 5 discernible fractions designated 

as A, B, C, D and E. The chromatogram of YHS presented in Figure 4.2 displays absorbance and 

retention time over a 5-minute period. Retention time, defined as the interval between sample 

injection and the detection of substances, is a crucial parameter for characterizing the separated 

components. The chromatogram highlights different wavelengths, color-coded for clarity, with 

specific attention directed towards the absorbance at 254 nm represented by the black line (Figure 

2). This wavelength was selected due to its relevance to our research focus on alkaloids and 

aromatic rings. Conversely, other wavelengths, such as 210 nm, exhibit broad absorbance 

characteristics, including methanol, while the 280 nm wavelength is more sensitive to conjugated 

compounds. Conjugated compounds are characterized by alternating single and multiple bonds, 

exemplified by compounds possessing two aromatic rings. Five distinct pools, designated as 

Fractions A, B, C, D, and F, were successfully isolated through this chromatographic process 

(Figure 4.2). These fractions have been earmarked for further in vivo testing.  
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Figure 4.2 Chromatogram of YHS. The graph depicts absorbance and retention time (min) 

dynamics over a 25-minute period. Notably, the absorbance at 254 nm (represented by the black 

line) is of particular significance, aligning with our focus on alkaloids and aromatic rings. Five 

distinct fractions (A, B, C, D, and E) were successfully isolated for further in vivo testing, 

showcasing the effectiveness of the chromatographic process. 

 

Two sets of mouse cohorts underwent evaluation through the hot plate assay. The first cohort 

received injections of Fractions A, B, C, D, and E individually and underwent tests for analgesia 

and tolerance over a 7-day period. Figure 4.3 illustrates the analgesic effects of Fractions A, B, C, 

D, and E administered alone for 7 days (D), with the vehicle serving as the control. FWL was 

determined 30 minutes after injections. Fractions B, C, and D demonstrated some analgesic effects, 

while other fractions either exhibited minimal effects or none at all in comparison to the vehicle. 
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Fractions B and C when administered independently displayed some tolerance effects throughout 

the days. However, all other fractions did not manifest any significant tolerance effects. 
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Figure 4.3. Analgesic and tolerance profiles of fractions A, B, C, D and E in mice. FWL at 30 min 

after treatment with Fraction A, B, C, D, and E (i.p. administration) over a period of 7 days (D) (n 

= 4-5) to display analgesia and tolerance. One-ZD\�$129$�IROORZHG�E\�7XNH\¶V�WHVW�UHYHDOHG�

significant drug tolerance over 7 days after Fraction B administration F= 5.084, **p < 0.01 

compared with D1, D2, D6, D7, * p < 0.05 compared with D2, D3, and D5. One-way ANOVA 

IROORZHG� E\� 7XNH\¶V� WHVW� UHYHDOHG� VLJQLILFDQW� GUXJ� WROHUDnce over 7 days after Fraction C 

administration F= 3.829, **p < 0.01compared with D1 and D5, * p < 0.05 compared with D1 and 

D6. All other fractions displayed no significant drug effects.  

 

The second cohort of mice underwent a comprehensive evaluation, receiving combined 

administrations of Fractions A, B, C, D, and E with morphine, as well as morphine alone, spanning 

a duration of 7 days. This experimental design aimed to scrutinize the potential reversal of 

tolerance. Figure 4.4 presents a detailed depiction of the responses exhibited by each fraction when 

administered with morphine for the reversal of tolerance. Notably, Fractions C, D, and E 

demonstrated pronounced tolerance effects throughout the 7-day period, while Fractions A and B 

did not exhibit comparable effects. 
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Figure 4.4 Analgesic and tolerance profiles of fractions A, B, C, D and E in combination with 

morphine in mice. FWL at 30 min after treatment with Fraction A, B, C, D, and E with morphine 

(i.p. administration) over a period of 7 days (D) (n = 4-6) to display reversal of tolerance. One-

ZD\�$129$� IROORZHG� E\� 7XNH\¶V� WHVW� UHYHDOHG� VLJQLILFDQW� GUXJ� WROHUDQFH� RYHU� �� GD\V� DIWHU�

morphine administration, F=11.82, ****p<0.0001 compared with D1, D6, and D7, ***p<0.001 

compared with D1, D3, D4, and D5, *p<0.05 compared with D1 and D2. One-way ANOVA 

IROORZHG� E\� 7XNH\¶V� WHVW� UHYHDOHG� significant drug tolerance over 7 days after Fraction C+M 

administration, F=8.252, ***p<0.001 compared with D1, D4, D5, and D6, ** p<0.01 compared 

with D1, D3, and D7. One-ZD\�$129$� IROORZHG� E\� 7XNH\¶V� WHVW� UHYHDOHG� VLJQLILFDQW� GUXJ�

tolerance over 7 days after Fraction D+ M administration, F=7.444, ****p<0.0001 compared D1, 

D6, and D7, ***p<0.001 compared with D1 and D4, ** p<0.01 compared with D1 and D5,  
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*p<0.05 compared with D1, D2, and D3. One-ZD\�$129$�IROORZHG�E\�7XNH\¶V�WHVW�UHYHDOHG�

significant drug tolerance over 7 days after Fraction E+ M administration, F= 8.821, ****p<0.0001 

compared with D1 and D6, ***p<0.001 compared with D1, D3, D5, and D7,  ** p<0.01 compared 

with D1 and D2. Fractions A+M and B+M displayed no significant drug effects.  
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Discussion 

In our investigation, we sought to delineate the specific components of the YHS extract 

responsible for reversing morphine tolerance. Initially, we fractionated YHS into distinct fractions 

and subjected them to in vivo testing in mice using a hot plate assay over a 7-day period as 

previously described [126]. Given our prior evidence indicating that the combination of YHS and 

morphine effectively blocked morphine tolerance, we aimed to identify which fractions could 

individually reverse this tolerance [126]. 

Surprisingly, our results revealed that some fractions, namely Fraction B and C, exhibited 

tolerance effects on their own. This observation prompted us to hypothesize that the component 

responsible for blocking morphine tolerance might reside in a fraction distinct from those 

exhibiting inherent tolerance. Notably, Fraction A, D, and E did not induce tolerance when 

administered alone. Furthermore, our assessment of analgesic responses demonstrated that certain 

fractions, such as A and F, did not elicit significant analgesic effects, while B, C, and D exhibited 

heightened responses compared to our control. This discrepancy in analgesic efficacy prompted 

us to investigate the interactive effects of each fraction when combined with morphine. 

Combining morphine with all fractions and testing them in mice over 7 days, alongside 

administering morphine alone, revealed intriguing findings. Fractions C, D, and E, when combined 

with morphine, failed to reverse morphine tolerance. Conversely, Fraction B, while not exhibiting 

inherent tolerance effects, did not enhance the analgesic response of morphine. Instead, the 

combined effects resembled those of Fraction B alone over the 7-day period, indicating a potential 

blockage of morphine's effects rather than a reversal of tolerance. The most promising results 

emerged with Fraction A+M, where the combination was able to sustain the analgesic effect of 

morphine over the 7-day period. Although Fraction A alone did not exhibit substantial analgesic 
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responses, its ability to preserve the effects of morphine makes it a compelling candidate for further 

exploration. 

Moving forward, Fraction A warrants additional fractionation and tolerance testing to 

isolate the active component(s) responsible for blocking morphine tolerance. Advanced techniques 

such as liquid chromatography mass spectrometry (LC/MS) can be employed to identify and 

quantify known and unknown compounds within this fraction. This meticulous analysis may 

contribute to unraveling the molecular basis of morphine tolerance reversal and guide future 

studies in refining therapeutic strategies for managing opioid tolerance. 
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Conclusions 

In summary, our study marks a significant advancement in unraveling the intricate 

relationship between YHS fractions and morphine tolerance. Notably, Fraction A has emerged as 

a compelling focal point, showcasing its potential to sustain morphine's analgesic effects over an 

extended duration. Subsequent investigations will delve deeper into Fraction A, subjecting it to 

further fractionation and rigorous tolerance testing. These endeavors aim to pinpoint the specific 

active component(s) responsible for mitigating morphine tolerance. Our findings provide valuable 

insights, laying the foundation for future inquiries dedicated to refining therapeutic approaches in 

addressing opioid tolerance and optimizing the efficacy of pain management strategies. 
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Chapter 5: A selective agonist, JNJ-63533054, serves as a potential analgesic in mice 
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Abstract 
 
GPR 139 discreetly manifests in the brain, with its apex expression discernible in the medial 

habenula. Its intricate involvement in interconnected circuits associated with mood, motivation, 

and anxiety is well-established. Furthermore, GPR 139's endogenous ligands, identified as 

catecholamine/serotonin precursors, underscore its pivotal role in modulating neurons engaged in 

vital physiological and psychological processes. The GPR 139 agonist, JNJ-63533054, has 

undergone scrutiny for its potential therapeutic applications in neurobehavioral circuits. Recent 

studies illuminate the nuanced functions of GPR 139, indicating its participation in adaptive or 

habituative processes in response to chronic states or stimuli. Additionally, JNJ-63533054 has 

exhibited the ability to inhibit morphine-induced analgesia in various pain models and morphine 

self-administration, highlighting its potential as a versatile pharmacological agent. However, 

exploration of JNJ-63533054 as an analgesic itself is currently lacking, notwithstanding its 

established links to the opioid receptor. In prior studies, our lab has demonstrated that YHS extract 

exerts its effects, at least in part, via the dopamine 2 receptor. Moreover, when YHS extract is 

combined with morphine, it effectively mitigates morphine tolerance. In this investigation, we aim 

to determine whether the mechanism by which YHS blocks morphine tolerance involves the GPR 

139 receptor. This study builds upon the existing knowledge of this selective agonist, revealing 

that JNJ-63533054 serves as an analgesic in mice, as demonstrated in the hot plate assay. This 

discovery not only enhances our comprehension of the pharmacological effects of GPR 139 

activation but also proposes an alternative avenue for targeting pain medications. The 

comprehensive insights presented here contribute significantly to the expanding knowledge base 

on GPR 139, offering a foundation for further exploration into its therapeutic applications in pain 

management. 



 110 

Introduction 

 
2SLRLGV�� UHQRZQHG�IRU� WKHLU�SRWHQW�SDLQ�PDQDJHPHQW� WKURXJK�ȝ-opioid receptor (MOR) 

activation, carry a substantial risk of abuse and addiction [53]. Within the domain of orphan G 

protein-coupled receptors (GPCRs), approximately 100 receptors, characterized by ambiguous 

matches to neuromodulators, obscure signaling mechanisms, and poorly understood physiological 

roles, offer a promising avenue to unravel novel neuromodulatory systems and illuminate 

neuropsychiatric conditions [155]. Despite the challenges posed by orphan receptors, successful 

³GH-RUSKDQL]DWLRQ´� VWRULHV� XQGHUVFRUH� WKHLU� SRWHQWLDO� DV� LQQRYDWLYH� GUXJ� WDUJHWV�� LQFOXGLQJ� WKH�

intriguing GPR139 [155]. 

GPR139, exhibiting features akin to canonical peptide receptors within class A GPCRs, 

ZHDNO\�DFWLYDWHV�LQ�UHVSRQVH�WR�DURPDWLF�DPLQR�DFLGV�DQG�SHSWLGHV�GHULYHG�IURP�Į-MSH [156]. 

Studies link GPR139 to MOR, revealing its anti-opioid activity in C. elegans through forward 

genetics, making it a potential target for enhancing opioid safety [67]. Selective expression of 

GPR139 in brain circuits associated with motivated behaviors, movement control, nociception, 

and cognition has been unveiled [156]. 

Pharmacological and genetic investigations implicate GPR139 in the rewarding and 

DQDOJHVLF� HIIHFWV� RI� VXEVWDQFHV� OLNH� DOFRKRO� DQG�RSLRLGV�� UHYHDOLQJ� LWV� FRRUGLQDWLRQ�ZLWK� WKH�ȝ-

opioid system and its influence on dopamine D2 receptors (D2R) [66]. The intricate interplay 

between D2R and GPR139 represents a fascinating axis within neural signaling, suggesting a 

regulatory influence of D2R on GPR139-mediated processes [66]. This dynamic interaction may 

contribute to modulating circuits associated with motivated behaviors, movement control, 

nociception, and cognition [66]. Exploring the relationships between these receptors may provide 
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valuable insights into their coordinated impact on neural regulation and potential therapeutic 

applications. 

One study focused on unraveling the functional interplay between GPR139 and DRD2 in 

vitro, utilizing a calcium mobilization assay in cells co-transfected with both receptors from 

multiple species. Interestingly, the dopamine DRD2 agonist failed to elicit a calcium response in 

cells expressing DRD2 alone, consistent with the Gi signaling transduction pathway [66]. 

However, in cells co-transfected with both DRD2 and GPR139, the DRD2 agonist successfully 

induced a calcium response, supporting an in vitro interaction between GPR139 and DRD2 [66]. 

These findings suggest their potential functional interaction in native tissue settings. 

GPR139's pivotal role in modulating interconnected circuits associated with mood, 

motivation, and anxiety is well-documented, emphasizing its significance [157]. The selective 

agonist, JNJ-63533054, acting upon GPR139, has potential therapeutic applications in 

neurobehavioral circuits, influencing adaptive or habituation processes and demonstrating 

involvement in the modulation of sleep states [158]. The versatile pharmacological profile of JNJ-

63533054, inhibiting morphine-induced analgesia and self-administration, suggests its 

multifaceted therapeutic potential [67]. 

To address the critical gap in understanding JNJ-63533054's standalone analgesic 

properties, our study aims to unveil its role using GPR139 transgenic KO models in mice, 

particularly in the hot plate assay. Our lab's prior research on YHS has shown its activity at the D2 

receptor and its ability to block morphine tolerance [126]. To delve deeper into how YHS achieves 

this effect, we hypothesize that the GPR139 receptor may be involved, given in vitro studies 

indicating its co-localization and functionality with the D2 receptor. Beyond unveiling this novel 

pharmacological facet, our findings propose an alternative avenue for pain medication targeting, 
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enriching our comprehension of the pharmacological effects of GPR139 activation. These insights 

might contribute significantly to the expanding knowledge base on GPR139 and establish a solid 

foundation for further exploration into its therapeutic applications in pain management. 
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Materials and Methods 

Animals  

Two distinct mouse strains were employed in behavior experiments. Male CD-10 mice, 

aged 8 weeks, were procured from Charles River, while the GPR 139 knockout mouse strain 

(GPR139tm1.1(KOMP)Vleg), bred on a pure C57BL/6N background, originated from the 

embryonic stem cell clone 10338B-A5, generated by Regeneron Pharmaceuticals Inc. and obtained 

from the KOMP repository at the University of California, Davis [67]. Littermates used in the 

study were produced through the mating of heterozygous parents [67]. The mice were group-

housed and maintained under a 12-hour light/dark cycle, with ad libitum access to food and water. 

Ethical approval for all procedures and treatments was obtained from the Institutional Animal Care 

and Use Committee of the University of California, Irvine (AUP #20-015). Regular weight 

monitoring and post-injection observations were conducted to ensure the animals' well-being. Any 

mice displaying signs of distress or abnormalities were excluded from the study. 

 

Behavior assays 

Locomotor activity 

Locomotor activity was assessed following established protocols [159]. Mice underwent a 

30-minute habituation period in a locomotion test chamber (Med Associates, Inc.), with 

subsequent recording of locomotor activity for 1 hour [159]. The obtained data were analyzed 

using Activity Monitor 5 software (Med Associates, Inc.). 
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Hotplate assay 

To establish the antinociceptive effects JNJ-63533054 on acute pain, foot withdrawal 

latency (FWL) in the hot plate assay was measured 30 min after injections, as well as before to 

establish a baseline on day 1 at 52 degrees Celsius [126]. A hotplate assay was performed, as 

described in the literature [95, 96, 126]. The cutoff time for the hotplate assay was 50s. 

Tolerance assay 

Mice were injected twice daily and the hot plate assay was tested on day 7 for tolerance-

like behavior. FWL on the hotplate was measured at 30 min after injections. Day 1 and Day 7 

responses were compared to observe any tolerance to the drugs as previously described [126]. 

Drug Administration 

Morphine injectable (C II) (10 mg/mL), was obtained from Patterson Veterinary (Product 

ID: 07-892-4699) [126]. Mice received intraperitoneal (i.p.) injections of morphine at a dosage of 

2.5 mg/kg. YHS, obtained from Dongyang County in Zhejiang, China, and authenticated by the 

Institute of Medication at Xiyuan Hospital of China Academy of Traditional Chinese Medicine (as 

SUHYLRXVO\� GHVFULEHG��� ZDV� DGPLQLVWHUHG� DW� D� GRVH� RI� ���� PJ�NJ� LQ� D� YROXPH� RI� �� ȝ/�J� YLD�

intraperitoneal administration [126]. JNJ-63533054 was dissolved in a vehicle solution containing 

cremophor EL: ethanol: saline (2:1:17) [126]. JNJ dosed at 1, 3, 5 and 10 mg/kg were administered. 

7KH�LQMHFWLRQ�YROXPH�ZDV���ȝ/�J��DQG�LQGLYLGXDO�GRVDJHV�ZHUH�GHWHUPLQHG�EDVHG�RQ�HDFK�DQLPDO¶V�

body weight. Drugs were administered twice daily in the morning and afternoon approximately 10 

hours apart, for a duration of 7 days for tolerance assay [126].  
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Statistical analysis 

GraphPad Prism (GraphPad Software, Inc., San Diego, CA, USA) was used for statistical 

DQDO\VLV��DQG�DOO�GDWD�DUH�SUHVHQWHG�DV�PHDQௗ�ௗVWDQGDUG�HUURU�PHDQ��6(0���8QSDLUHG�W�WHVW�DQG�RQH-

way ANOVA followed by Tukey post-test and unpaired t tests was used to analyze data presented 

in this paper.  
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Results 

To ascertain the optimal dosage for JNJ-63533054 in subsequent hotplate and tolerance 

assays, GPR139 wild-type (WT) mice underwent injections with varied doses (1, 3, and 10 mg/kg). 

The locomotor activity assay, depicted in Figure 1, showcases the diverse JNJ doses administered 

alongside the respective distances traveled by each group. Remarkably, no statistically significant 

differences were detected in locomotor activity across all administered doses. 

 

Figure 5.1. Lack of locomotor inhibition by JNJ 63533054 in WT mice. The graph depicts the 

distance traveled by mice during a 60-minute locomotion assay, illustrating the impact of varying 

doses of JNJ (1, 3, and 10 mg/kg). Statistical analysis, conducted through one-way ANOVA 

IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW��UHYHDOHG�QR�VLJQLILFDQW�GUXJ�HIIHFWV�RQ�ORFRPRWRU�

activity (F = 0.4774) (n=4-11). 

Having observed no significant inhibition of locomotor activity with various JNJ doses, we 

confirmed the drug's lack of influence on movement, crucial for the subsequent analgesia 
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assessment in the hotplate assay. Varying doses of JNJ (1, 3, 5, and 10 mg/kg) were systematically 

administered to determine the compound's potential analgesic properties. Initial investigations 

utilized the WT strain from the GPR139 mouse model to observe analgesic responses in the 

hotplate assay. Figure 5.2 illustrates the withdrawal latencies (FWL) at the 30-minute post-

injection mark for vehicle, JNJ 1, JNJ 3, JNJ 5, and JNJ 10 (mg/kg). Notably, JNJ 3, JNJ 5, and 

JNJ 10 demonstrated analgesic effects compared to the vehicle group, establishing a dose-

dependent trend. 

 

 
 

Figure 5.2 Evaluation of analgesic effects of JNJ 63533054 in the hotplate assay in WT mice. To 

ascertain the analgesic potential of JNJ 63533054, varying doses (1, 3, 5, and 10 mg/kg) were 

administered in the hotplate assay. The graph displays the withdrawal latencies (FWL) at the 30-

minute mark after injections of vehicle, JNJ 1, JNJ 3, JNJ 5, and JNJ 10 (mg/kg). One-way 

$129$� IROORZHG� E\� 7XNH\¶V� PXOWLSOH� FRPSDULVRQ� WHVW� UHYHDOHG� VLJQLILFDQW� GUXJ� HIIHFWV�� ) �
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12.71, ****p<0.0001 compared with vehicle and JNJ 5, ***p<0.001 compared with vehicle and 

JNJ 10, **p<0.01 compared with vehicle, JNJ 1, JNJ 3, and JNJ 5, *p<0.05 compared with JNJ 1 

and JNJ 10.  

 

Following the analysis of dose-response data, we selected the JNJ dose of 3 mg/kg for subsequent 

investigations. In a comprehensive assessment of JNJ 63533054's analgesic potential, we 

employed this chosen dose in the hotplate assay, extending our observations to both GPR 139 WT 

and KO mice, as well as male and female subjects. Figure 5.3 presents the withdrawal latencies 

(FWL) of male and female WT and KO mice. Notably, JNJ 3 mg/kg demonstrated pronounced 

analgesic effects in both male and female WT mice, underscoring its efficacy. Conversely, this 

dose exhibited no analgesic effects in male and female KO mice as predicted, emphasizing the 

selectivity and critical role of GPR 139 in mediating JNJ 63533054's analgesic response. These 

findings highlight the nuanced interplay of gender and genotype in influencing the compound's 

efficacy in the hotplate assay. 
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Figure 5.3 Sex and genotype influence on JNJ 63533054 analgesic efficacy in the hotplate assay. 

Top graphs display FWL results of WT male (left) and KO male (right). Unpaired t tests revealed 

significant differences in WT male after JNJ 3 treatment compared to vehicle (t= 6.317, p= 

0.0007), ***p<0.001. Unpaired t tests revealed no significant differences in KO male mice after 

JNJ 3 and vehicle. Bottom graphs display FWL results of WT female (left) and KO female (right). 

Unpaired t tests revealed significant differences in WT female mice after JNJ 3 treatment compared 

to vehicle (t=3.826, p=0.087), **p<0.01. Unpaired t tests revealed no significant differences in 

KO female mice after JNJ 3 and vehicle 
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To investigate the potential interaction between YHS and the GPR 139 receptor, we administered 

a YHS dose of 100 mg/kg to male and female GPR 139 WT and KO mice. In Figure 5.4, the 

withdrawal latencies (FWL) following YHS and vehicle treatments are depicted for both male and 

female WT/KO mice. YHS exhibited analgesic effects in both GPR 139 WT and KO mice, 

suggesting that the observed analgesia is not mediated through the GPR 139 receptor. These 

findings challenge the hypothesis that the analgesic impact of YHS is linked to GPR 139, 

prompting further exploration into alternative mechanisms underlying the observed analgesic 

effects. 
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Figure 5.4 YHS analgesic effect is independent of GPR 139 receptor. Top graphs display FWL 

results of WT male (left) and KO male (right). Unpaired t tests revealed significant differences in 

WT and KO male after YHS treatment compared to vehicle, t=6.481, p=0.0006, and t=8.600, 

p=0.001 ***p<0.001. Bottom graphs display FWL results of WT female (left) and KO female 

(right). Unpaired t tests revealed significant differences in WT and KO female mice after YHS 

treatment compared to vehicle, t=13.34, p= 0.0001 and t=3.638, p=0.0109, ****p<0.0001 and 

*p<0.05.  
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To explore the potential involvement of the GPR 139 receptor in YHS's ability to counteract 

morphine tolerance, tolerance assays were conducted in both male and female GPR 139 WT and 

KO mice. Over a 7-day period, mice were treated with morphine (2.5 mg/kg) alone or in 

combination with YHS (100 mg/kg). Figure 5.5A illustrates the impact of morphine alone and 

morphine + YHS on WT male and female mice. As anticipated, morphine alone induces tolerance 

effects, while the co-administration of morphine and YHS prevents the development of tolerance. 

 

The effects of morphine alone and morphine + YHS on KO male and female mice over the 7-day 

period are depicted in Figure 5.5B. While morphine alone induces tolerance in KO male and 

female mice, the combination of morphine and YHS prevents the development of tolerance. 

However, it's noteworthy that the overall analgesic responses in KO females and males with 

morphine + YHS are considerably lower compared to their WT counterparts. This suggests that 

while YHS retains its ability to block morphine tolerance in KO mice, the analgesic efficacy is 

diminished in the absence of the GPR 139 receptor, indicating a potential modulatory role of GPR 

139 in this context. 
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Figure 5.5 YHS-mediated prevention of morphine tolerance in GPR 139 KO mice.  

A. Tolerance assays were conducted in GPR 139 WT male and female mice following treatment 

with morphine (2.5 mg/kg) alone or combined with YHS (100 mg/kg) for 7 days. The Y axis 



 125 

shows FWL (sec) after 30 min of treatment, and the x axis displays days (D). One-way ANOVA 

IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW�UHYHDOHG�VLJQLILFDQW�GUXJ�HIIHFWV�DIWHU���GD\V�RI�

morphine treatment in WT male mice, F=15.99, ****p<0.0001 compared with D1, D3, D4, D5, 

D6, D7, **p<0.01 compared with D1 and D2, and *p<0.05 compared with D2, D4, and D6. One-

ZD\�$129$�IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW�UHYHDOHG�VLJQLILFDQW�GUXJ�HIIHFWV�

after 7 days of morphine treatment in WT female mice, F=22.72, ****p<0.0001 D1-D7, *p<0.05 

compared with D2 and D6. B. Tolerance assays were conducted in GPR 139 KO male and 

female  mice following treatment with morphine (2.5 mg/kg) alone or combined with YHS (100 

mg/kg) for 7 days. One-ZD\�$129$�IROORZHG�E\�7XNH\¶V�PXOWLSOH�FRPSDULVRQ�WHVW�UHYHDOHG�

significant drug effects after 7 days of morphine treatment in KO male mice, F= 11.50, 

****p<0.0001 compared with D1, D4, D6, and D7, ***p<0.001 compared with D1, D3, and D5, 

and **p<0.01 compared with D1 and D2. One-way ANOVA IROORZHG�E\�7XNH\¶V�PXOWLSOH�

comparison test revealed significant drug effects after 7 days of morphine treatment in KO 

female mice, F=12.30,****p<0.0001compared with D1, D3, D4, D5, and D7, and ***p<0.001 

compared with D1, D2, and D6.  
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Discussion 

Unveiling Novel Analgesic Properties of JNJ-63533054  

The present study brings forth significant revelations concerning the analgesic properties 

of JNJ-63533054 and YHS, challenging existing paradigms and shedding light on potential 

alternative mechanisms. In a recent investigation focusing on JNJ-63533054, an unexpected 

discovery emerged, indicating its promise in altering morphine analgesia [67]. Intriguingly, 

administration of JNJ-63533054 resulted in a substantial reduction in morphine-induced analgesia, 

challenging traditional assumptions about the pharmacological interactions between JNJ-

63533054 and morphine [67]. Notably, this study observed that JNJ-63533054 did not exhibit 

independent analgesic effects in the absence of morphine, adding a layer of complexity to its role 

in pain modulation. 

Our exploration commenced with JNJ-63533054, a compound traditionally not linked to 

analgesia. Surprisingly, our results revealed pronounced analgesic effects in the hotplate assay, a 

novel finding not previously reported. This analgesic response was consistent at the selected dose 

of 3 mg/kg in both male and female GPR 139 wild-type (WT) mice, highlighting the compound's 

efficacy in diverse contexts. Crucially, the investigation extended to GPR 139 knockout (KO) 

mice, revealing a marked contrast in analgesic responses. As anticipated, the same dose of JNJ-

63533054 exhibited no analgesic effects in GPR 139 KO mice, reaffirming the specificity of its 

action through the GPR 139 receptor. The intriguing interplay between gender and genotype 

emphasizes the intricate modulation of analgesic efficacy, underscoring the pivotal role of GPR 

139 in mediating JNJ-63533054's analgesic response. This unprecedented finding prompts a 

reconsideration of JNJ-63533054's pharmacological profile, inviting further investigations into its 
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mechanisms of action and the selective activation of GPR 139, which, in turn, nuances neural 

circuits associated with pain processing. 

 

YHS exhibits analgesic and tolerance effects independent of GPR 139 receptor modulation 

 

The colocalization of the dopamine D2 receptor (D2R) and GPR139 has been a subject of 

interest in neurobiological studies [66]. Existing knowledge suggests their coexpression in specific 

brain circuits associated with motivated behaviors, movement control, nociception, and cognition. 

Studies propose a functional interaction between GPR139 and D2R, influencing neuromodulatory 

processes [66]. Despite our plant extract being identified as a D2 antagonist, our interest extended 

to observing its analgesic properties and potential interaction with the GPR 139 receptor. 

Contrary to our initial hypothesis, YHS's analgesic effects were observed in both GPR 139 

WT and KO mice, challenging the notion of GPR 139 mediation. This unexpected outcome directs 

our attention towards alternative mechanisms underlying YHS's analgesic properties. Intriguingly, 

YHS also demonstrated efficacy in preventing morphine tolerance, deviating from the anticipated 

GPR 139-dependent mechanism. While morphine + YHS prevented tolerance development in both 

GPR 139 WT and KO mice, the overall analgesic responses in KO mice were notably diminished. 

This observation suggests a potential modulatory role of GPR 139 in the analgesic efficacy of 

YHS, warranting detailed exploration into the complex interactions between YHS, GPR 139, and 

morphine tolerance. 

Our findings challenge existing paradigms and offer novel insights into the analgesic 

properties of JNJ-63533054 and YHS. The selectivity of JNJ-63533054 for GPR 139 opens new 

avenues for drug development, while the unexpected actions of YHS beckon further exploration 

into its alternative mechanisms and potential modulatory roles of GPR 139. These revelations not 
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only contribute to our understanding of analgesic pharmacology but also pave the way for future 

research exploring the intricate interplay between compounds, receptors, and pain modulation. 
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Conclusions 

In conclusion, our study has unveiled unforeseen analgesic properties of JNJ-63533054 

and YHS, challenging existing paradigms and sparking inquiries into alternative mechanisms. The 

unexpected reduction in morphine-induced analgesia by JNJ-63533054 prompts a reevaluation of 

its pharmacological profile and emphasizes the intricate interplay with morphine. The distinct 

analgesic responses observed in GPR 139 KO mice underscore the critical role of GPR 139 in 

mediating JNJ-63533054's effects, opening avenues for future investigations into its specific 

mechanisms of action and the modulation of neural circuits associated with pain processing. On 

the other hand, YHS's analgesic efficacy, independent of GPR 139, signifies the existence of 

alternative pathways, urging further exploration into the intricate network of receptors and 

signaling cascades involved. The observed modulation of morphine tolerance by YHS in the 

absence of GPR 139 suggests complex interactions, meriting comprehensive investigation. Future 

research should delve into elucidating the precise molecular mechanisms underlying JNJ-

63533054's analgesic response and unraveling the alternative pathways through which YHS exerts 

its analgesic effects. Additionally, exploring the broader implications of these findings in the 

development of novel analgesic strategies and their potential translation to clinical applications 

holds promise for advancing our understanding of pain modulation and treatment. 
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