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REVIEW: Synergistic relationships between the endocannabinoid and the opioid systems.
Opportunistic agonists that bind promiscuous receptors.
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ABSTRACT
Opioids and cannabinoids have comparable neurobiological properties with significant degree of functional interaction. 
Both opioid and cannabinoid receptors are Gi/o-protein-coupled receptors [GPCRs] with similar intracellular signaling mechanisms, including inhibition of the adenylate cyclase [AC] activity that causes decrease in intracellular cyclic AMP [cAMP], reduced activity of voltage-gated calcium (Ca++) channels [VGCCs], activation of inwardly rectifying potassium [K+] channels, and stimulation of the mitogen-activated protein kinase [MAPK] intracellular cascade. 
Cannabinoid type-1 (CB1) and mu opioid receptors [MOR] or delta opioid receptors [DOR] can interact directly as functional heterodimers when co-expressed in the same neuron. 
Cannabinoid administration may stimulate the synthesis and release of endogenous opioid peptides centrally and peripherally.
Opioid mu receptors [MOR] antagonists can treat withdrawal symptoms of synthetic cannabinoids.

Cannabinoid CB1 receptor antagonist can treat withdrawal symptoms of morphine.
Each of these properties would predict a synergistic interaction between opioids and cannabinoids.
There are presently four cannabinoid products that are marketed in different countries around the world for clinical use for an array of indications. These are dronabinol (synthetic Δ9 -THC; Marinol®), nabilone (synthetic THC analogue; Cesamet®), nabiximols (Δ9-THC/cannabidiol (CBD) mixture; 2.7/2.5 ratio, Sativex®) and purified cannabidiol (Epidiolex®).
Both exogenous opioids and phytocannabinoids [pCBs] are very hydrophobic molecules.

Exogenous opioids and pCBs are very different from endogenous opioids and endocannabinoids [eCBs], respectively.

The physical-chemical characteristics of drugs (e.g. hydrophilicity, lipophilicity, hydrogen bonding potential) largely determine their passive transport across the blood-brain barrier [BBB], through hydrophilic paracellular and lipophilic transcellular transport.
Our review will describe recent studies in the field and focus on other neurologic systems such as: dopaminergic, adrenergic, cholinergic, serotoninergic, adenosine, glycine, glutamate, GABA, prostaglandins and more.
General Introduction
G-protein coupled receptors [GPCRs]

Ligands (agonists or antagonists) bind selectively with high affinity to the binding pockets of membranal receptors. Upon binding, the receptors undergo conformational change, starting a series of biochemical reactions (signal transduction cascade) inside cells.
GPCRs, also known as seven transmembrane (TM) domain receptors or heptahelical receptors, form the largest protein superfamily in mammalian genomes. They share a common counter-clockwise bundle structure of seven TM helices and associate with heterotrimeric guanine nucleotide-binding proteins (G proteins). The conformational changes of GPCRs upon ligand binding activate the associated G protein to initiate a series of biochemical reactions within the cell. These intracellular reactions regulate various physiological functions, such as smell, taste, vision, secretion, neurotransmission, metabolism, cellular differentiation and growth, pain sensation, inflammatory and immune response and more. 
Consequently, malfunction of GPCR signalling pathways can cause various diseases, including cancer, diabetes, obesity, inflammation, cardiac dysfunction, and central nervous system [CNS] disorders. 
The clinical importance of GPCRs can be delineated by their pharmaceutical applications; approximately 50% of all drugs (including best-selling drugs on the market) target GPCRs. However, it is also known that drugs have only been developed to affect a small number of the GPCRs. As only 10% of all GPCRs encoded in the human genome are targeted by current drugs, GPCRs continue to be the most popular target class for drug discovery. The MSC [minimum span clustering] results of GPCRs can be well explained by estimating the selective pressure of GPCRs, as exemplified by investigating the largest two subfamilies, peptide receptors (PRs) and olfactory receptors (ORs), in class A GPCRs. PRs are decomposed into three groups due to a positive selective pressure [PSP], whilst ORs remain as a single group due to a negative selective pressure [NSP].
Positive selective pressure [PSP]
Evolutionary pressure or selection pressure is exerted by factors that reduce or increase reproductive success in a portion of a population, driving natural selection. It is a quantitative description of the amount of change occurring in processes investigated by evolutionary biology.
Evolutionary association of receptor-wide amino acids

with G protein–coupling selectivity in aminergic GPCRs.
 Berkay Selçuk, Ismail Erol et al.
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GPCRs induce signal transduction pathways through coupling to four main subtypes of G proteins (Gs, Gi, Gq, and G12/13), selectively. Herein, we performed extensive phylogenetic analysis and identified specifically conserved residues for the aminergic receptors having similar coupling profiles. By integrating our methodology of differential evolutionary conservation of G protein–specific amino acids with structural analyses of the proper receptor activation we proposed sequential switches of activation.  
Impairments of aminergic receptor activation are likely to be the cause of diseases such as coronary heart disease or major depression. Therefore, understanding the molecular mechanisms of coupling selectivity is crucial for developing better therapeutics and diagnostics. We identified specific activation networks for Gs, Gi1, Go, and Gq. To validate that these networks could determine coupling selectivity we further analyzed Gs-specific activation network and its association with Gs selectivity. Through molecular dynamics simulations, we showed that previously uncharacterized Glycine at position 7x41 [position #41 in the 7th transmembrane helix] plays an important role in receptor activation, and it may determine Gs coupling selectivity by facilitating a larger TM6 movement. By integrating our findings and current literature we propose a G protein selectivity model involving a series of modules. As pilots turn on switches in a pre-determined order before the takeoff, GPCRs must turn on their molecular switches for a specific type of G protein coupling to occur. If pilots fail to turn on all the switches properly because of an error, there will be no permission for them to depart. Similarly, all molecular switches must be turned on for receptors to engage with a G protein and induce downstream signaling pathways. For these reasons, we named our model “sequential switches of activation” (Fig 5 [green = On, red = Off]). 
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with 7x42 (Fig 4D), it increases its contact residues at TM3 3x43 and
3x39 (Fig 4E). Increased interactions between TM6 and TM3 loosen
TM3-TM7 packing which is an important initiator of the TM6 tilt in
class-A GPCRs (Zhou et al, 2019). In addition, it loosens the contacts
between TM6 and TM7 through 6X48-7x42, 6x44-Tx49, and 6X52-7x45,
which explains the increased distance between 7x53 and 3x43 (Fig 4E).

Moreover, the simulations of cysteine and leucine variants exhibited -

an increased contact between 3x43 and 6x40 (P < 0.07) inhibiting the
receptor activation through restricting outward TM6 movement.
When we evaluated the inactive trajectories, we observed similar
contact changes between 6x48, 6x51, 7x41, and 7x42 (P < 0.07) proving
that the simulation results are not biased toward active-state sim-
ulations. Thus, analysis of MD trajectories suggests that glycine at
7x41 plays an important role in receptor activation, and it is likely to
control selectivity for Gs coupling by promoting a larger tilt of TM6
which we observe almost exclusively in Gs-coupled receptors.
However, the roles of G and differential TM6 position in deter-
mining Gs coupling selectivity requires experimental validation.

Discussion

By integrating our findings and current literature we propose a G
protein selectivity model involving a series of modules. As pilots
turn on switches in a pre-determined order before the takeoff,
GPCRs must turn on their molecular switches for a specific type of G
protein coupling to occur. If pilots fail to turn on all the switches
property because of an error, there will be no permission for them
to depart. Similarly, all molecular switches must be turned on for
receptors to engage with a G protein and induce downstream
signaling pathways. For these reasons, we named our model “se-
quential switches of activation” (Fig 5). We propose the existence of
three main switches within a GPCR structure. The first switch checks
for binding of the proper agonist which induces conformational
changes in the lower layers of the receptors. Ifan agonist makes the
proper contacts with the receptor the first switch turns on. Then
as a next step, receptors should be activated through G protein
“selective activation mechanisms which include multiple micro-
switches to turn off the second main switch. Micro-switches rep-
resent the arrangement of inner contacts that are specific for G
protein subtypes. When inner contacts are established properly the
second switch turns on as well. As a third and last checkpoint,
receptors should contain the set of residues that can recognize the
ridges on G proteins according to the “key and lock” model that
Flock et al (2017) suggested. When required contact between G
protein and receptor is established, the third switch turns on and
the receptor is successfully coupled by a subtype of G proteins.
Mutations inducing constitutional activity can be considered as a
“short circuit” because they can bypass switches. On the other
hand, mutations that halt the receptor’s ability to turn on a par-
ticular switch can prevent coupling. It is important to note that our
model is inclusive of and complementary to the model Flock et al
(2017) suggested. The combination of these two models gives us a
more complete perspective on receptor-level determinants of
coupling selectivity.
In our study, we used a novel phylogenetic approach to identify
residues that are conserved among groups of receptors coupling to

Receptor-wide G protein-coupling selectivity in GPCRs Selcuk et al.
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Figure 5. Sequential switches of activation model for G protein selectivity.
The model describes that all switches in different layers of receptors must be
turned off for receptor activation and coupling of the G protein. If switches at
upper layers are halted due to a mutation, the following switches become turned
off which inhibits G protein coupling eventually.

—/

a particular G protein. We identified the largest possible set of
residues (Fig 1C) by combining sensitive and specific approaches
together. Because of our greedy approach, whereas some positions
could determine coupling selectivity, others may be “passenger”
positions that may modulate core receptor functions. Moreover, the
positions we identified are the ones that are shared among all
aminergic receptors and lack receptor-level variations. Previous
studies on chimeric GPCRs (Wess, 1998, 2021; Wong, 2003) point out
the importance of ICL3 in determining coupling selectivity. Atthough
we identified residues that contact with G proteins, our analyses did
not reveal any possible determinants at ICL3. This indicates that the
determinants at ICL3 are not shared between aminergic receptors
and rather be specific to individual receptors. Alternatively, in
nature, there may not be a solution for G protein—coupling se-
lectivity determination with ICL3 only. Experimentally constructed
chimeric receptor activation should be handled with caution be-
cause they cannot be evaluated as a part of receptor evolution.
Thus, to identify all selectivity-determining positions, each receptor
should be analyzed individually.

Although our study does not include any direct experimental
evidence that coupler or non-coupler variants alter coupling se-
lectivity, it provides sufficient evidence to support the existence of
receptor-wide selectivity determinants not only at the G protein-
coupling site but throughout receptors including the ligand-
binding site. A recent analysis (Seo et al, 2021) also shows that
serotonin and dopamine receptors contain positions co-evolving
with the positions on G proteins they are coupled to. Supporting our
conclusions, selectivity-determining positions were shown dis-
persed throughout the receptor. In our study, we used Gs coupling
data from deep mutational scanning of ADRB2 performed by Jones
et al to show that non-coupler variants cause loss of function (Fig
1D) (Jones et al, 2020), their roles in determining coupling selectivity
should be clarified further. For that purpose, we used the RRCS
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We propose the existence of three main switches within a GPCR structure. The first switch checks for binding of the proper agonist which induces conformational changes in the lower layers of the receptors. If an agonist makes the proper contacts with the receptor, the first switch turns on. Then as a next step, receptors should be activated through G protein selective activation mechanisms which include multiple micro-switches to turn on the second main switch. Micro-switches represent the arrangement of inner contacts that are specific for G protein subtypes. When inner contacts are established properly, the second switch turns on as well. As a third and last checkpoint, receptors should contain the set of residues that can recognize the ridges on G proteins according to the “key and lock” model that Flock et al (2017) suggested. When required contact between G protein and receptor is established, the third switch turns on and the receptor is successfully coupled by a subtype of G proteins. Mutations inducing constitutional activity can be considered as a "short circuit” because they can bypass switches. On the other hand, mutations that halt the receptor’s ability to turn on a particular switch can prevent coupling.
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Key (substrate) and Lock (enzyme) model.
 https://pubmed.ncbi.nlm.nih.gov/28489817/
The positions we identified are the ones that are shared among all aminergic receptors and lack receptor-level variations. Previous studies on chimeric GPCRs point out the importance of intracellular loop #3 [ICL3] in determining coupling selectivity.  ICL3 is a critical component of GPCR function, influencing receptor dynamics and downstream signaling. Its structural flexibility allows for intricate regulation of GPCR activity.
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EL1-3 = extracellular loops

ICL1-3 = intracellular loops

TM1-7 = transmembrane helixes.

Although we identified residues that contact with G proteins, our analyses did not reveal any possible determinants at ICL3. This indicates that the determinants at ICL3 are not shared between aminergic receptors and rather be specific to individual receptors. Experimentally constructed chimeric receptor activation should be handled with caution because they cannot be evaluated as a part of receptor evolution.
Thus, to identify all selectivity-determining positions, each receptor should be analyzed individually. Although our study does not include any direct experimental evidence that coupler or non-coupler variants alter coupling selectivity, it provides sufficient evidence to support the existence of receptor-wide selectivity determinants not only at the G protein coupling site but throughout receptors including the ligand-binding site. A recent analysis also shows that serotonin [5-HT] and dopamine [DA] receptors contain positions co-evolving with the positions on G proteins they are coupled to. Supporting our conclusions, selectivity-determining positions were shown dispersed throughout the receptor. In our study, we used Gs coupling data from deep mutational scanning of ADRB2 performed recently to show that non-coupler variants cause loss of function. For that purpose, we used the receptor-wide G protein–coupling selectivity [RRCS] in GPCRs algorithm and revealed the involvement of specifically conserved residues in G protein–specific activation mechanisms which suggests their role in determining coupling selectivity. Because of the scarcity of Gq-, Go-, and Gi1-coupled structures, the networks we provided could be modified in the future as the number of G protein–coupled experimental structures increases. 
As a third layer of evidence, we identified the role of a previously uncharacterized G7x41 for ADRB2 and Gs-coupled receptors through MD simulations. Although we cannot rule out the potential effect of G7x41 in non-Gs activation, we can conclude that it has a critical importance for determining Gs coupling selectivity. The fact that G7x41 is dispensable for Gi couplers suggests that it may not be as critical for those GPCRs and Gi activation.  Multiple layers of evidence suggest that G protein selectivity determinants for aminergic receptors are likely distributed receptor wide. The conclusions of this study are limited to aminergic receptors only because there has been no supporting evidence for a common selective mechanism that might present for all class-A GPCRs.
Therefore, it is necessary to handle each GPCR subfamily separately to identify subfamily-specific selectivity determinants. With such an effort, it may be possible to discover commonalities and differences between different subfamilies of GPCRs. Although different subfamilies of receptors couple with a G protein by having similar structural conformations, underlying mechanisms for achieving a conformation might vary.
Opportunistic exogenous ligands bind promiscuous binding pockets of receptors, hijacking endogenous ligands. 
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Specific activation networks for Gi1, Gs, Go and Gq.
(A) TM6 tilt comparison between the active receptors we used. Red: Gs couplers, Orange: Go, Gi1, and Gq, Blue: 5HT1B Go coupler as an exception. (B) Interactions within the receptor that are specific (P < 0.01) to Gs. Red: increasing contact, blue: decreasing contact, orange circle: present in common activation mechanism, red fill: uniquely identified specific residue for Gs, grey fill: Gα specific residue. The width of the lines correlates with statistical significance. A group of residues that possibly facilitate in TM6 movement for Gs coupling was shown on inactive (blue) and active (red) structures. (C, D, E) Specific interaction networks for Gi1, Go, and Gq. P < 0.1 is used for Gi1. *: This interaction is identified only if 5HT1B is neglected from the comparison because of its larger TM6 movement.
The Adrenergic Receptor
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The beta-2 adrenergic receptor (β2 adrenoreceptor), also known as ADRB2, is a cell membrane-spanning beta-adrenergic receptor that binds epinephrine (adrenaline), a hormone and NT whose signaling, via adenylate cyclase [AC] stimulation through trimeric Gs proteins, increases cAMP, and, via downstream L-type calcium channel interaction, mediates physiologic responses such as smooth muscle relaxation and bronchodilation.
[image: image7.png]OH

ZT




As a hormone, epinephrine acts on nearly all body tissues. Its actions vary by tissue type and tissue expression of adrenergic receptors. For example, high epinephrine levels cause smooth muscle relaxation in the airways but cause contraction of the smooth muscle that lines most arterioles.

Epinephrine is a nonselective agonist of all adrenergic receptors, including the major subtypes α1, α2, β1, β2, and β3. Epinephrine's binding to these receptors triggers several metabolic changes. Binding to α-adrenergic receptors inhibits insulin secretion by the pancreas, stimulates glycogenolysis in the liver and muscle, stimulates glycolysis and inhibits insulin-mediated glycogenesis in muscle. 
β adrenergic receptor binding triggers glucagon secretion in the pancreas, increased adrenocorticotropic hormone (ACTH) secretion by the pituitary gland, and increased lipolysis by adipose tissue. 
Together, these effects increase blood glucose and fatty acids, providing substrates for energy production within cells throughout the body. In the heart, the coronary arteries have a predominance of β2 receptors, which cause vasodilation of the coronary arteries in the presence of epinephrine.
Among the catecholamines [CAs], ligand–receptor recognition is not strictly specific: dopamine [DA] also acts on adrenergic receptors, while epinephrine [E] and norepinephrine [NE] are reported to stimulate some DA subtypes.
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Based on their ability to recognize specific biogenic amines as their endogenous agonist, the 42 human aminergic GPCRs can be classified into subfamilies that include the adrenergic, muscarinic, dopaminergic, histaminergic, serotoninergic, and trace amine receptors. Each subfamily can be further categorized into subgroups that consist of closely related subtypes. Receptors within a particular subfamily are often expressed in different brain regions and/or peripheral tissues and can also be coupled to divergent intracellular signaling transducers, only some of which are associated with the therapeutic effect of drugs. Therefore, selective targeting of a particular receptor subtype and/or a particular signal transduction pathway is critical for elucidating mechanistic underpinnings of disease states and may also lead to improved drug design and development.
The nine adrenergic receptors in the human body can be classified into three major types: α1, α2, and β, each having three subtypes. Members within a major type are highly similar in sequence and function. All the adrenergic receptors belong to the aminergic receptor subfamily, which has 42 members, forming a single clade in the phylogenetic tree of GPCRs. The aminergic receptors bind monoamine neurotransmitters [NTs], acetylcholine, or trace amines - and share common features in sequence, structure, and function. In the orthosteric site (binding site of endogenous ligand), a conserved D3.32 (Ballesteros–Weinstein numbering, BWN) forms a salt bridge to the positively charged amino group in ligand, and Y7.43 and W7.40 stabilize this salt bridge through a hydrogen bond and π-π interactions. Because of the shared ligand recognition mechanism, poly pharmacology (drugs interacting with multiple targets) is common in aminergic receptors. For example, ergotamine (an alkaloid produced by fungus) can bind to 22 aminergic receptors with Ki less than 1 μM (100 nM).
The BWN system is a generic method used to label residue GPCRs.  

Each GPCR has seven transmembrane helices (TM helices). The system assigns two numbers to each residue: The first number denotes the helix (ranging from 1 to 7). The second number represents the residue position relative to the most conserved residue. 
Salt bridge is a combination of two non-covalent interactions: hydrogen bonding and ionic bonding. Ion pairing is one of the most important noncovalent forces in chemistry. Salt bridges also can form between a protein and small molecule ligands. Over 1100 unique protein-ligand complexes from the Protein Databank were found to form salt bridges with their protein targets, indicating that salt bridges are frequent in drug-protein interaction. These contain structures from different enzyme classes and GPCRs. Recent studies have shown that salt bridges play an important role in stabilizing protein-ligand complexes by acting as molecular clips that stabilize the protein's conformation and may boost inhibitor activity by hundreds of folds. Hence incorporating salt bridges between ligands and their protein targets could be a valuable tool in rational drug design.
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X−H∙∙∙π interactions in biomolecules, where X can be C, N, O, or S are weak and attractive interactions between the X−H component and aromatic groups. The high incidence in biomolecules makes X−H∙∙∙π interactions an important contributor to the structure and function and has led to an increasing number of theoretical and experimental studies devoted to characterization of such interactions.
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Opioid dependance & withdrawal
Opioid dependence and withdrawal are complex biological processes that appear to be subject to the influence of cannabinoids. The findings from basic and pre-clinical studies in rodent models highlight several potential mechanisms through which cannabinoids may modulate the phenomenon of opioid withdrawal, and call attention to the importance of cannabinoid-opioid interactions within noradrenergic [NA] brain circuits such as the coeruleo-cortical pathway. Preclinical studies that continue to explore the safest and most effective means of using cannabinoids to target disrupted NA circuits will be central to the progress within this field of research. Determining whether cannabinoids have therapeutic efficacy in clinical populations like that reported in animal models will be extremely important. Ultimately, the knowledge gained from the preclinical and clinical research studies highlights important and exciting new avenues for future research that continue to investigate cannabinoid effects on NA circuit dysfunction during opioid dependence and withdrawal. Future studies may contribute to the development of novel cannabinoid-based therapeutics that provide clinicians an additional tool to support the recovery of opioid-dependent persons undergoing treatment.

Receptor Binding Affinity = Inhibitory Constant = Ki

To be able to understand the effects of drugs at various receptors, clinicians do need to know about what the term “receptor binding affinity” means.

One commonly used measure of the affinity (strength) with which a drug binds to a particular type of receptor is its inhibitory constant Ki.
The Ki represents the concentration of the drug (in nanomoles or nM) required to occupy 50% of those receptors.
The Coeruleo-cortical pathway

The coeruleo-cortical pathway represents a fascinating connection between the locus coeruleus [LC] and the prefrontal cortex [PFC], with implications for understanding neuropsychiatric conditions.
LC, the main source of NE in the brain, is involved in attentional control by modulating the neuronal activity of the PFC.
LC neuron stimulation increases goal-directed attention and decreases impulsivity, while its suppression exacerbates distractibility and increases impulsive responding. 
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The Reward System in the Human Brain
The reward system (the mesocorticolimbic circuit) is a group of neural structures responsible for incentive salience (i.e., "wanting"; desire or craving for a reward and motivation), associative learning (primarily positive reinforcement and classical conditioning), and positively valanced emotions, particularly ones involving pleasure as a core component (e.g., joy, euphoria and ecstasy). Reward is the attractive and motivational property of a stimulus that induces appetitive behavior, also known as approach behavior, and consummatory behavior. 
A rewarding stimulus has been described as "any stimulus, object, event, activity, or situation that has the potential to make us approach and consume it is by definition a reward". In operant conditioning, rewarding stimuli function as positive reinforcers; however, the converse statement also holds true: positive reinforcers are rewarding. Examples of primary rewards are water, food, parental care, and sex.
Our survival is dependent on functioning brain reward system - however, abuse of this system may lead to addictions.

Addiction and dependence

Addiction is a biopsychosocial disorder characterized by persistent use of drugs (including alcohol) despite substantial harm and adverse consequences.

addictive drug – psychoactive substances that with repeated use are associated with significantly higher rates of substance use disorders [SUD], due in large part to the drug's effect on brain reward systems.

dependence – an adaptive state associated with a withdrawal syndrome upon cessation of repeated exposure to a stimulus (e.g., drug intake)

drug sensitization or reverse tolerance – the escalating effect of a drug resulting from repeated administration at a given dose.
drug withdrawal – symptoms that occur upon cessation of repeated drug use.
physical dependence – dependence that involves persistent physical–somatic withdrawal symptoms (e.g., fatigue and delirium tremens)

psychological dependence – dependence socially seen as being extremely mild compared to physical dependence (e.g., with enough willpower it could be overcome).
reinforcing stimuli – stimuli that increase the probability of repeating behaviors paired with them.
rewarding stimuli – stimuli that the brain interprets as intrinsically positive and desirable or as something to approach.
sensitization – an amplified response to a stimulus resulting from repeated exposure to it.
substance use disorder [SUD] – a condition in which the use of substances leads to clinically and functionally significant impairment or distress.
tolerance – the diminishing effect of a drug resulting from repeated administration at a given dose.
The reward system motivates animals to approach stimuli or engage in behavior that increases fitness (sex, energy-dense foods, etc.). Survival for most animal species depends upon maximizing contact with beneficial stimuli and minimizing contact with harmful stimuli. Reward cognition serves to increase the likelihood of survival and reproduction by causing associative learning, eliciting approach and consummatory behavior, and triggering positively valanced emotions. Thus, reward is a mechanism that evolved to help increase the adaptive fitness of animals. In drug addiction, certain substances over-activate the reward circuit, leading to compulsive substance-seeking behavior resulting from synaptic plasticity in the circuit.
Primary rewards are a class of rewarding stimuli which facilitate the survival of oneself and offspring, and they include homeostatic (e.g., palatable food) and reproductive (e.g., sexual contact and parental investment) rewards. 
Intrinsic rewards are unconditioned rewards that are attractive and motivate behavior because they are inherently pleasurable. 
Extrinsic rewards (e.g., money) are conditioned rewards that are attractive and motivate behavior but are not inherently pleasurable. Extrinsic rewards derive their motivational value because of a learned association (conditioning) with intrinsic rewards. Extrinsic rewards may also elicit pleasure (e.g., euphoria or feeling "High") after being classically conditioned with intrinsic rewards.
Classification of GPCRs
GPCRs are crucial gatekeepers for eukaryotic signal transduction, which represent the largest protein family in the human proteome. They recognize an astounding variety of extracellular stimuli and initiate cascades of cellular and physiological responses through coupling to various intracellular proteins. Understanding the structure, function, and evolution of GPCRs is valuable to basic research in cell signaling and molecular recognition, as well as to applied research in drug discovery and disease treatment.
A widely used classification system of GPCRs is the A-F system that is mainly based on their amino acid sequences and functional similarities (designed fingerprints of the seven characteristic GPCR hydrophobic domains). This system identifies six classes, labeled A-F, from GPCR sequences from both vertebrates and invertebrates. Class A, also known as the “rhodopsin-like family”, is the largest group of GPCRs, which includes hormones, neurotransmitters, and light receptors and accounts for around 80% of GPCRs. Structurally, class A GPCRs have seven TM helices, together with the eighth helix and apalmitoylated cysteine at the C terminal tail.  
Palmitoylation is a dynamic process that regulates protein localization, interactions, and functions within cells. It’s like a molecular passport that guides proteins to their proper destinations.
Class B, also called “secretin receptor family”, contains around 70 receptors, which have seven TM helices and a long N-terminal domain of around 120 residues stabilized by disulfide bonds. Class C includes the metabotropic glutamate family, GABA receptors, calcium-sensing receptors, and taste receptors. These receptors are characterized by seven TM helices and a large extracellular N-terminal domain with approximately 600 residues to which ligands bind. This clam-shaped domain is connected to the TM helix 1 by a cysteine-rich loop. Class D includes fungal mating pheromone receptors, class E includes cAMP receptors, and class F includes frizzled/smoothened receptors. The amino acid sequences of GPCRs in classes D-F also contain seven hydrophobic domains that are considered TM helices. 
Another classification system of GPCRs, called “GRAFS”, has also been proposed based on the phylogenetic tree of approximately 800 human GPCR sequences. This system contains five main families named Glutamate (G), Rhodopsin (R), Adhesion (A), Frizzled/Taste2 (F), and Secretin (S). The main difference between the GRAFS system and the A-F system is the further division of class B into the Secretin family and the Adhesion family in the GRAFS system based on a preliminary finding that the evolutionary history of these two families is distinct from each other.
The last decade has witnessed more sophisticated molecular docking approaches to modeling protein-ligand binding and energetics. However, the complexities that confront accurate modeling of binding phenomena remain formidable. Subtle recognition and discrimination patterns governed by three-dimensional features and microenvironments of the active site play vital roles in consolidating the key intermolecular interactions that mediates ligand binding.
Evolution of different GPCRs
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Figure 6. The minimum spanning tree diagram of the 620 level 1 MSC clusters for the GPCR network in the
target dataset. Here each circle represents an MSC cluster the color of which is according to the color scheme in
Figs 5and S1. The length of edges is not proportional to their distance, but the distances between subfamilies
and classes are labeled to see their sequence similarity.

clusters whose members belong to the same GPCRdb classification group. A detailed comparison of MSC and
GPCRdb classifications is displayed in the Supporting Information Table S1.

Minimum Spanning Tree Diagram of GPCR Clusters. To further illustrate the network structure of
GPCR proteins, in Fig. 6, we display the minimum spanning tree diagram of the 620 MSC clusters. Here each
cluster is coarse-grained as a node and represented by a filled circle. Each circle is colored according to the func-
tion of the corresponding MSC cluster. For the sake of clarity, the length of edges is not proportional to their
distance due to heterogeneous distance distribution. However, the distances between subfamilies and classes are
labeled to see their sequence similarity. Additional information for Fig. 6, such as the distribution of sequences
from various organisms in each MSC cluster and the average percentage of paralog pairs for various functional
clusters, can be found in the Supporting Information Figure S2. As shown in Fig. 6, MSC clusters of the same
color tend to aggregate together and constitute a receptor subfamily (enclosed by a dashed loop). These receptor
subfamilies can be grouped into 6 GPCR classes (rhodopsin-like, secretin-like, glutamate, vomeronasal, cAMP,
and T2R) as seen from those families enclosed by a solid loop. The sequence clustering of MSC is generally con-
sistent with the functional classification of GPCRdb. For example, most GPCR clusters (503/620) are
thodopsin-like. For taste receptors, TR belongs to class C (glutamate), while T2R is a putative GPCR family (T2R
is distantly related to class A in the A-F classification, but is a distinct cluster within the frizzled/taste 2 family in
the GRAFS classification). Therefore, although GPCR sequences within these classes can share less than 25%
identity between species®, information derived from their sequence alone (without knowing which ligand they
bind) could still be very useful in deciphering their functions and predicting the functions of novel sequences. In
general, we have intra-subfamily distances <inter-subfamily distances <inter-class distances. Most inter-class
distances are greater than 107, whereas inter-subfamily distances are smaller than 1013, However, the minimum
distance of 10~* between the Flamingo proteins (secretin-like) and the hormone receptors (rhodopsin-like) is
considerably smaller than that of 1013 between olfactory receptors and amine receptors in the rhodopsin-like
class. The hormone receptor group contains LGR (leucine-rich repeat-containing GPCRs)-like receptors (colored
in black for types 4 & 5, and colored in grey for types 7 & 8 mixed with a gonadotropin receptor sequence) and
glycoprotein hormone receptors (colored in blue). Phylogenetic analysis showed that sea anemone LGR shares a
close relatedness to mammalian glycoprotein hormone receptors*, which is consistent with our sequence simi-
larity analysis. On the other hand, Flamingo proteins have large ectodomains containing cadherin repeats and
seven-pass TM regions similar to peptide hormone receptors. The hormone receptor motif (HormR domain) of
Flamingo proteins might participate in hormone interactions and requires further investigation®. The general
network structure of GPCRs in the target dataset of 300+ organisms observed in Fig. 6 has also been observed in
GPCR networks of a single organism. For the three simpler GPCR datasets, MSC finds 197 clusters for Homo
sapiens, 110 clusters for Mus musculus, and 71 clusters for Rattus norvegicus at the first resolution level. In the
Supporting Information Figure S3, we present the minimum spanning tree diagrams of level 1 MSC clusters for
Homo sapiens (a), Mus musculus (b), and Rattus norvegicus (c). There is a close similarity in the relationship
between GPCR functional clusters of the target dataset and that of the Homo sapiens dataset, except that T2R is

SCIENTIFIC REPORTS | 7: 15495 | DOI:10.1038/541598-017-15707-9 8




MSC cluster = minimum span clustering algorithm.
Rhodopsin-like: Peptide ( Amine ( Nucleotide ( Lysophosphingolipid ( Cannabinoid. 
No other receptors developed from cannabinoid receptors.
The Class A GPCRs are called "Rhodopsin-like" - however, not all of them evolved from Rhodopsin receptors. The origin of all these receptors is the Peptide receptors.
Cannabinoid receptors evolved from Lysophospholipid receptors [LPL-Rs] and they share few common characters.

Peptide ( Rhodopsin (  Prostanoid & Hormone.

Peptide ( Amine ( Olfactory ( Glutamate.
All other GPCRs originated from PEPTIDE receptors.
Peptide Hormone Receptors

Signaling peptide receptor is a type of receptor which binds one or more signaling peptides or signaling proteins. An example is the tropomyosin receptor kinase B (TrkB), which is bound and activated by the neurotrophic protein brain-derived neurotrophic factor (BDNF). 
BDNF, or abrineurin, is a protein that, in humans, is encoded by the BDNF gene. BDNF is a member of the neurotrophin family of growth factors [GFs], which are related to the canonical nerve growth factor (NGF), a family which also includes NT-3 and NT-4/NT-5. Neurotrophic factors are found in the brain and in the periphery.
Another example of peptide receptors is the μ-opioid receptor (MOR), which is bound and activated by the opioid peptide hormone β-endorphin.
Peptide-Receptor Interactions
[image: image13.jpg]



Endogenous peptide-receptor interactions are often more complex than a one peptide-one receptor model. Shown is a cartoon representation describing types of peptide-receptor dynamics common for known neuropeptide and peptide hormone systems.
Lysophospholipid (LPA) receptors

The lysophospholipid receptor (LPL-R) group are members of the GPCR family of integral membrane proteins that are important for lipid signaling. In humans, there are eleven LPL receptors, each encoded by a separate gene. The ligands for LPL-R group are the lysophospholipid [LPL] extracellular signaling molecules - lysophosphatidic acid (LPA) and sphingosine 1-phosphate (S1P).
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LPA
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S1P
The term lysophospholipid (LPL) refers to any phospholipid that is missing one of its two O-acyl chains. Thus, LPLs have a free alcohol in either the sn-1 or the sn-2 position. 
The sn-1 and sn-2 positions play a crucial role in determining the fatty acid composition of lipids.
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Phospholipids consist of glycerol, usually esterified to a saturated long chain fatty acid at sn-1 and to an unsaturated long chain fatty acid at sn-2, and to a phosphorylated head group at sn-3. This example is 1-hexadecanoyl-2-(9Z,12Z-octadecadienoyl)-sn-glycero-3-phosphocholine. 
The prefix 'lyso-' comes from the fact that lysophospholipids were originally found to be hemolytic, however it is now used to refer generally to phospholipids missing an acyl chain. LPLs are usually the result of phospholipase A [PLA]-type enzymatic activity on regular phospholipids such as phosphatidylcholine or phosphatidic acid, although they can also be generated by the acylation of glycerophospholipids or the phosphorylation of monoacylglycerols. Some LPLs serve important signaling functions such as lysophosphatidic acid [LPA].
Phosphatidylcholines (PCs) are a class of phospholipids that incorporate choline as a headgroup. They are a major component of biological membranes and can be easily obtained from a variety of readily available sources.
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Palmitoyl-oleyl-sn-phosphatidylcholine, a phosphatidylcholine
LPL receptor ligands bind to and activate their cognate receptors located in the cell membrane. Depending on which ligand, receptor, and cell type is involved - the activated receptor can have a range of effects on the cell. These include primary effects of inhibition of adenylyl cyclase [AC] and release of calcium from the endoplasmic reticulum [ER], as well as secondary effects of preventing apoptosis and increasing cell proliferation.
Detailed neuroanatomical and electrophysiological analysis of mammalian nervous systems has revealed that the CB1 receptor is targeted to the presynaptic terminals of neurons where it acts to inhibit release of 'classical' neurotransmitters [NTs]. Moreover, an enzyme that inactivates eCBs, fatty acid amide hydrolase [FAAH], appears to be preferentially targeted to the somato-dendritic compartment of neurons that are postsynaptic to CB1-expressing axon terminals. Based on these findings, we present here a model of cannabinoid signaling in which anandamide is synthesized by postsynaptic cells and acts as a retrograde messenger molecule to modulate NT release from presynaptic terminals.
Lipid Signaling Molecules 
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[image: image20]
Common lipid signaling molecules: lysophosphatidic acid (LPA) sphingosine-1-phosphate (S1P) platelet activating factor (PAF) anandamide = arachidonoyl ethanolamine (AEA) & 2-AG.
Lipid signaling, refers to any biological cell signaling event involving a lipid messenger that binds a protein target, such as a receptor, kinase or phosphatase (enzyme), which in turn mediate the effects of these lipids on specific cellular responses. Lipid signaling is thought to be qualitatively different from other classical signaling paradigms (such as monoamine neurotransmission) because lipids (hydrophobic molecules) can freely diffuse through membranes. One consequence of this is that lipid messengers cannot be stored in vesicles prior to release and so are often biosynthesized "on demand" at their intended site of action. As such, many lipid signaling molecules cannot circulate freely in solution but, rather, exist bound to special carrier proteins in serum.
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2-Arachidonoylglycerol (2-AG) is an endocannabinoid [eCB], an endogenous agonist of the CB1 receptor and the primary endogenous ligand for the CB2 receptor. It is an ester formed from the omega-6 fatty acid arachidonic acid [AA] and glycerol. It is present at relatively high levels in the CNS, with cannabinoid neuro-modulatory effects. It has been found in maternal bovine and human milk. The chemical was first described in 1995, although it had been discovered some time before that. The activities of phospholipase C (PLC) and diacylglycerol lipase (DAGL) mediate its formation. 2-AG is synthesized from arachidonic acid [AA]-containing diacylglycerol (DAG).
Occurrence 
2-AG, unlike anandamide ([AEA] another eCB), is present at relatively high levels in the CNS; it is the most abundant molecular species of monoacylglycerol found in mouse and rat brain (~5–10 nmol/g tissue). Detection of 2-AG in brain tissue is complicated by the relative ease of its isomerization to 1-AG during standard lipid extraction conditions.
Pharmacology:
Unlike anandamide, formation of 2-AG is calcium-dependent and is mediated by the activities of phospholipase C (PLC) and diacylglycerol lipase (DAGL). 2-AG acts as a full agonist at the CB1 receptor. AEA is a partial agonist of the CB1 receptor. At a concentration of 0.3 nM, 2-AG induces a rapid, transient increase in intracellular free calcium in NG108-15 neuroblastoma X glioma cells through a CB1 receptor-dependent mechanism. 2-AG is hydrolyzed in vitro by monoacylglycerol lipase (MAGL), fatty acid amide hydrolase (FAAH), and the uncharacterized serine hydrolase enzymes ABHD2, ABHD6 and ABHD12. The exact contribution of each of these enzymes to the termination of 2-AG signaling in vivo is unknown, though it is estimated that MAGL is responsible for ~85% of this activity in the brain. There have been identified transport proteins for 2-AG and anandamide. These include the heat shock proteins (Hsp70s) and fatty acid binding proteins (FABPs).
Biosynthesis:
2-AG is synthesized from arachidonic acid-containing diacylglycerol (DAG), which is derived from the increase of inositol phospholipid metabolism by the action of diacylglycerol lipase [DAGL]. The molecule can also be formed from pathways like the hydrolysis derived (by diglyceride) from both phosphatidylcholine (PC) and phosphatidic acid (PA) by the action of DAG lipase and the hydrolysis of arachidonic acid-containing lysophosphatidic acid [LPA] by the action of a phosphatase.
The high affinity binding of 2-AG to the CB2 receptor – acting as a full agonist should be compared to the relatively selective binding of AEA to the CB1 receptor – acting as a partial agonist.

The inter-relationships between the ECS receptors and Lysophospholipid receptors [LPL-Rs] should be further investigated.
Ligand binding and nuclear receptor evolution

H. Escriva, F. Delaunay, V. Laudet.
Bioessays,2000 Aug; 22(8):717-27.
Nuclear receptors form a superfamily of ligand-activated transcription factors [TFs] that regulate various physiological functions, from development to homeostasis, in metazoans. The superfamily contains not only receptors for known ligands but also many so-called "orphan receptors" for which ligands do not exist or have not been identified. The evolution of ligand-binding capacity of nuclear receptors may involve either secondary loss in orphan receptors, or evolutionary acquisition of ligand-binding capacity in liganded receptors. In this review, we present arguments from phylogenetic, functional and structural studies that support the hypothesis that there have been several independent gains of ligand-binding ability of nuclear receptors during metazoan evolution.
Nuclear receptors are a class of proteins responsible for sensing steroids, thyroid hormones, vitamins, and certain other molecules. These intracellular receptors work with other proteins to regulate the expression of specific genes thereby controlling the development, homeostasis, and metabolism of the organism.
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Crystallographic structure of a heterodimer of the nuclear receptors PPAR-γ (green) and RXR-α (cyan) bound to double stranded DNA (magenta) and two molecules of the NCOA2 coactivator (red). 
The PPAR-γ antagonist GW9662 and RXR-α agonist retinoic acid are depicted as space-filling models (carbon = white, oxygen = red, nitrogen = blue, chlorine = green). The antagonist blocks the binding of the agonist to the active site of PPAR-gamma.
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GW9662 = PPAR-gamma antagonist 
Peroxisome proliferator-activated receptor gamma (PPAR-γ), also known as the glitazone reverse insulin resistance receptor, or NR1C3 (nuclear receptor subfamily 1, group C, member 3) is a type II nuclear receptor functioning as a transcription factor [TF].
A.  The endocannabinoid system [ECS]
The ECS comprises a vast network of chemical signals and cellular receptors densely packed throughout our brains and bodies.
The cannabinoid receptors in the brain, specifically the CB1 receptors, outnumber many other receptor types. These CB1 receptors act like traffic cops, controlling the levels and activity of most neurotransmitters.
To stimulate these receptors, our bodies produce endocannabinoids [eCBs], which structurally resemble (?!) phytocannabinoids [pCBs] molecules such as THC, found in the cannabis plant. The first eCB discovered was named anandamide, derived from the Sanskrit word “ananda” for bliss.

The cannabis plant, used by humans for about 5,000 years, essentially works its effects by hijacking this ancient cellular machinery.
The earliest recorded mention of cannabis for its mind-altering effects traces back to the 5th century BC. The ancient Greek historian Herodotus wrote about the Scythians, a group that burned cannabis plants to induce trance-like states during funerals. In 2019, researchers unearthed evidence in western China that pushed the date of cannabis use back to about 2,500 years ago. They discovered wooden braziers with traces of cannabinoids like cannabinol (CBN), cannabidiol (CBD), and cannabicyclol (CBL). These braziers, found in the Jirzankal Cemetery of the Xinjiang region, hint at ritualistic use—possibly to honor the dead or communicate with the natural or spiritual world. Hot stones were placed in these braziers, over which the cannabis was burned, suggesting participants inhaled the smoke directly. This practice appears to have been a common element of ceremonies in the area. Our ancestors performed pCBs decarboxylation to enhance their effects.
There’s also a second type of cannabinoid receptor, the CB2 receptor, which exists mostly in our immune tissues. It plays a crucial role in controlling immune functioning and modulating inflammation and pain in conditions like inflammatory bowel disease [IBD]. Notably, stimulating CB2 receptors doesn’t cause the "high" associated with cannabis, making it an exciting target for drug development. A full agonist has a high efficacy on the receptor. A partial agonist also binds to a receptor but only partially activates it.

Ki (nM)
	Agonist
	CB1
	CB2

	THC
	53
	75

	THCA
	1,292
	1,650

	THCV
	45-75
	63-86

	CBN
	120-326
	96-301

	CBG
	440-3,090
	337-2,290

	CBD
	4,350-4,900
	2,400-4,200

	CBC
	713
	256

	BCP
	
	155

	AEA
	252-400
	370-1,760

	2-AG
	400-3,424
	146-1,400

	HU-210
	0.06
	0.5

	HU-211
	
	

	CP55,940
	3.7
	2.6

	SR141716A

CB1 antagonist
	2-12
	0.6


A measure of affinity (strength) with which a ligand binds to a particular receptor is its Ki or inhibitory constant that represents the concentration of the ligand (in nanomoles) required to occupy 50% of those receptors.
Interestingly, THC [pCB] have higher affinity to both endocannabinoid receptors compared to AEA & 2-AG [eCBs]. Synthetic cannabinoids have very high affinity to the two ECS receptors. 2-AG, HU-210 & CP55,940 are full agonists of the ECS receptors whereas, THC & AEA are partial agonists of both ECS receptors.
Affinity of cannabinoids to ECS receptors
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Functions of the ECS
Learning and Memory: The ECS is critical for learning and memory. High doses of recreational cannabis can temporarily disrupt short-term memory, which returns to normal with abstinence.
Emotional Processing: It influences our emotional responses.
Sleep Regulation: The ECS plays a role in sleep.
Temperature Control: It helps regulate body temperature.
Pain Control: The ECS modulates pain perception.
Inflammatory and Immune Responses: CB2 receptors are involved in immune functioning and inflammation control.
Preparations of the plant Cannabis sativa have been used for centuries in the treatment of various diseases, including cancer and neuropathic pain. The synthetic version of its psychoactive constituent, Δ9-tetrahydrocannabinol (THC), is in FDA approved drugs Marinol® or Syndros® (dronabinol). The extracted version of THC is one of the active constituents of oromucosal spray Sativex® (nabiximols). These drugs are primarily used for the treatment of chemotherapy-induced nausea, enhancement of appetite in cachexic AIDS-patients, and to alleviate the spasticity and pain associated with multiple sclerosis [MS]. However, THC-based therapies are associated with clinically undesired psychotropic and cardiovascular adverse effects and challenging pharmacokinetic properties due to their high lipophilicity that may limit their therapeutic efficacy.

THC exerts its therapeutic effects mostly via the GPCRs cannabinoid CB1 and CB2 receptors (CB1R and CB2R), which have 68% sequence identity in their seven transmembrane (TM) domains. Both receptors are activated by the endogenous signaling lipids anandamide (AEA) and 2-arachidonoylglycerol (2-AG), the two main eCBs. 
The CB1R, which is the most abundantly expressed GPCR in the CNS is responsible for the psychotropic side effects of THC. It plays a role in memory, learning, neurogenesis, neuronal migration, and synaptogenesis. Furthermore, its presence in many organ tissues belies more non-neurological functions. 
The CB2R is mainly found on the cells of the immune system and is upregulated under pathophysiological conditions. Its activation is associated with anti-inflammatory responses in tissue injury of the liver, heart, kidney, colon, and brain as determined in various preclinical models. Based on preclinical studies, it is thought that selective CB2R agonists may retain and exceed certain therapeutic properties of THC without inducing psychotropic side effects.

Retrograde Signaling
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Schematic of endocannabinoid signaling in the synapse. A simplified description of the subcellular distribution of components of the eCB pathway is shown. Components include the major enzymes involved in regulating endocannabinoid levels (fatty acid amide hydrolase [FAAH], N-acyl phosphatidylethanolamine [NAPE], NAPE specific phospholipase D [NAPE-PLD], monoacylglycerol lipase [MAGL], and diacylglycerol lipase-alpha [DAGL-alpha]); major eCBs (anandamide = arachidonoyl ethanolamine [AEA], 2-arachidonylglycerol [2-AG]; lipid precursors and metabolites (arachidonic acid [AA], 2-acylglycerol [AG], diacylglycerol [DAG], and ethanolamine [EtNH2]); cannabinoid receptor 1 (CB1); neurotransmitter (NT); and major signaling cascade mediators downstream of CB1 activity (mitogen-activated protein kinases [MAPK], adenylate cyclase [AC], and calcium [Ca 2+] signaling). eCBs signal in a retrograde manner to activate presynaptic CB1, which mediates signaling mechanisms that influence synaptic transmission and NT release.
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Schematic representation of cannabinoid receptor (CBR) stimulation: activation of CBR leads to inhibition of adenylyl cyclase [AC], inhibition of Ca2+ channel, an increase in K+ channel conductance and activation of the mitogen-activated protein kinases (MAPKs).

Peptides that interact with CB1 receptors
The endocannabinoids [eCBs] are the signaling components of the endocannabinoid system [ECS]. Peptides that interact with CB1 receptors (the pepcans; Bauer et al., 2012), including the peptide hemopressin (Heimann et al., 2007), have been described.
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Hemopressin (Hp) is an alpha hemoglobin fragment with the sequence PVNFKFLSH, originally identified in extracts of rat brain using an enzyme capture technique. It binds cannabinoid receptors, acting as an inverse agonist at CB1 receptors. Longer forms of hemopressin containing 2-3 additional amino acids on the N-terminus have been identified in extracts of mouse brain. These longer hemopressin peptides, named RVD-Hpα and VD-Hpα, bind to CB1 receptors and were originally reported to be agonists. In addition to the Hp peptides from alpha hemoglobin, a related peptide from beta hemoglobin has been found in mouse brain extracts; this peptide, named VD-Hpβ, is also an agonist at CB1 cannabinoid receptors. Hemopressin is not an endogenous peptide but rather an extraction artefact. The only endogenous peptide found endogenously at physiological conditions is RVD-hemopressin (pepcan-12), which has more recently been shown to be a negative allosteric modulator [NAM] of CB1 receptors and positive allosteric modulator [PAM] of CB2 receptors. RVD-hemopressin (pepcan-12) is generated from a pro-peptide called pepcan-23 and these peptides are exclusively found in noradrenergic [NA] neurons in the brain and in the adrenal medulla.
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Pepcan-12
The original Hp peptide reduces sensitivity to painful stimuli in an experimental model of hyperalgesia. Hp also reduces food intake in mice. However, it remains to be shown if Hp is an endogenous brain peptide. The original purification used boiling acid to extract the peptide from rat brain, and hot acid can specifically cleave D-P bonds. The N-terminally-extended forms RVD-Hpα and VD-Hpα may represent the true endogenous forms.
The dodecapeptide RVDPVNFKLLSH [RVD-hemopressin[ here referred to as pepcan-12) strongly potentiated the effects of two different CB2 agonists (CP55,940 and 2-AG)  by stabilizing agonist binding and exhibiting positive cooperativity, significantly increasing [35S]GTPγS biding and signaling through cAMP. Intriguingly, pepcan-12 enhanced the potency of 2-AG mediated-CB2 receptor signaling (Gαi) at the level of cAMP inhibition by a factor eight, which could mediate a strong amplification of downstream effects of the second messenger. Thus, it is expected that in tissues, pepcan-12 facilitates activation of CB2 receptors by low 2-AG concentrations.
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Figure 7. Tllustration showing the opposite effects of pepcan-12 on CB1 and CB2 receptor G protein signaling.
In presence of the endocannabinoid 2-AG, pepcan-12 acts as a negative allosteric modulator (NAM) of CB1 and
as a positive allosteric modulator (PAM) of CB2. This illustration was drawn using Microsoft Power Point 2010.

PC-17), SDLHAHKLRVDPVNFKLLSH (Pepcan-20, PC-20) and SALSDLHAHKLRVDPVNEKLLSH (Pepcan-23,
PC-23) were synthesized by Genecust Europe. The internal standard RVDPVNFKEFL (5,5,5-D3) SH (PC-12-d,) was
synthesized by SHBC. The proteases inhibitor cocktail was obtained from Roche applied science (Complete Ulira
Tablets Mini). HPLC-grade methanol, acetonitrile and formic acid were obtained from Sigma-Aldrich, Steinheim,
Germany. Deionized water (18.2 MQ x cm) was obtained from an ELGA Purelab Ultra Genetic system (VWS (UK)
Ltd, ELGA LabWater, UK).

[**SIGTP~S assay. Assays were performed as previously described”’. Clean membranes expressing #CB2
were diluted in silanized plastic tubes with GTP~8 binding buffer (50 mM Tris-HCl, 3mM MgCl,, 0.2 mM EGTA
and 100mM NaCl at pH 7.4 supplemented with 0.5% fatty acid-free BSA) in the presence of 10 M of GDP and
0.1nM of [**S]GTP~S. The mixture was kept on ice until the binding reaction was started by adding the vehicle or
compounds. Non-specific binding was measured in presence of 10 uM GTP~S. The tubes were incubated at 30°C
for 90 min under shaking and then put on ice to stop the reaction. An aliquot (185 uL) of the reaction mixture
was rapidly filtered through a 96-well microplate bonded with GF/B glass fibre filters previously pre-soaked with
ice-cold washing buffer (50 mM of Tris-HCI pH 7.4 plus 0.1% fatty acid-free BSA). The filters were washed six
times with 180 L of washing buffer under vacuum. The radioactivity was measured after the addition of 45 uL of
MicroScint20 scintillation cocktail. Specific binding was calculated by subtracting the residual radioactivity signal
obtained in presence of an excess of GTP~S and the results were expressed as % of vehicle control.

cAMP assay. cAMP assays were performed in CHO-K1-hCB2 stably transfected with the pGloSen-
sorTM 22-F plasmid (Promega) as previously described*®. Briefly, cells were seeded in 96-well plate and after
attachment the medium was replaced by 40 uL of equilibration medium (GloSensor™ cAMP Reagent diluted
in 5% v v~! of CO,-independent medium plus 10% FBS). The plates were incubated for 2h at RT in the dark.
Compounds or vehicle were diluted in 10 pL assay medium containing 1 pM of forskolin and 250 uM of
3-isobutyl-1-methylxanthine (IBMX). Chemiluminescence was monitored continuously starting from imme-
diately after the addition and for 30min (keeping the plate at RT and in the dark). Basal levels of chemilumi-
nescence (cells plus IBMX and vehicle without forskolin) were subtracted to the measured values. Results were
normalized by subtracting the residual cAMP production and expressed as % of vehicle control.

B3-arrestin assay. The PathHunter® B-arrestin cell line (CHO-K1-HOMSA-CNR2) was maintained in cul-
ture in F-12 medium supplemented with 10% FBS, 200 pg/mL hygromycin and 800 jig mL~! Geneticin (G418).
For the experiments, 100 uL well™* of cell suspension (2 x 10° cell/mL) was plated in 96-well plate and left over-
night in the incubator. The day after, tested compounds or vehicle were diluted in 40pL of CO,-independent
medium plus 10% FBS, added to the cells and incubated for 90 min at 37°C. Following stimulation, signal was
detected using the PathHunter® detection Kit according to the instruction protocol and the chemiluminescence
was measured. Background levels were subtracted and results expressed as % of vehicle control,
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Pepcan-12 together with 2-AG is a negative allosteric modulator [NAM] of CB1 and a positive allosteric modulator [PAM] of CB2.
In agreement with an allosteric mechanism, in absence of a CB2 receptor agonist, pepcan-12 did not affect CB2 receptor signaling. Rather unexpectedly, our data show that the action of pepcan-12 on CB2 receptors is opposite to its action on CB1 receptors involving the binding 
to a yet uncharacterized CB receptor allosteric binding site. Based on a homology model, a potential allosteric binding pocket adjacent to the CB2 receptor orthosteric ligand-binding site has been postulated. Given that pepcan-12 modulates both CB1 and CB2 receptors but does not interact with other putative eCBs receptors such as GPR55 and other "orphan" receptors, it is feasible that its putative allosteric binding site is easily accessible from the extracellular site and located in an aa sequence (e.g. loop) conserved in both CB receptors.
Upon tissue damage, pepcan-12 was increased time-dependently as found in experiments involving ischemia-reperfusion [I/R] damage. The increase of the eCBs AEA and 2-AG in the same I/R mouse models has been shown previously, suggesting that pepcan-12 could potentiate CB2 receptor signaling through eCBs as protective mechanism. The beneficial effects of CB2 receptor activation in different pre-clinical models of inflammation and pain is well documented in the literature. Inverse agonists show positive effects in certain cellular systems and animal models. Moreover, some ligands can behave either as agonists or as inverse agonists depending on the proportion of constitutively active receptors (defined as “protean agonists”). An additional level of complexity in GPCR activation include the concept of functional selective ligands (or biased agonists). The existence of endogenous allosteric peptide modulators of CB receptors could thus implicate an additional important level of tissue and disease-dependent endogenous control over the ECS. Considering the overall beneficial effects of CB2 receptor agonists and in parts detrimental effects of CB1 receptor agonists in peripheral pathophysiological processes, the physiological relevance of pepcan-12 should be addressed in more detail. Thus, the role of pepcan-12 could be related to shifting the CB1/CB2 receptor activation ratio towards CB2 receptor activation, which would have beneficial effects in kidney and liver, possibly also other peripheral organs. As recently reviewed for CB1 receptor NAMs our study now uncovers the first allosteric mechanism for the CB2 receptor. Despite the wide range of possibilities for CB2 receptor modulation known, pepcan-12 represents the first allosteric modulator for the CB2 receptor.

The evolutionary appearance of the CB2R

The CB2R gene (CNR2) emerged through a gene duplication event from its counterpart, the CB1R gene (CNR1), which encodes the CB1 receptor protein. This genome duplication occurred about 300 million years ago [MYA] during the transition from invertebrates to vertebrates.
CB1 and CB2 share sequence similarity indicative of a common ancestry and the gene duplication that gave rise to these cannabinoid receptors may have been concomitant with a whole-genome duplication that occurred in a common ancestor of extant vertebrates. Another genome duplication in a common ancestor of teleost fish followed by lineage-specific gene loss probably explains the occurrence of two CB1 genes and one CB2 gene in the puffer fish Fugu rubripes and the occurrence of one CB1 gene and two CB2 genes in the zebrafish Danio rerio.
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Investigation of the phylogenetic distribution and evolutionary origins of cannabinoid receptors has been facilitated by genome sequencing. However, absence of orthologs of CB1/CB2 receptors in protostomian invertebrates (Drosophila melanogaster, Caenorhabditis elegans) and in the deuterostomian invertebrate Strongylocentrotus purpuratus (sea urchin) indicates that CB1/CB2-related cannabinoid receptors do not occur in most invertebrates. Identification of an ortholog of vertebrate CB1/CB2 receptors known as CiCBR in the sea squirt Ciona intestinalis (subphylum Urochordata) indicates that cannabinoid receptors of this type originated in an invertebrate chordate ancestor of vertebrates and urochordates.
Evolution of Cannabinoid Receptors in Vertebrates: Identification of a CB2 Gene in the Puffer Fish Fugu rubripes
Maurice Elphick

May 2002 Biological Bulletin 202:104-107.
Delta (9)-tetrahydrocannabinol [THC], the psychoactive ingredient of cannabis, exerts effects in humans by binding to the G-protein-coupled cannabinoid receptors CB1 and CB2, which are expressed in the nervous and immune systems, respectively. Genes encoding CB1 receptors have also been discovered in non-mammalian vertebrates, including the puffer fish Fugu rubripes. Here the identification of a Fugu gene that encodes an ortholog of mammalian CB2 receptors is reported. This is the first CB2 gene to be identified in a non-mammalian vertebrate, and it indicates that the gene duplication event that gave rise to CB1 and CB2 receptors occurred before the divergence of teleosts and tetrapods (four-limbed animals). 
Teleostei (/tɛliˈɒstiaɪ/; Greek teleios "complete" + osteon "bone"), members of which are known as teleosts is, by far, the largest infraclass in the class Actinopterygii, the ray-finned fishes, and contains 96% of all extant species of fish. Teleosts are arranged into about 40 orders and 448 families. Over 26,000 species have been described.

A tetrapod (from Ancient Greek τετρα- (tetra-) 'four', and πούς ( 'foot') is any four-limbed vertebrate animal of the superclass Tetrapoda.
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The phylogeny of the teleosts has been subject to long debate, without consensus on either their
phylogeny or the timing of the emergence of the major groups before the application of modern
DNA-based cladistic analysis. Near et al. (2012) explored the phylogeny and divergence times of
every major lineage, analysing the DNA sequences of 9 unlinked genes in 232 species. They
obtained well-resolved phylogenies with strong support for the nodes (so, the pattern of branching
shown is likely to be correct). They calibrated (set actual values for) branching times in this tree
from 36 reliable measurements of absolute time from the fossil record.[5] The teleosts are divided
into the major clades shown on the cladogram,*9] with dates, following Near et al.X5] More recent
research divide the teleosts into two major groups: Eloposteoglossocephala (Elopomorpha +
Osteoglossomorpha) and Clupeocephala (the rest of the teleosts).[20121]




Recently, an orthologue of vertebrate cannabinoid receptors was identified in the deuterostomian invertebrate Ciona intestinalis (CiCBR).
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These receptors are not found in protostomian invertebrates (such as the insect Drosophila and the nematode Caenorhabditis elegans).
Protostomia represents a diverse group of animals with intriguing developmental processes. From tiny nematodes to complex arthropods.

Cannabinoid receptors are absent in insects.
J McPartland, V Di Marzo, L De Petrocellis, A Mercer, M Glass
J Comp Neurol2001 Aug 6; 436(4):423-9.

The endocannabinoid system [ECS] exerts an important neuro-modulatory role in mammals. Knockout mice lacking cannabinoid (CB) receptors exhibit significant morbidity. The ECS also appears to be phylogenetically ancient--it occurs in mammals, birds, amphibians, fish, sea urchins, leeches, mussels, and even the most primitive animal with a nerve network, the Hydra. The presence of CB receptors, however, has not been examined in terrestrial invertebrates (or any member of the Ecdysozoa clade). Surprisingly, we found no specific binding of the synthetic CB ligands [(3)H]CP55,940 and [(3)H]SR141716A in a panel of insects: Apis mellifera, Drosophila melanogaster, Gerris marginatus, Spodoptera frugiperda, and Zophobas atratus. A lack of functional CB receptors was confirmed by the inability of tetrahydrocannabinol (THC) and HU210 to activate G-proteins in insect tissues, utilizing a guanosine-5'-O-(3-[(35)]thio)-triphosphate (GTP gamma S) assay. No orthologs of human CB receptors were located in the Drosophila genome, nor did we find orthologs of fatty acid amide hydrolase [FAAH] the enzyme that degrades eCBs. This loss of CB receptors appears to be unique in the field of comparative neurobiology. No other known mammalian neuroreceptor is understood to be missing in insects. We hypothesized that CB receptors were lost in insects because of a dearth of ligands; endogenous CB ligands are metabolites of arachidonic acid [AA], and insects produce little or no AA or eCB ligands, such as anandamide.
Understanding how Ecdysozoa animals survive without ECS will help us understand the functions of these lipid mediators in vertebrates.

Arachidonic Acid [AA]
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AA is a polyunsaturated omega-6 fatty acid 20:4(ω-6), or 20:4(5,8,11,14). Its name derives from the ancient Greek neologism arachis (peanut), but peanut oil does not contain any arachidonic acid.

Chemistry In chemical structure, AA is a carboxylic acid with a 20-carbon chain and four cis-double bonds; the first double bond is located at the sixth carbon from the omega end (Omega-6 FA).
Biology AA is a polyunsaturated fatty acid [PUFA] present in the phospholipids (especially phosphatidylethanolamine, phosphatidylcholine, and phosphatidylinositides) of membranes of the body's cells, and is abundant in the brain, muscles, and liver.
In addition to being involved in cellular signaling as a lipid second messenger involved in the regulation of signaling enzymes, such as PLC-γ, PLC-δ, and PKC-α, -β, and -γ isoforms, AA is a key inflammatory intermediate and can also act as a vasodilator.
AA is one of the most abundant fatty acids in the brain and is present in similar quantities to docosahexaenoic acid (DHA). 
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DHA

The two account for about 20% of its fatty-acid content. Like DHA, neurological health is reliant upon sufficient levels of AA. Among other things, AA helps to maintain hippocampal cell membrane fluidity. It also helps protect the brain from oxidative stress by activating peroxisome proliferator-activated receptor gamma [PPAR-gamma]. AA also activates syntaxin-3 (STX-3), a protein involved in the growth and repair of neurons.
AA is also involved in early neurological development. In one study, infants (18 months) given supplemental AA for 17 weeks demonstrated significant improvements in intelligence, as measured by the Mental Development Index. This effect is further enhanced by the simultaneous supplementation of AA with DHA.
In adults, the disturbed metabolism of AA may contribute to neuropsychiatric disorders such as Alzheimer's disease and bipolar disorder. There is evidence of significant alterations in the conversion of AA to other bioactive molecules (overexpression or disturbances in the AA enzyme cascade) in these conditions.
The Ecdysozoa Clade

Ecdysozoa is a group of protostome animals, including Arthropoda (insects, chelicerata (including arachnids), crustaceans, and myriapods), Nematoda, and several smaller phyla. The grouping of these animal phyla into a single clade was first proposed by Eernisse et al. (1992) based on a phylogenetic analysis of 141 morphological characters of ultrastructural and embryological phenotypes. This clade, that is, a group consisting of a common ancestor and all its descendants, was formally named by Aguinaldo et al. in 1997, based mainly on phylogenetic trees constructed using 18S ribosomal RNA genes. 
Therefore, it is likely that a CB1/CB2-type cannabinoid receptor originated in a Deuterostomian.

Deuterostomes (from Greek: 'mouth second') are bilaterian animals of the superphylum Deuterostomia typically characterized by their anus forming before the mouth during embryonic development. Deuterostomia is further divided into 4 phyla: Chordata, Echinodermata, Hemichordata, and the extinct Vetulicolia known from Cambrian fossils. The extinct clade Cambroernida is also thought to be a member of Deuterostomia.
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Phylogenetic analysis of the relationship of vertebrate CB1 receptors with other GPCRs reveals that the paralogues that appear to share the most recent common evolutionary origin with CB1 are lysophospholipid receptors [LPL-Rs], melanocortin receptors and adenosine receptors. Interestingly, as with CB1, each of these receptor types does not appear to have Drosophila orthologues, indicating that this group of receptors may not occur in protostomian invertebrates. 
The cannabinoid signaling system may be quite restricted in its phylogenetic distribution, probably occurring only in the deuterostomian clade of the animal kingdom and possibly only in vertebrates.
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This is a very rare phenomenon – Enzyme that degrade ligands developed before their specific Receptors. 
Evidence now suggests that AEA and 2-AG possess specific pharmacological properties, are engaged in different forms of synaptic plasticity, and take part in different behavioral functions.
After the whole genome duplication, the CB1 genes were conserved during evolution, whereas CB2 genes were gradually altered.

650 MYA the enzyme FAAH that degrade eCBs appeared, 550 MYA the CB1 receptor appeared, 525 MYA the Ecdysozoa clade lost all ECS genes, and 500 MYA the CB2 receptor appeared.
Fatty-acid amide hydrolase [FAAH]
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FAAH Monomer Subunit; Enzyme in teal, Ligand in pink.
FAAH1 is a member of the serine hydrolase family of enzymes. It was first shown to break down anandamide (AEA), an N-acylethanolamine (NAE). In humans, it is encoded by the gene FAAH.
In vivo, FAAH is the principal catabolic enzyme for a class of bioactive lipids called the fatty acid amides (FAAs). Members of the FAAs include:
· Anandamide (N-arachidonoylethanolamine [AEA]), an eCB.

· 2-arachidonoylglycerol (2-AG), an eCB.

· Other N-acylethanolamines, such as N-oleoylethanolamine [OEA] and N-palmitoylethanolamine [PEA].

· The N-acyltaurines, which are agonists of the transient receptor potential (TRP) family of calcium channels. 

· The sleep-inducing lipid oleamide.
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Oleamide is the original eCB. 
The ECS is in fact the "Oleamide system".

In terms of natural occurrence, oleamide was first detected in human plasma. It was later shown to accumulate in the cerebrospinal fluid [CSF] during sleep deprivation and induces sleep in animals. It has been claimed that oleamide increases the activity of cholineacetyltransferase, [CAT] an enzyme that is critical in the production of acetylcholine [ACh].

Oleamide is one of the most frequent non-cannabinoid ingredients associated with "Spice" / "k2" / "NiceGuy" products. Analysis of 44 products synthetic cannabinoid (herbal cannabis) revealed oleamide in 7 of the products tested.
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FAAH knockout [KO] mice display highly elevated (>15-fold) levels of N-acylethanolamines and N-acyltaurines in various tissues. Because of their significantly elevated anandamide levels, FAAH KOs have an analgesic phenotype, showing reduced pain sensation in the hot plate test, the formalin test, and the tail flick test. Because of their impaired ability to degrade anandamide, FAAH KOs also display super sensitivity to exogenous anandamide, a cannabinoid receptor agonist.

Studies in cells and animals and genetic studies in humans have shown that inhibiting FAAH may be a useful strategy to treat anxiety disorders, as inhibition produce analgesic, anxiolytic, neuroprotective, and anti-inflammatory effects by elevated N-acylethanolamines (NAE's) and their activation of cannabinoid receptors.
Genetic variants of FAAH
rs324420

The FAAH gene contains a single nucleotide polymorphism (SNP) called rs324420. The variant allele, C385A, is associated with a higher sensitivity of FAAH to proteolytic degradation and a shorter half-life compared to the standard C variant. As a result, carriers of the A variant have increased N-acylethanolamine (NAE) levels and anandamide (AEA) signaling at the cannabinoid receptors. The A variant may be responsible for lower levels of the FAAH protein seen in high-performing athletes, providing increased physical and mental fitness.

A 2017 study in Germany found a strong correlation between national percentage of very happy people (as measured by the World Values Survey) and the presence of the rs324420 C385A allele in citizens' genetic make-up.
The C385A allele was initially linked to drug abuse and dependence. According to later studies, carriers of the A allele are more likely to try cannabis, but less likely to become dependent.
FAAH-OUT microdeletion

FAAH-OUT is a pseudogene downstream of the FAAH coding region. It expresses a long non-coding RNA (lncRNA) that increases the expression of FAAH. In 2019, a Scottish woman was found to have both a previously unreported microdeletion mutation in FAAH-OUT and a rs324420 C385A mutation. The result is extreme disruption of FAAH function leading to elevated anandamide levels. She was immune to anxiety, unable to experience fear, and insensitive to pain. The frequent burns and cuts suffered due to her hypoalgesia healed quicker than average with little or no scarring. Her son, who shares the FAAH-OUT deletion but has no C385A mutation, has fewer pain insensitivity.
A 2023 study looks further into the functions of FAAH-OUT using transcriptomic analyses of cell models, some created anew using CRISPR-Cas9, others obtained from the 2019 patient. The study confirms that FAAH-OUT increases the expression of FAAH, both via its lncRNA product and through an intronic enhancer called FAAH-AMP. Loss of FAAH-OUT also changes the expression of a wide network of genes beyond FAAH itself. For example, although the pain insensitivity is mostly due to loss of FAAH function (via increased eCB levels and reduced ACKR3 expression), lack of depression and anxiety is due to a non-canonical Wnt pathway upregulating brain derived neurotropic factor BDNF. The increased wound healing is due to loss of FAAH function that increases N-acyltaurine levels and the activation of Wnt pathway.
Atypical chemokine receptor 3 [ACKR3] also known as C-X-C chemokine receptor type 7 (CXCR-7) and G-protein coupled receptor 159 (GPR159) is a protein that in humans is encoded by the ACKR3 gene.
The Wnt signaling pathways are a group of signal transduction pathways which begin with proteins that pass signals into a cell through cell surface receptors. The name Wnt is a portmanteau created from the names Wingless and Int-1. Wnt signaling pathways use either nearby cell-cell communication (paracrine) or same-cell communication (autocrine). They are highly evolutionarily conserved in animals, which means they are similar across animal species from fruit flies to humans.

Three Wnt signaling pathways have been characterized: the canonical Wnt pathway, the noncanonical planar cell polarity pathway, and the noncanonical Wnt/calcium pathway. All three pathways are activated by the binding of a Wnt-protein ligand to a Frizzled family receptor, which passes the biological signal to the Dishevelled protein inside the cell. The canonical Wnt pathway leads to regulation of gene expression. The noncanonical planar cell polarity pathway regulates the cytoskeleton that is responsible for the shape of the cell. The noncanonical Wnt/calcium pathway regulates calcium inside the cell.
Brain-derived neurotrophic factor (BDNF), or abrineurin, is a protein that, in humans, is encoded by the BDNF gene. BDNF is a member of the neurotrophin family of growth factors, which are related to the canonical nerve growth factor (NGF), a family which also includes NT-3 and NT-4/NT-5.
N-acylethanolamine
An N-acylethanolamine (NAE) is a type of fatty acid amide where one of several types of acyl groups is linked to the nitrogen atom of ethanolamine, and highly metabolic formed by intake of essential fatty acids through diet by 20:4, n-6 and 22:6, n-3 fatty acids, and when the body is physically and psychologically active. The endocannabinoid signaling system (ECS) is the major pathway by which NAEs exerts its physiological effects in animal cells with similarities in plants, and the metabolism of NAEs is an integral part of the ECS, a very ancient signaling system, being clearly present from the divergence of the protostomian/deuterostomian, and even further back in time, to the very beginning of bacteria, the oldest organisms on Earth known to express phosphatidylethanolamine [PEA], the precursor to endocannabinoids [eCBS], in their cytoplasmic membranes. Fatty acid metabolites with affinity for CB receptors are produced by cyanobacteria, which diverged from eukaryotes at least 2,000 MYA, by brown algae which diverged about 1,500 MYA, by sponges, which diverged from eumetazoans about 930 MYA, and lineages that predate the evolution of CB receptors, as CB1 – CB2 duplication event may have occurred prior to the lophotrochozoan-deuterostome divergence 590 MYA. Fatty acid amide hydrolase (FAAH) evolved relatively recently, either after the evolution of fish 400 MYA, or after the appearance of mammals 300 MYA, but after the appearance of vertebrates. Linking FAAH, vanilloid receptors (VR1) and anandamide (NAE 20:4) implies a coupling among the remaining ‘‘older’’ parts of the ECS, monoglyceride lipase (MGL), CB receptors, that evolved prior to the metazoan–bilaterian divergence (between extant Hydra and leech), but were secondarily lost in the Ecdysozoa, and 2-Arachidonoylglycerol (2-AG).

Some other studies claim that FAAH evolved about 650 MYA.
These amides conceptually can be formed from a fatty acid and ethanolamine with the release of a molecule of water, but the known biological synthesis uses a specific phospholipase D [PLD] to cleave the phospholipid unit from N-acylphosphatidylethanolamines. Another route relies on the transesterification of acyl groups from phosphatidylcholine by an N-acyltransferase (NAT) activity. The suffixes -amine and -amide in these names each refer to the single nitrogen atom of ethanolamine that links the compound together: it is termed "amine" in ethanolamine because it is considered as a free terminal nitrogen in that subunit, while it is termed "amide" when it is considered in association with the adjacent carbonyl group of the acyl subunit.
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N-acylethanolamines (NAEs) are broken down, or hydrolyzed, by fatty acid amide hydrolase (FAAH) to ethanolamine (EA) and the fatty acid, arachidonic acid (AA). FAAH is activated during stress exposure circumstances, which also raises the neuronal excitability in the amygdala, a critical brain area that mediates anxiety, and the anxiolytic outcome of CB1 receptor activation. Inhibition of FAAH has been shown to increase the levels of NAEs in vivo and to produce desirable phenotypes, that produce analgesic, anxiolytic, neuroprotective, and anti-inflammatory effects, like in high-level performance athletes that present an extraordinary interindividual variability of physical, but also mental traits, that greatly influence their sports accomplishments and their career longevity, by an FAAH genetic polymorphism that produce the SNP rs324420 (C385A allele), associated with a higher sensitivity of FAAH to proteolytic degradation and a shorter half-life, as compared to the C variant, as the A variant displays normal catalytic properties, but an enhanced sensitivity to degradation, leading to increased NAE and AEA signaling. Activation of the cannabinoid receptor CB1 or CB2 in different tissues inhibit FAAH activity, and thereby increases eCB levels.
Evidence for a cannabinoid receptor in sea urchin sperm and its role in blockade of the acrosome reaction

M C Chang, D Berkery, R Schuel, S G Laychock, A M Zimmerman, S Zimmerman, H Schuel.

Mol. Reprod. Dev. 1993  Dec; 36(4):507-16.

Delta-9-tetrahydrocannabinol (THC), the primary psychoactive cannabinoid in marihuana, reduces the fertilizing capacity of sea urchin sperm by blocking the acrosome reaction that normally is stimulated by a specific ligand in the egg's jelly coat. The bicyclic synthetic cannabinoid [3H]CP-55,940 has been used as a ligand to demonstrate the presence of a cannabinoid receptor in mammalian brain. We now report that [3H]CP-55,940 binds to live sea urchin (Strongylocentrotus purpuratus) sperm in a concentration, sperm density, and time-dependent manner. Specific binding of [3H]CP-55,940 to sperm, defined as total binding displaced by (-)delta 9THC, was saturable: KD 5.16 +/- 1.02 nM. This suggests a single class of receptor sites and the absence of significant cooperative interactions. Sea urchin sperm contain 712 +/- 122 cannabinoid receptors per cell. Binding of [3H]CP-55,940 to sperm was reduced in a dose-dependent manner by increasing concentrations of both CP-55,940, (-)delta 9THC, and (+)delta 9THC. The rank order of potency to inhibit binding of [3H]CP-55,940 to sperm and to block the egg jelly stimulated acrosome reaction was: CP-55,940 > (-)delta 9THC > (+)delta 9THC. These findings show that sea urchin sperm contain a stereospecific cannabinoid receptor that may play a role in inhibition of the acrosome reaction. The radioligand binding data obtained with live sea urchin sperm are remarkably similar to those previously published by other investigators using [3H]CP-55,940 on mammalian brain and nonneural tissues. The cannabinoid binding properties of this receptor appear to be highly conserved during evolution. We postulate that the cannabinoid receptor may modulate cellular responses to stimulation.
The earliest echinoid fossils date to the Middle Ordovician period (465 MYA). There is a rich fossil record of their hard parts made of calcite plates surviving in rocks from every period since then. 

The CB1 receptor evolved about 550 MYA, therefore, Sea Urchin have cannabinoid receptors.
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Contact with the Jelly Coat of an Egg Stimulates a Sea Urchin Sperm to undergo an Acrosomal Reaction. THC blocks the acrosome reaction.
The evolutionary advantage of this phenomenon (in controlling the fertility of the Sea Urchin) is still obscure. 

Endocannabinoid [eCB] synthesis, release, and degradation

During neurotransmission, the pre-synaptic neuron releases neurotransmitters [NTs] into the synaptic cleft which bind to cognate receptors expressed on the post-synaptic neuron. Based upon the interaction between the transmitter and receptor, NTs may trigger a variety of effects in the post-synaptic cell, such as excitation, inhibition, or the initiation of second messenger cascades. Based on the cell, these effects may result in the on-site synthesis of endogenous cannabinoids anandamide [AEA] or 2-AG by a process that is not entirely clear, but results from an elevation in intracellular calcium. Expression appears to be exclusive, so that both types of eCBs are not co-synthesized. This exclusion is based on synthesis-specific channel activation. A recent study found that in the bed nucleus of the stria terminalis, calcium entry through voltage-sensitive calcium channels [VSCCs] produced an L-type current resulting in 2-AG production, while activation of glutamate mGluR1/5 receptors triggered the synthesis of anandamide.
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Glutamate alpha decarboxylase (GAD; EC 4.1.1.15) is a pyridoxal-5’-phosphate-dependent enzyme that catalyzes the irreversible α-decarboxylation of l-glutamic acid to γ-aminobutyric acid (GABA) and CO2.
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mGluR1
The glutamate receptor, metabotropic 1 [GRM1] is a human gene which encodes the metabotropic glutamate receptor 1 (mGluR1) protein.
L-glutamate is the major excitatory NT in the CNS and activates both ionotropic and metabotropic glutamate receptors. Glutamatergic neurotransmission is involved in most aspects of normal brain function and can be perturbed in many neuropathologic conditions. The metabotropic glutamate receptors are a family of GPCRs, that have been divided into 3 groups based on sequence homology, putative signal transduction mechanisms, and pharmacologic properties. Group I, which includes GRM1 alongside GRM5, have been shown to activate phospholipase C [PLC]. Group II includes GRM2 and GRM3 while Group III includes GRM4, GRM6, GRM7 and GRM8. Group II and III receptors are linked to the inhibition of the cyclic AMP cascade but differ in their agonist selectivities.

A possible connection has been suggested between mGluRs and neuromodulators, as mGluR1 antagonists block adrenergic receptor [AR] activation in neurons.

Evidence suggests that the depolarization-induced influx of calcium into the post-synaptic neuron causes the activation of an enzyme called transacylase. This enzyme is suggested to catalyze the first step of eCB biosynthesis by converting phosphatidylethanolamine, a membrane-resident phospholipid, into N-acyl-phosphatidylethanolamine (NAPE). 
Experiments have shown that phospholipase D [PLD] cleaves NAPE to yield anandamide. This process is mediated by bile acids. In NAPE-phospholipase D (NAPEPLD)-knockout mice, cleavage of NAPE is reduced in low calcium concentrations, but not abolished, suggesting multiple, distinct pathways are involved in anandamide synthesis. The synthesis of 2-AG is less established and warrants further research.
Once released into the extracellular space by a putative eCB transporter, messengers are vulnerable to glial cell inactivation. Endocannabinoids are taken up by a transporter on the glial cell and degraded by fatty acid amide hydrolase (FAAH), which cleaves anandamide into arachidonic acid [AA] and ethanolamine [EA] or monoacylglycerol lipase (MAGL), and 2-AG into AA and glycerol. While arachidonic acid is a substrate for leukotriene and prostaglandin synthesis, it is unclear whether this degradative byproduct has unique functions in the central nervous system. Emerging data in the field also points to FAAH being expressed in postsynaptic neurons complementary to presynaptic neurons expressing cannabinoid receptors, supporting the conclusion that it is major contributor to the clearance and inactivation of anandamide and 2-AG after eCB reuptake. A neuropharmacological study demonstrated that an inhibitor of FAAH (URB597) selectively increases anandamide levels in the brain of rodents and primates. Such approaches could lead to the development of new drugs with analgesic, anxiolytic-like and antidepressant-like effects, which are not accompanied by overt signs of abuse liability.
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URB597 
Acyltransferases and transacylases that determine the fatty acid composition of glycerolipids and the metabolism of bioactive lipid mediators in mammalian cells and model organisms.
Atsushi Yamashita, Yasuhiro Hayashi, et al.
Prog. Lipid Res. 2014  Jan :53: 18-81.

Over one hundred different phospholipid molecular species are known to be present in mammalian cells and tissues. Fatty acid remodeling systems for phospholipids including acyl-CoA:lysophospholipid acyltransferases, CoA-dependent and CoA-independent transacylation systems, are involved in the biosynthesis of these molecular species. Acyl-CoA:lysophospholipid acyltransferase system is involved in the synthesis of phospholipid molecular species containing sn-1 saturated and sn-2 unsaturated fatty acids. The CoA-dependent transacylation system catalyzes the transfer of fatty acids esterified in phospholipids to lysophospholipids [LPLs] in the presence of CoA without the generation of free fatty acids. The CoA-dependent transacylation reaction in the rat liver exhibits strict fatty acid specificity, i.e., three types of fatty acids (20:4, 18:2 and 18:0) are transferred. On the other hand, CoA-independent transacylase catalyzes the transfer of C20 and C22 polyunsaturated fatty acids [PUFAs] from diacyl phospholipids to various lysophospholipids, especially ether-containing lysophospholipids, in the absence of any cofactors. CoA-independent transacylase is assumed to be involved in the accumulation of PUFA in ether-containing phospholipids. These enzymes are involved in not only the remodeling of fatty acids, but also the synthesis and degradation of some bioactive lipids and their precursors.
Omega-3 supplementation for cannabis users:

mega-3 fatty acids play a crucial role in our overall health, and they might have an interesting connection to cannabis use. 
THC Tolerance:
Tolerance refers to the body’s resistance to the effects of a drug. In the case of cannabis, tolerance can develop over time due to repeated exposure to THC (tetrahydrocannabinol) and other cannabinoids.
When we consume cannabis, these cannabinoids bind to CB receptors on cell walls, leading to the psychotropic high. However, the body adjusts to maintain homeostasis, resulting in desensitization and eventually internalization of these receptors. A tolerance break (going without cannabis for a week or two) can help reset sensitivity.
Omega-3 and Cannabis Tolerance:
Omega-3 fatty acids are essential for critical organs like the brain and eyes. They also play a role in cell signaling.
While there’s no direct evidence that omega-3s reduce THC tolerance, they may improve the integrity & fluidity of cell membranes. This could enhance the bond between THC and cell receptors, potentially affecting tolerance indirectly.
Additionally, omega-3s help synthesize eCBs within the body. Endocannabinoids are naturally produced cannabinoids that share a molecular shape with THC. Some anecdotal evidence suggests that omega-3 supplementation might lead to longer and more acute "high".
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Lipid mediators move freely inside the cell membrane.
AEA moves freely inside the upper part (extracellular) of the cell membrane and binds to the binding pocket of CB1 receptor. 
Interestingly, THC enters the binding pocket of CB1 receptor from the outside.
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The endocannabinoid anandamide assumes an extended conformation in the bilayer with its polar group at the same level as the polar phospholipid head groups. It diffuses laterally to the binding site of the CB1 receptor and interacts with a hydrophobic groove formed by helices 3, 5, and 6. The yellow star indicates the position of Cys-47 on helix 6 (C6.47) identified as a site of interaction with the terminal carbon of anandamide using covalent ligand experiments.
THC is an "opportunistic" exogenous agonist that enters the hydrophobic groove formed by helices 3, 5, 6 & 7 of endocannabinoid receptors from the extracellular space, binds their active pocket and activate those receptors.
Anandamide's binding pocket of CB1R
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The AEA/R* complex in the TMH 2-3-6-7 region of CB1 R* is illustrated here. AEA (anandamide) is shown in white tube display. Lysine K3.28 forms a hydrogen bond with the amide oxygen of AEA. At the same time, the head group hydroxyl of AEA is engaged in an intramolecular hydrogen bond with its amide oxygen. The AEA binding pocket is lined with residues that are largely hydrophobic, including L3.29, V3.32, F6.60, F7.35, A7.36, Y6.57, S7.39 (hydrogen bonded back to its own backbone carbonyl oxygen) and L7.43. F3.25 has a C-H•••π interaction with the C5-C6 double bond of AEA; while F2.57 has an interaction with the amide oxygen of AEA.
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AEA Structure

In their rhodopsin-based homology model of CB1, Tuccinardi and co-workers found that AEA binds in the TM2–3–6–7 region of CB1, adopting a U-shaped molecular conformation. The amide oxygen atom of the ligand interacts with Lysine K3.28, in agreement with site-directed mutagenesis studies, and the hydroxy group forms a hydrogen bond with S7.39. The residues that delimit the AEA binding pocket are principally hydrophobic, including F2.57, F3.25, L3.29, V3.32, F3.36, and F7.35. F2.57 interacts with the aliphatic chain of AEA through a C-H•••π interaction, whereas F3.25 has an interaction with the amide oxygen atom.
Hypothesis: Lysine [K3.28] of the CB1 receptor that forms hydrogen bond with the amide oxygen of AEA, is identical to the Lysine #296 that binds 11-cis-Retinal covalently to the Rhodopsin receptor.
Binding of AEA to CB1
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Overlay of eight AEA equilibrated poses and the bound ligands in the X-ray crystal structures of the CB1 receptor.
All the eight AEA equilibrated poses (in atom type) were overlaid to AM11542 (in green) and CP55940 (in mauve) after the receptors in these poses were superimposed to the receptors in the X-ray crystal structures of the AM11542-bound CB1 receptor and the CP55940-bound CB1 receptor. Color coding: carbon, cyan; oxygen, red; and nitrogen, blue. Hydrogen atoms were omitted for clarity.
Anandamide approaches its binding site by laterally diffusing within one membrane leaflet in an extended conformation and activates the cannabinoid receptors by interacting with a hydrophobic groove formed by helices 2, 3, 7 and 6 while its terminal carbon is very closely positioned to a key cysteine residue in helix 6.
AEA interacts with TM2, TM3, TM6, and TM7 in CB1 receptor binding pocket.
Cannabinoid CB2/CB1 selectivity. Receptor modeling and automated docking analysis

Tiziano Tuccinardi, Pier Luigi Ferrarini et al. 
J. Med. Chem. 2006   Feb 9;49(3):984-94.
Three-dimensional models of the CB1 and CB2 cannabinoid receptors were constructed by means of a molecular modeling procedure, using the X-ray structure of bovine rhodopsin as the initial template, and considering the available site-directed mutagenesis data. The cannabinoid system was studied by means of docking techniques. An analysis of the interaction of WIN55212-2 with both receptors showed that CB2/CB1 selectivity is mainly determined by the interaction in the CB2 with the non-conserved residues S3.31 and F5.46, whose importance was suggested by site-directed mutagenesis data. 
We also carried out an automated docking of several ligands into the CB2 model, using the AUTODOCK 3.0 program; the good correlation obtained between the estimated free energy binding and the experimental binding data confirmed our binding hypothesis and the reliability of the model.
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WIN55212-2 is a selective CB2 receptor agonist
β-caryophyllene (BCP) is a natural CB2-selective agonist
[image: image54.png]



β-Caryophyllene (BCP), a natural bicyclic sesquiterpene, is a selective agonist of type 2 receptors (CB2-R). It isn't psychogenic due to the absence of an affinity to cannabinoid receptor type 1 (CB1). 
β-Caryophyllene acts as a full agonist of the CB2 receptor in rats. β-Caryophyllene has a binding affinity of Ki = 155 nM at the CB2 receptors in mice. To compare binding - cannabinol (CBN) binds to the CB2 receptors as a partial agonist with an affinity of Ki = 126.4 nM, while delta-9-tetrahydrocannabinol [THC] binds to the CB2 receptors as a partial agonist with an affinity of Ki = 36 nM.
Among the various biological activities, BCP exerts anti-inflammatory action via inhibiting the main inflammatory mediators, such as inducible nitric oxide synthase (iNOS), Interleukin 1 beta (IL-1β), Interleukin-6 (IL-6), tumor necrosis factor-alfa (TNF-α), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), cyclooxygenase 1 (COX-1) and cyclooxygenase 2 (COX-2).
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Binding of BCP to CB2 receptor

Peroxisome proliferator-activated receptors alpha (PPAR-α) effects are also mediated by the activation of PPAR-α and PPAR-γ receptors by BCP.
BCP interacts with M265, V113, F117 and W258 inside the CB2 receptor binding pocket.
 

As a result of sterilization of dried cannabis flowers by ionizing radiation, BCP turns to the toxic caryophyllene oxide.
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2-AG binding pocket of CB2R
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A simulation cell containing a model of the CB2 receptor immersed in a fully hydrated palmitoyl-oleoyl-phosphatidylcholine (POPC) lipid bilayer is illustrated here from a microsecond timescale simulation, The spheres represent the phosphorous atoms of the POPC head-groups. Water and the fatty acid acyl chains of the bilayer have been turned off for simplicity. 2-AG is contoured at its Van der Waals’ radius. In this figure, a 2-AG molecule has entered the CB2 receptor by passing between TMH6 and TMH7. After entry, 2-AG establishes a long-lasting interaction with D (275) in the EC-3 loop, a hydrogen bond with S6.58 (268) and maintains an intramolecular hydrogen bond.
Biased Signaling at CB1R

It has long been believed that most of GPCR couples to multiple Gα proteins (e.g. Gαi/o. Gαs, Gαq, or Gα12/13) and β-arrestins, triggering multiple intracellular signaling pathways in parallel and/or sequentially through different transduction mechanisms. Accumulating evidence has firmly established that distinct GPCR agonists exhibit the potential to selectively activate one specific signaling cascade over another, a phenomenon referred to as “biased agonism” or “functional selectivity” and trigger distinct physiological responses.
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Schematic representation of biased signaling at CB1. Structurally different ligands will induce diverse conformations of the receptor, which may then favor one of the possible signaling pathways over others. In this diagram, the unbiased agonist CP55,940 engages the CB1 and activates both G protein- and β-arrestin-dependent signaling pathways. PNR-4-20 is biased toward the activation of the Gαi heterotrimer over β-arrestin, while ORG27569 favorably activates β-arrestin.

Arrestins (Arr) are a small family of proteins important for regulating signal transduction at GPCRs. Arrestins were first discovered as a part of a conserved two-step mechanism for regulating the activity of GPCRs in the visual rhodopsin system.
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In response to a stimulus, GPCRs activate heterotrimeric G proteins. To turn off this response, or adapt to a persistent stimulus, active receptors need to be desensitized. The first step in desensitization is phosphorylation of the receptor by a class of serine/threonine kinases called G protein coupled receptor kinases (GRKs). GRK phosphorylation specifically prepares the activated receptor for arrestin binding. 
Arrestin binding to the receptor blocks further G protein-mediated signaling and targets receptors for internalization, and redirects signaling to alternative G protein-independent pathways, such as β-arrestin signaling.
Arrestins block GPCR coupling to G proteins in two ways. First, arrestin binding to the cytoplasmic face of the receptor occludes the binding site for heterotrimeric G-protein, preventing its activation (desensitization). Second, arrestin links the receptor to elements of the internalization machinery, clathrin and clathrin adaptor AP2, which promotes receptor internalization via coated pits and subsequent transport to internal compartments, called endosomes. Subsequently, the receptor could be either directed to degradation compartments (lysosomes) or recycled back to the plasma membrane where it can again signal. The strength of arrestin-receptor interaction plays a role in this choice: tighter complexes tend to increase the probability of receptor degradation (Class B), whereas more transient complexes favor recycling (Class A). More recently direct interactions between Gi/o family G proteins and Arrestin were discovered downstream of multiple receptors, regardless of canonical G protein coupling.
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Human cannabinoid receptor 1 (CB1) colored blue to red from N- to C-terminus. Bound ligands are rendered as ball and stick models with the tetrahydrocannabinol [THC] agonist AM11542 colored black and oleic acid, 1-oleoyl-R-glycerol and cholesterol colored gray.
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AM11542
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Binding affinities to cannabinoid receptors [Ki in nM] 
for THC vs. AM11542
Synthetic Cannabinoids
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Win 55,212-2, CP 55,940, JWH-018 & HU-210 are used in "Spice" / "K2" / "Nice-Guy" highly addictive & toxic street drugs called "herbal cannabis".
As the legalization of natural cannabis for medical as well as recreational use is currently happening in many countries, the eradication of synthetic cannabinoids should be placed in high priority for law enforcement authorities worldwide. 
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Endogenous and Exogeneous Cannabinoids

THC binds to both eCB receptors (CB1 & CB2) whereas, CBD does not.

The chemical structure of endocannabinoids [eCBs]

is very different from phytocannabinoids [pCBs]. 
To date, approximately 568 different compounds have been identified within the cannabis plant, of which roughly 120 are active phytocannabinoids [pCBs] that are synthesized in the secretory cells inside the glandular trichomes [GTs]. These naturally occurring pCBs share common chemical structural features (i.e., dibenzopyran ring and a hydrophobic alkyl chain) and are distributed among subclasses, including delta-9-tetrahydrocannabinol (Δ9-THC), Δ8-tetrahydrocannabinol (Δ8-THC), cannabidiol (CBD), cannabigerol (CBG), Δ9-tetrahydrocannabivarin (THCV), cannabivarin (CBV), cannabidivarin (CBDV), cannabinol (CBN), cannabichromene (CBC), cannabinodiol (CBND), cannabielsoin (CBE), cannabicyclol (CBL), cannabichromene (CBCh), cannabitriol (CBT) and over 30 other miscellaneous types that have undetectable levels in many commercial cannabis chemovars. Of these pCBs, the most chemically abundant and well-studied are THC and CBD. Although neutral THC and CBD can be found in the dried cannabis plant, both are naturally produced in their carboxylic acid form, as tetrahydrocannabinol acid (THCA) and cannabidiol acid (CBDA), which are synthesized from a common precursor, cannibigerolic acid (CBGA).

Cannabis also contains other organic compounds, such as flavonoids and terpenoids, which may contribute to cannabis chemical activity. Flavonoids impart cannabis’ color while terpenoids are responsible for the taste and aroma of cannabis. Both compounds vary substantially across different cannabis chemovars. Over 200 terpenoids have been reported in cannabis plants. In most cannabis samples, terpenoids consist of <1% of cannabis with the most common terpenes being myrcene, pinene, terpinolene, limonene, β-caryophyllene and linalool. Collectively, when active and inactive cannabis metabolites interact to affect receptor potencies of the active constituents, this is referred to as an “entourage effect.” The entourage effect can influence the subjective experience or clinical effects of pCBs by non-cannabinoid compounds. This suggests that cannabis chemovars may differ in their clinical applications due to their unique combination of cannabinoid and non-cannabinoid components.
Biosynthesis of pCBs in Cannabis Glandular Trichomes
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Phenol from vacuole reacts with terpene from plastid,
to form pCBs that are stored inside the secretory cavity. 
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The enzymes CBDAS, THCAS, and CBCAS produce CBDA, THCA & CBCA from the common precursor = CBGA. 
The genetics of different pCBs biosynthetic enzymes​​​
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CBDAS precedes THCAS. 
THCAS resembles CBCAS.
Oxidocyclase phytocannabinoid synthases are closely related to each other and belong to the family of BBE-like enzymes (a). Full-length CBCA synthase (CBCAS), THCAS and CBDAS are closely related to pseudogenes and synthases which have not been characterized, as indicated by clades A and B. An additional clade C containing sequences that have not been characterized in detail yet has also been identified.

CBGA is converted by pCB synthases, to CBCA, THCA and CBDA (b).
Genes encoding for pCB synthases are arranged in clusters of synthase and synthase-like pseudogenes (grey boxes) interspersed with transposable elements [12••] (c). Generally, two large distinct haplotypes exist: one encoding a functional THCAS (blue), the other a functional CBDAS (green), both encode a functional CBCAS (orange). In an individual producing THC as its main cannabinoid (‘THC-dominant’), THCAS is expressed, resulting in the synthesis of THCA. If both haplotypes are present, active THCAS and CBDAS are expressed, resulting in THC-CBD mixed individuals. THC-dominant and THC-CBD mixed plants are considered marijuana. If only the haplotype encoding CBDAS is present, CBDA is the dominant cannabinoid, and the plant is considered hemp or CBD-dominant.
It is noteworthy that the pCB synthases produce the carboxylated forms of the pCBs (THCA), but that in humans mainly the decarboxylated forms possess bioactivity. Decarboxylation is usually achieved by high temperature treatment, for example smoking. However, some studies suggest that also the carboxylated pCBs have some bioactivity.
Almost all Cannabis plants contain an active CBGA synthase that synthesizes precursor molecules into CBGA, which itself is metabolized into THCA, CBCA or CBDA (Figure 1b). CBCA is similarly synthesized from CBGA through CBCA synthase, however, this pCB is less abundant and its effects not as well researched.
The presence and absence of THCA synthase and CBDA synthase differs between Cannabis cultivars, providing the most important distinction between plants in terms of pCB profile: high or low THC content in the female inflorescences. Plants that produce high levels of THCA (up to 20% of the dried flower mass) are termed marijuana and have almost exclusively THCA synthase and no CBDA synthase activity. Plants with very low THCA and moderate CBDA levels are known as hemp (typically 0.2–0.3% THC in the dried flower mass) and have predominantly CBDA synthase activity. Plants with both CBDA and THCA synthase activity exist, resulting in a mix of THCA and CBDA (Figure 1c).
CBDA and THCA synthase appear to be encoded by a complex genetic locus interspersed with transposable elements and limited similarities between the hemp and marijuana genomes, making recombination between the haplotypes infrequent (Figure 1c). The complex genomic arrangement of the pCB synthases is further complicated by the presence of numerous pseudogenes and additional full-length, putatively functional pCB synthases which differ between some Cannabis genomes (Figure 1a). The biochemical activity of those synthases is currently uncharacterized, but they may account for the observation that hemp lines which do not possess an active THCA synthase still produce small amounts of THCA. However, THCA and CBDA synthase both seem to possess residual activities for the synthesis of CBDA and THCA respectively, which also might contribute to, for example, traces of THC in CBD products.
In general, the production of small amounts of THCA from hemp can be problematic in some jurisdictions with a zero tolerance THC policy, making elimination of residual THCA synthesis from hemp plants a potential crop improvement goal. Further understanding the uncharacterized pCB synthases as well as of the biochemical activity of THCAS is required to achieve this. Subsequently, targeted mutagenesis via CRISPR or TILLING approaches might be applied to fine-tune enzymes or deleting functional gene duplicates, eliminating undesired side-products.
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Stalked Glandular Trichome
The benefits of pCBs for the cannabis plant
The exact benefit of cannabinoids and terpenes for the plant has yet to be discovered but several findings point to defense-related functions. This is consistent with a common role of trichomes in many plant species. Early studies have also hypothesized that THC protects against ultraviolet (UV) radiation, as cannabis plants produce significantly elevated levels of THC when exposed to higher levels of UVB radiation, possibly resulting in the development of geographical chemotypes (Pate, 1983). The origin of the cannabis plant about 28-36 MYA was from the Tibetan Plateau in elevation of 3,200 meters above sea level were very high UV-B radiation persists.

A recent study found that CBD could be a potential sunscreen additive as its application to human keratinocyte and melanocyte cells led to improved cell viability after exposure to UVB radiation, suggesting that cannabinoids protect cells against this type of potentially DNA-damaging radiation and supporting the geographical chemotype hypothesis. 
Cannabinoid synthesis begins as plants move into their bloom phase. As they produce flowers, trichome cells within the gland head begin to synthetize what will become THC. Trichomes will display maturity when they change color – going from a clear and translucent state to a cloudy white and then amber color.
One of the theories about why cannabis produces THC is to protect the plant from infections or diseases. THC has strong antimicrobial properties in humans. It may be, that it serves the same purpose for the plant that produces them: they are the cannabis plant’s “immune system”. However, higher THC plants are not more resistant to pathogens and pests than those with less THC.
Novel cannabidiol sunscreen protects keratinocytes and melanocytes against ultraviolet B radiation.
Pranjal Gohad, John McCoy, Carlos Wambier, Maja Kovacevic, Mirna Situm, Andrija Stanimirovic, Andy Goren.

J. Cosmet. Dermatol. 2020   Sep 16. https://link.springer.com/article/10.1007/bf02904200
Cannabidiol (CBD), a natural occurring phytocannabinoid, is used extensively in consumer products ranging from foods to shampoos, topical oils and lotions. Several studies demonstrated the anti-inflammatory and antioxidative properties of cannabidiol. Nevertheless, the role of cannabidiol use in sunscreens is largely unknown as no studies on its effect on keratinocytes or melanocytes exist. As such, we aimed to explore the effect of CBD on keratinocyte and melanocyte viability following ultraviolet B (UVB) irradiation. CBD exhibited a dose-dependent protective effect on both keratinocytes and melanocyte viability. Further, since CBD does not demonstrate absorption in the UVB spectra, we speculate that the protective effect is due to reduction in reactive oxygen species [ROS]. To our knowledge, this is the first study demonstrating the protective effect of CBD on keratinocytes and melanocytes irradiated with UVB.

These findings indicate that cannabinoids may be secreted and concentrated around flowers to protect the reproductive organs – and thereby the next generation – from the effects of sun damage; genotypes that originate from closer to the equator will produce higher levels of cannabinoids due to the higher incidence of UVB radiation in that region.
The pCBs that absorb UV-B radiation are THC, CBN & CBC.

Interestingly, cannabis male pollen also contains pCBs, flavonoids & terpenes that protect the genetic material of the male plant.
The identified cannabinoids in male pollen were: delta9-tetrahydrocannabiorcol, cannabidivarin, cannabicitran, delta9-tetrahydrocannabivarin [THCV], cannabicyclol, cannabidiol [CBD], cannabichromene [CBC], delta9-tetrahydrocannabinol [THC], cannabigerol [CBG], cannabinol [CBN], dihydrocannabinol, cannabielsoin [CBE], 6a, 7, 10a-trihydroxytetrahydrocannabinol, 9, 10-epoxycannabitriol, 10-O-ethylcannabitriol, and 7, 8-dehydro-10-O-ethylcannabitriol.
Interestingly, hush producers in the Riff mountains of Morocco, screen male pollen grains together with female glandular trichome heads collecting what they call "pollen" and pressing it using mild heat.
Evolution of the Cannabis plant

Due to the paucity of Cannabis print fossils, paleobotanists have turned to microfossils, in the form of fossil pollen or subfossil (noncarbonized) pollen. Hundreds of fossil pollen studies (FPSs) have reported Cannabis or Humulus pollen. 
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Pollen grains of (A): Cannabis sativa L and (B): Humulus lupulus L.
Due to the close resemblance between Cannabis and Humulus pollen grains, the similar flowering times for both genera, and the fact that both genera shed buoyant pollen in vast quantities there have been difficulties in accurately interpreting the Cannabaceae pollen records from past site analyses. The desirability of separating these two species has encouraged researchers to designate several characteristics which can be used to determine whether a Cannabaceae pollen grain came from a hemp or hop plant. Godwin (1967) examined the pore complexes of Cannabis and Humulus pollen and noted differentiating factors between the two, based on several minute details in these complexes. Described later in independent studies by French and Moore (1986) and Whittington and Gordon (1987), these factors include the grouping of the scabrae as revealed by scanning electron microscope (SEM), the virtual absence of the hollow internal annulus in hop grains, the rise and arch of the tectum over the rim of the pores, and the steep slope of the annulus of Cannabis versus the low slope of Humulus pore complexes.
Many paleobotanists, confronted with the morphological similarities between Cannabis and Humulus pollen grains, resort to collective names, for example, Cannabis/Humulus or Cannabaceae. These aggregate data can be dissected by using ecological proxies, instead of grain morphology. Cannabis/Humulus pollen in a steppe assemblage (occurring with Poaceae, Artemisia, and Chenopodiaceae pollen) is consistent with wild-type Cannabis. Cannabis/Humulus pollen in a mesophytic forest assemblage (occurring with Alnus, Salix, and Populus pollen) is consistent with Humulus.

A meta-analysis of 88 FPSs in Asia used these methods. The oldest pollen in a steppe assemblage was located in Níngxià Province, China, and dated to 19.6 MYA. A map of the FPSs constructed with geographical information system (GIS) software identified the northeastern Tibetan Plateau as the Cannabis center of origin. This geographical region, during the Oligocene, agrees with two hypotheses regarding the evolution of cannabinoid biosynthesis: (1) Cannabinoids protect plants from ultraviolet light (UVB) at higher altitudes, generated by the Tibetan uplift. (2) Cannabinoids deter vertebrate herbivores—the expansion of steppe during the Oligocene led to the evolution of Central Asian animals that feed on Cannabis today, such as Ungulates (horses), Rodentia (some families of rats, mice, and hamsters), Lagomorpha (rabbits and pikas), and Columbiformes (pigeons and doves).
A meta-analysis of 479 FPSs in Europe addressed the generally accepted concept that the dispersal of C. sativa from Asia to Europe depended upon human transport. The Scythians are often implicated, ca. 700 BCE. The meta-analysis identified Cannabis pollen in Europe that predated the Scythians, and even predated Homo sapiens. The oldest pollen dated to the Eopleistocene (1.8–1.2 MYA) and came from the Upper Volga River basin in Russia.

During the Last Glacial Maximum, northern Europe was covered by ice, with a southern margin between 52° N (midland England) and 56° (north of Moscow). Tree species retreated to glacial refugia in southern Europe, south of around 45° N. Between these latitudes, GIS mapping revealed a belt of Cannabis pollen spanning Europe.

Following the warm and wet Holocene Climactic Optimum (7–6 KYA), forests replaced steppe, and Cannabis retreated to steppe refugia in the Pontic steppe and the Mediterranean coast. This pattern was repeated through several cycles of ice ages and warmer, wetter periods. Cannabis went through repeated “genetic bottlenecks,” when the population shrank to small numbers during range contractions. Small populations experience genetic drift, where new genotypes arise randomly. Conventional wisdom states that differences between C. sativa and C. indica are due to human selection, and therefore not “natural.” Instead, FPSs suggests that genetic drift initiated allopatric differences between European C. sativa and Asian C. indica.
Taming THC: potential cannabis synergy and phytocannabinoid-terpenoid entourage effects
Ethan B Russo
British Journal of Pharmacology

Tetrahydrocannabinol (THC) has been the primary focus of cannabis research since 1964, when Prof. Raphael Mechoulam isolated and synthesized it. More recently, the synergistic contributions of cannabidiol (CBD) to cannabis pharmacology and analgesia have been scientifically demonstrated. Other phytocannabinoids [pCBs], including tetrahydrocannabivarin (THCV), cannabigerol (CBG) and cannabichromene (CBC), exert additional effects of therapeutic interest. Innovative conventional plant breeding has yielded cannabis chemotypes expressing high titres of each component for future study. This review will explore another echelon of phytotherapeutic agents, the cannabis terpenoids: limonene, myrcene, α-pinene, linalool, β-caryophyllene [BCP], caryophyllene oxide, nerolidol and phytol. Terpenoids share a precursor with pCBs and are all flavor and fragrance components common to human diets that have been designated Generally Recognized as Safe [GRAS] by the US FDA and other regulatory agencies. Terpenoids are quite potent and affect animal and even human behavior when inhaled from ambient air at serum levels in the single digits ng·mL−1. They display unique therapeutic effects that may contribute meaningfully to the entourage effects of cannabis-based medicinal extracts. Focus will be placed on pCB-terpenoid interactions that could produce synergy with respect to treatment of pain, inflammation, depression, anxiety, addiction, epilepsy, cancer, fungal and bacterial infections (including methicillin-resistant Staphylococcus aureus [MRSA]). Scientific evidence is presented for non-cannabinoid plant components as putative antidotes to intoxicating effects of THC that could increase its therapeutic index. Methods for investigating entourage effects in future experiments will be proposed. Phytocannabinoid-terpenoid synergy, if proven, increases the likelihood that an extensive pipeline of new therapeutic products is possible from this venerable plant.
Full spectrum botanical extract [FSBE] from cannabis flowers is much more effective compared to each isolated component alone.

Heat decarboxylation of THC acid
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Humans learnt to breed, cultivate, harvest, cure, store and heat decarboxylate the female cannabis inflorescence.
Medical effects of THCA & CBDA from Raw Cannabis
THCA is the non-psychoactive form of pCB found in raw cannabis. When heated, THCA converts into THC, which is psychoactive. Both compounds work within our body’s endocannabinoid system [ECS] but have different effects due to their chemical structures and properties.
THCA interacts with the ECS when we eat raw cannabis leaves or use juices from these plants. Even though it won’t make us feel "High", THCA might still do things inside our body, just like other 126 pCBs that come from the same plant.
THCA might help with things like inflammation and protecting nerves because those could be game changers for health stuff down the road.

Studies have shown that THCA also has potential neuroprotective qualities that may aid in slowing and preventing neurodegenerative diseases like Huntington’s disease [HD]. It can also help with treating conditions like colitis and IBS. Preliminary findings suggest that THCA may help with seizure disorders and some symptoms of autoimmune diseases.
CBDA is anti-emetic, treats neuropathic pain, asthma and Gout (a form of inflammatory arthritis characterized by recurrent attacks of a red, tender, hot, and swollen joint, caused by the deposition of needle-like crystals of uric acid known as monosodium urate crystals).
CBD + CBDA increase the bioavailability of all pCBs, reducing inflammation and pediatric seizures.
Medical effects of minor pCBs

Cannabigerol [CBG] (range 5 to 20 mg·kg−1) and cannabidivarin [CBDV] (range 0.2 to 400 mg·kg−1) displayed efficacy in models of Huntington's disease [HD] and epilepsy. CBG was first isolated in 1964 by the same group that reported the structure of Δ9‐THC (Gaoni & Mechoulam, 1964). It exhibited antioxidant and anti‐inflammatory properties, while displaying no psychotropic effects, as it is a poor CB1 receptor agonist. CBG is a partial agonist at CB2 receptors, a potent α2‐adrenoceptor agonist (EC50 0.2 nM) and a moderate 5‐HT1A receptor antagonist, as well as interacting with various transient receptor potential (TRP) isoforms including TRPV1 and TRPV2 channels. Recent studies show that CBG have significant anti‐inflammatory effects, including attenuating cytokine release and decreasing the activation of immune cells, an effect observed in both in vitro and in vivo models.
CBG (known as the "mother" pCB) may become the new ANTIBIOTIC because it kills Staphylococcus aureus (Staph A) bacteria.

Cannabichromene [CBC] that is produced by young cannabis plants (10–75 mg·kg−1), Δ9‐tetrahydrocannabinolic acid [THCVA] (20 mg·kg−1), and tetrahydrocannabivarin [THCV] (range 0.025–2.5 mg·kg−1) showed promise in models of seizure and hypomobility, in HD and Parkinson's disease [PD]. Limited data showed CBG, its derivatives VCE.003 and VCE.003.2, and THCA mediated some of their effects through the nuclear receptor PPAR‐γ. 
CBCA treats various skin diseases, burns and diabetic sores.

One in vivo study assessed CBN (5 mg·kg−1 per day) in an SOD1 model of amyotrophic lateral sclerosis [ALS]. CBN delayed motor abnormalities at Day 17 in the chronic treatment regimen, compared with vehicle control. In a model of HD, CBN was found to reduced LDH activity in PC12 cells (20 and 100 μM). CBN displayed potent antioxidant activity in primary cerebral granule cells under oxidative stress conditions. CBN have sedative, relaxing and sleep promoting effects in humans. CBN also stimulates appetite, whereas high doses of CBD & THCV reduce appetite.

CBG + CBC may reduce anxiety. THC + THCA may treat pain sensation, reduce nausea and treat irritable bowel disease. 
Further studies with these minor pCBs, and their combinations, are warranted across a range of neurodegenerative disorders.
pCBs as novel antibiotics

Cannabinoids, the active compounds found in Cannabis sativa, have been studied for their potential antimicrobial properties.

Antibiotic Resistance and the Need for Alternatives:
Antibiotics have been crucial in modern medicine, saving millions of lives. However, their misuse has led to the emergence of antibacterial resistance [AMR], a significant global health threat.
The World Health Organization [WHO] considers AMR one of the three greatest threats to healthcare systems worldwide.
Immuno-compromised patients, such as organ transplant recipients and those undergoing chemotherapy, rely on antibiotics to fight infections.
Cannabinoids and Antimicrobial Activity:
Cannabinoids, including THC, CBD, CBG, CBC, and CBN, have been studied for their ability to fight drug-resistant bacteria.
These compounds interact with cannabinoid receptors CB1 and CB2 in humans and are distributed throughout the body, including immune cells. Activation of these receptors may modulate the immune system during infection.
Studies since 1982 have shown that cannabinoids can combat drug-resistant bacteria that are immune to conventional antibiotics.
https://www.cannamd.com/is-marijuana-the-next-antibiotic/
While cannabinoids bind to receptors differently than conventional antibiotics, they offer a promising alternative for drug-resistant conditions.
Topical application of cannabinoids is particularly effective against gram-positive pathogens, while coadministration with a secondary antibiotic enables action against gram-negative bacteria.
The spread of drug-resistant pathogens has left clinicians at a loss when it comes to treating conditions such as methicillin resistant staph A [MRSA] – a bacterium tougher to treat than most strains of staphylococcus aureus – and few solutions have proven effective in the search for therapeutic alternatives.
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Yet with this recent breakthrough, cannabis has provided scientists with the new lead they’ve been looking for.
The 2019 study at McMaster University found that various cannabinoids acted as powerful antibiotics when administered to MRSA-infected mice:
In this study, they investigated 18 commercially available cannabinoids and they all showed antibiotic activity. CBG, proved to be marvelous at tackling pathogenic bacteria. CBG destroyed MRSA by targeting the outer cell membranes that protect these bacteria from antibiotic drugs. Unlike antibiotic medications, CBG destroys MRSA biofilms. Biofilms are collections of microbes with a protective outer coating that allow MRSA and other bacteria to survive antibiotic treatment. In addition, CBG prevented new biofilms from developing, preventing MRSA from resisting its antibiotic activity. Researchers also found that CBG destroyed drug-resistant host cells.
Moreover, CBG & CBGA were found to treat effectively many skin diseases in humans.
Metabolism of THC in the liver

▵9-THC has a tri-cyclic 21-carbon structure without nitrogen and with two chiral centers in trans-configuration. THC is volatile viscous oil with high lipid solubility and low aqueous solubility. The metabolism of THC is shown in the Figure below. THC is present in cannabis as a mixture of mono-carboxylic acids [THCAs], which gets readily and efficiently decarboxylated upon heating (above 115 degrees Celsius) to form the neutral and bioactive THC. It decomposes to CBN when exposed to air, heat or UV-B light and readily binds to glass and plastic. Therefore, THC is usually stored in basic or organic solvents in amber silicate glassware to avoid loss during analytical procedures.
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Metabolic route of ▵9-tetrahydrocannabinol, its primary highly active metabolite 11-hydroxy-▵9-tetrahydrocannabinol (11-OH-THC) and the primary inactive metabolite, 11-nor-9-carboxy-▵9-tetrahydrocannabinol (THC-COOH). The secondary metabolite that is water-soluble is THC-COOH glucuronide.
CYP2C9 metabolizes THC:
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In humans, THC is primarily metabolized via the cytochrome P450 (CYP) enzyme system. The enzymes responsible for THC metabolism include CYP2C9, CYP3A, and some others.
Considering that approximately 30% of THC is assumed to be destroyed by pyrolysis, the systemic bioavailability of THC is ∼23-27% for heavy frequent users and 10-14% for occasional users. Maximum ▵9-THC plasma concentration was observed approximately 8 minutes after onset of smoking, while 11-OH-THC peaked at 15 minutes and THC-COOH at 81 minutes. The ▵9-THC concentration rapidly decreases to 1-4 ng/mL within 3-4 hour.
In comparison to smoking and inhalation, after oral ingestion, systemic absorption is relatively slow resulting in maximum ▵9-THC plasma concentration within 1-2 hours which could be delayed by few hours in certain cases. After smoking cannabis, THC undergoes hydroxylation and oxidation, leading to the formation of metabolites.
Metabolites:
11-OH-THC is highly active in the human body.
THC-COOH (11-nor-9-carboxy-THC): is inactive. It is the primary metabolite detected in urine after cannabis use.
THC-glucuronide THC-OH- glucuronide and THC-COOH-glucuronide are also measurable in urine samples.
Frequent cannabis smokers exhibit extended urinary excretion of THC, 11-OH-THC, and THC-COOH. THC-glucuronide concentrations peak 0.6–7.4 hours after smoking, while THC-COOH and THC-COOH-glucuronide concentrations vary widely.
THC glucuronide, 11-OH-THC glucuronide, 11-COOH-THC glucuronide
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THC glucuronide
THC-Glucuronide and THC-COOH-glucuronide are metabolites of Δ9 THC, the primary psychoactive component of cannabis. Glucuronidation is a process in which chemical compounds are converted into glucuronides, aiding in their excretion from the body.

After THC is ingested, it undergoes various metabolic processes in the liver. One of these processes involves the conjugation of THC with glucuronic acid, resulting in THC-glucuronide. THC-glucuronide is primarily excreted in urine. It is the major metabolite of THC found in urine samples. Unlike THC itself, which can be detected in blood for up to 30 days after frequent cannabis use, THC-glucuronide has a much shorter detection window. THC-glucuronide has been detected in blood for ≤2 hours after cannabis smoking.
Routes of Administration:
Smoking and vaporization provide comparable cannabinoid delivery, including THC-glucuronide. When cannabis is ingested orally, THC-glucuronide concentrations may be higher than those observed after smoking or vaporization.
Markers of Recent Cannabis Use:
THC-glucuronide, along with other minor cannabinoids like cannabidiol (CBD) and cannabinol (CBN), can serve as markers of recent cannabis use. However, the absence of THC-glucuronide does not necessarily exclude recent cannabis use.
Clinical Implications:
Laboratories and toxicologists use THC-glucuronide measurements to assess recent cannabis intake. Interpretation of cannabinoid tests should consider multiple criteria, including impairment observations.
THC is metabolized in the liver by microsomal hydroxylation and oxidation catalyzed by enzymes of cytochrome P450 (CYP) complex. The average plasma clearance rates have been reported to be 11.8± 3 L/hour for women and 14.9 ±3.7 L/hour for men. Others have determined approximately 36 L/hour for naïve occasional cannabis users and 60 L/hour for frequent cannabis users.
More than 65% of cannabis is excreted in the feces and approximately 20% is excreted in urine. Most of the cannabinoids (80-90%) is excreted within 5 days as hydroxylated and carboxylated metabolites. There are eighteen acidic metabolites of cannabis identified in urine and most of these metabolites form a conjugate with glucuronic acid, which increases their water solubility. Among the major metabolites (▵9-THC, 11-OH-THC, and THC-COOH) - THC-COOH is the primary glucuronide conjugate in urine, while 11-OH-THC is the predominant form in feces. Since THC is extremely soluble in lipids, it results in tubular re-absorption, leading to low renal excretion of unchanged drug. Urinary excretion half-life of THC-COOH was observed to be approximately 30 hours after seven days and 44-60 hours after twelve days of monitoring. After smoking approximately 27 mg of THC in a cigarette, 11-OH-THC peak concentration was observed in the urine within two hours.
Two hypotheses have been proposed to explain the mechanism of in vivo action of THC. According to the first, THC which is secreted as a glucuronide acts via non-specific interactions with cellular and organelle membranes in the brain supporting a membrane perturbation mechanism (membrane fluidity theory). 
The second hypothesis suggests that ▵9-THC interacts with specific cannabinoid receptors. Delineating a single mechanism of action is very difficult because molecular analysis has demonstrated THC to act on several intracellular targets including opioid and benzodiazepine receptors, prostaglandin synthetic pathway and protein and nucleic acid metabolism. Further, cannabinoids inhibit macromolecular metabolism in a dose-dependent manner and have a wide range of effects on enzyme systems, hormone secretion and neurotransmitters [NTs]. The evidence of numerous and diffuse in vivo effects supports the non-specific interaction hypothesis for THC.
Cannabinoids exert various physiological effects by interacting with specific cannabinoid receptors present in the brain and periphery. CB1 receptors in the brain are particularly concentrated in anatomical regions associated with cognition, memory, reward, anxiety, pain sensory perception, motor co-ordination and endocrine function. CB2 receptors are localized to the spleen, immune cells and other peripheral tissues. These receptors may play a role in the immune suppressive actions of cannabinoids. The physiological ligands for these receptors appear to be a family of anandamides which are derivatives of arachidonic acid [AA], related to prostaglandins. There is an endogenous system of cannabinoid receptors and anandamides, which normally modulate neuronal activity by its effect on cyclic-AMP dynamics and transport of Ca+2 and K+ ions. 
The ECS is connected with opioids, GABAergic, glutamate, dopaminergic, noradrenergic, serotonergic, cholinergic, adenosine, glucocorticoid and prostaglandin systems.
The Prostanoid System
Prostanoids are produced from arachidonic acid [AA] that is the degradation product of AEA & 2-AG.
Prostaglandins (PGs) are a group of physiologically active lipid compounds called eicosanoids that have diverse hormone-like effects in animals. PGs have been found in almost every tissue in all animals. They are derived enzymatically from the fatty acid arachidonic acid [AA]. Every PG contains 20 carbon atoms, including a 5-carbon ring. They are a subclass of eicosanoids and of the prostanoid class of fatty acid derivatives. The structural differences between prostaglandins account for their different biological activities. A given PG may have different and even opposite effects in different tissues. The ability of the same PG to stimulate a reaction in one tissue and inhibit the same reaction in another tissue is determined by the type of receptor to which the prostaglandin binds. They act as autocrine or paracrine factors with their target cells present in the immediate vicinity of the site of their biosynthesis and secretion. PGs differ from endocrine hormones in that they are not produced at a specific site but in many places throughout the human body. PGs are powerful, locally acting vasodilators and inhibit the aggregation of blood platelets. Through their role in vasodilation, PGs are also involved in inflammation. They are synthesized in the walls of blood vessels and serve the physiological function of preventing needless clot formation, as well as regulating the contraction of smooth muscle tissue. Conversely, thromboxanes (produced only by platelet cells) are vasoconstrictors and facilitate platelet aggregation. Their name comes from their role in clot formation (thrombosis).
Specific prostaglandins are named with a letter indicating the type of ring structure, followed by a number indicating the number of double bonds in the hydrocarbon structure. For example, prostaglandin E2 has the abbreviation PGE2.
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The inter relationships between the ECS and Eicosanoids as well as Prostanoids should be further explored.
B.  The opioid system

The opioid system consists of three main receptors, mu, delta, and kappa, which are activated by endogenous opioid peptides processed from three protein precursors, proopiomelanocortin, proenkephalin, and prodynorphin. Opioid receptors are recruited in response to natural rewarding stimuli and drugs of abuse, and both endogenous opioids and their receptors are modified as addiction develops. 
The endogenous opioid system controls hedonic responses and is modified in response to drugs of abuse in the rodent brain.
The analysis of knockout mice clarified the role of each opioid receptor in many behavioral responses and has identified highly distinct activity patterns for each receptor. Relevant to drug intake, genetic data demonstrate that mu receptors contribute to the reinforcing properties of most drugs of abuse, whereas kappa receptors induce dysphoria and counteract mu receptors in regulating hedonic homeostasis. Regarding other aspects of addictive behaviors, the data show a role for mu receptors in drug dependence, for kappa receptors in stress-induced drug intake, and for delta receptors in emotional control. Data from opioid peptide knockout mice show milder phenotypes. As an example, no phenotype in alcohol response was detected for any peptide mutant line, while all three receptor mutants show significant and distinct responses to alcohol. Data from peptide knockout mice implicate proenkephalin (Penk) in hedonic control and reveal β-endorphin and prodynorphin (Pdyn) activities in experimental situations involving stress. At present, none of the phenotypes from peptide knockout animals overlaps with those of receptor mutant mice. This may be due to technical difficulties in comparing different knockout lines under identical experimental conditions. Also, it is likely that the potential Penk/mu-delta, and Pdyn/kappa partnerships suggested by pharmacological in vitro analysis and distribution studies operate in some parts of the neural circuitry but are undetectable in integrated behavioral responses. Alternatively, redundancy in opioid peptide activities may minimize the effects of genetic inactivation of a single gene.
The effects of THC are enhanced after its hydroxylation in the liver to THC-OH by certain CYP450 enzymes. THC-COOH is than glucuronidated by certain (other) transferases in the liver making it water-soluble for its extraction from the human body by urine & feces.
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Inactive- to active-state conformations
Opioids are a class of drugs derived from opium, a naturally occurring compound that produces euphoria, pain relief, and sedation in humans. These drugs have been used for centuries.

Historical accounts show evidence of opium use dating back to the ancient Sumerian civilization, nearly 5,000 years ago. While some records indicate recreational consumption, the drug’s earliest use was primarily linked to medicine, religion and mysticism.
Opium smoking began only after the early Europeans in North America discovered the Indian practice of smoking tobacco in pipes. Some smokers began to mix opium with tobacco in their pipes, and smoking gradually became the preferred method of taking opium.
However, using burning charcoal or other fire sources in the traditional Opium Pipe took place many centuries before.
An opium pipe is a pipe designed for the evaporation and inhalation of opium. True opium pipes allow for the opioids to be vaporized while being heated over a special oil lamp known as an "opium lamp". It is thought that this manner of "smoking" opium began in the seventeenth century when a special pipe was developed that vaporized opium instead of burning it.
The configuration of the typical opium pipe consists of a long stem, a ceramic pipe-bowl, and a metal fitting, known as the "saddle", through which the pipe-bowl plugs into the pipestem. The pipe-bowl must be detachable from the stem due to the necessity to remove the bowl and scrape its insides clean of opium ash after several pipes have been smoked. The stems of opium pipes were usually made from bamboo. Pipe-bowls were typically a type of ceramic, such as blue and white porcelain.

Because of its design, the opium pipe needed an opium lamp or burning charcoal to function. The lamp was as highly specialized as the pipe and was designed to channel the required amount of heat upon the pipe-bowl so that the opium would vaporize and allow the smoker to inhale the vapors.
Opioid receptors are GPCRs part of cell signaling paths of direct interest to treat pain. Pain may associate with inflamed tissue characterized by acidic pH. The potentially low pH at tissue targeted by opioid drugs in pain management could impact drug binding to the opioid receptor, because opioid drugs typically have a protonated amino group that contributes to receptor binding, and the functioning of GPCRs may involve protonation changes.
Evolution of Opioid Receptors
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Figure 7. The minimum spanning tree diagrams of PRs’ main group (a) and ORs (b) in the target dataset. Here
each node represents a level 1 MSC cluster. In (a), the shape of nodes designates which ligand they bind. Dashed
loops in black, red, or blue show the MSC clustering of PRs at level 2, level 3, or level 4, respectively. In (b), the
shape of nodes labels receptor clusters belonging to class I, class II, partially class II, or others.

closer to OR in Figure $3(a) for the Homo sapiens dataset. There is a slightly larger discrepancy in the cluster
relationship between Fig. 6 and Figure S3(b, ). The cluster relationship between the Mus musculus and Rattus
norvegicus datasets is also in close similarity, except that PR is closer to OR in Figure $3(c) for the Rattus norvegi-
cus dataset.

For thodopsin-like GPCRs, the largest two subfamilies are PRs and ORs. PRs constitute a large group of
GPCRs that are activated by extracellular protein or peptide ligands; ORs are expressed in the cell membranes
of olfactory sensory neurons and are responsible for detecting odorants, which give rise to the sense of smell.
From the minimum spanning tree diagram in Fig. 6, the PR subfamily is clearly the hub of class A, and closely
resembles other subfamilies in sequence. It is found that PRs are decomposed into three groups and several nodes
connected to the amine subfamily. The two separate PR groups are the melanocortin receptor (MCR) group and
the protease-activated receptor (PAR) group. For the main group of PRs, as shown in Fig. 7(a), we label the level 1
MSC clusters according to their ligands for the largest nine types. Clusters of all other types are not distinguished
and are represented by open circles. Clusters of the same ligand type tend to aggregate together, suggesting a close
sequence-function relationship of GPCRs. Here we use the clustering results of PRs in Fig. 7(a) as an example to
further illustrate the multi-level MSC method. At the second level MSC, these clusters of similar functions are
further clustered into the same group (level 2 clusters), as seen from those nodes enclosed by black dashed loops.
At the third level MSC, level 2 clusters further aggregate to constitute level 3 clusters (red dashed loops). At this
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A) PR = Positive selective pressure 
B) OR = Negative selective pressure
Chemokine ( Opioid ( Unlabeled ( Neuropeptide. 
Opioid receptors evolved from Chemokine receptors.
Neuropeptide receptors developed from Opioid receptors.
Opioid receptors are in fact PEPTIDE receptors.

Chemokine receptors are cytokine receptors found on the surface of certain cells that interact with a type of cytokine called a chemokine. There have been 20 distinct chemokine receptors discovered in humans. Each has a rhodopsin-like 7-transmembrane (7TM) structure and couples to G-protein for signal transduction within a cell, making them members of a large protein family of G protein-coupled receptors [GPCRs]. Following interaction with their specific chemokine ligands, chemokine receptors trigger a flux in intracellular calcium (Ca2+) ions (calcium signaling). This causes cell responses, including the onset of a process known as chemotaxis that traffics the cell to a desired location within the organism. Chemokine receptors are divided into different families, CXC chemokine receptors, CC chemokine receptors, CX3C chemokine receptors and XC chemokine receptors that correspond to the 4 distinct subfamilies of chemokines they bind. The four subfamilies of chemokines differ in the spacing of structurally important cysteine residues near the N-terminal of the chemokine.

Structural characteristics

Approximately 19 different chemokine receptors have been characterized to date, which share many common structural features; they are composed of about 350 amino acids that are divided into a short and acidic N-terminal end, seven helical transmembrane domains with three intracellular and three extracellular hydrophilic loops, and an intracellular C-terminus containing serine and threonine residues that act as phosphorylation sites during receptor regulation. The first two extracellular loops of chemokine receptors are linked together by disulfide bonding between two conserved cysteine residues. The N-terminal end of a chemokine receptor binds to chemokines and is important for ligand specificity. G-proteins couple to the C-terminal end, which is important for receptor signaling following ligand binding. Although chemokine receptors share high amino acid identity in their primary sequences, they typically bind a limited number of ligands. Chemokine receptors are redundant in their function as more than one chemokine can bind to a single receptor. 

Chemokines (from Ancient Greek (khumeíā) 'alchemy', and    (kī́nēsis) 'movement'), are a family of small cytokines or signaling proteins secreted by cells that induce directional movement of leukocytes, as well as other cell types, including endothelial and epithelial cells. In addition to playing a major role in the activation of host immune responses, chemokines are important for biological processes, including morphogenesis and wound healing, as well as in the pathogenesis of diseases like cancers. Cytokine proteins are classified as chemokines according to behavior and structural characteristics. In addition to being known for mediating chemotaxis, chemokines are all approximately 8–10 kilodaltons in mass and have four cysteine residues in conserved locations that are key to forming their 3-dimensional shape.
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Solution structure of interleukin-8 [IL-8], a chemokine 
of the CXC subfamily
Exogenous and Endogenous Opioids
Exogeneous opioids are very different structurally compared to endogenous opioids. Enkephalins are different from Dynorphin-A and beta-Endorphin.

There is no structural similarity between exogenous & endogenous opioids and still they bind with high affinity to all opioid receptors.

The primary source of morphine is isolation from straw of the opium poppy. In 2013, approximately 523 tons of morphine were produced. Approximately 45 tons were used directly for pain, an increase of 400% over the last twenty years. Most use for this purpose was in the developed world. About 70 percent of morphine is used to make other opioids such as hydromorphone, oxymorphone, and heroin.

Morphine is a highly addictive substance. Numerous studies, including one by The Lancet, ranked Morphine/Heroin as #1 most addictive substance, followed by Cocaine at #2, Nicotine #3, followed by Barbiturates at #4 and Ethanol at #5.
Several hypotheses are given about how tolerance to morphine develops, including opioid receptor phosphorylation (which would change the receptor conformation), functional decoupling of receptors from G-proteins (leading to receptor desensitization), μ-opioid receptor internalization or receptor down-regulation (reducing the number of available receptors for morphine to act on), and upregulation of the cAMP pathway. A large overdose of morphine can cause asphyxia and death by respiratory depression if the person does not receive medical attention immediately. Overdose treatment includes the administration of naloxone. The latter completely reverses morphine's effects but may result in immediate onset of withdrawal in opiate-addicted subjects. Multiple doses may be needed as the duration of action of morphine is longer than that of naloxone.
Natural morphine is hydrophobic and becomes hydrophilic in the liver.

The chemical structures of morphine and its metabolites are closely related to the clinical effects of drugs (analgesia and side-effects) and to their capability to cross the Blood Brain Barrier (BBB). Morphine-6-glucuronide (M6G) and Morphine-3-glucuronide (M3G) are both highly hydrophilic, but only M6G can penetrate the BBB; accordingly, M6G is considered a more attractive analgesic than the parent drug and the M3G. Several hypotheses have been made to explain these differences. In this review we will discuss recent advances in the field, considering brain disposition of M6G, UDP-glucoronosyltransferases (UGT) involved in morphine metabolism, UGT interindividual variability and transport proteins.
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Morphine is primarily metabolized by UDP-glucuronosyltransferase (UGT) 2B7 in the liver. UGT2B7 converts morphine into two main metabolites: morphine-3-glucuronide (M3G) and morphine-6-glucuronide (M6G). M6G is an active metabolite with greater affinity for mu-opioid receptors [MORs] than morphine itself, contributing to its strong analgesic effects.
UGT2B7 (UDP-Glucuronosyltransferase-2B7) is a phase II metabolism isoenzyme found to be active in the liver, kidneys, epithelial cells of the lower gastrointestinal tract and in the brain. In humans, UDP-Glucuronosyltransferase-2B7 is encoded by the UGT2B7 gene.
Function:  The UGTs serve a major role in the conjugation and subsequent elimination of potentially toxic xenobiotics and endogenous compounds. UGT2B7 has unique specificity for 3,4-catechol estrogens and estriol, suggesting that it may play an important role in regulating the level and activity of these potent estrogen metabolites.
This enzyme is located on the endoplasmic reticulum [ER] and nuclear membranes of cells. Its function is to catalyze the conjugation of a wide variety of lipophilic aglycon substrates with glucuronic acid, using uridine diphosphate glucuronic acid.
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Uridine diphosphate glucuronic acid
Together with UGT2B4, UGT2B7 is capable of glycosylation of hyodesoxycholic acid in the liver, but, unlike the 2B4 isoform, 2B7 is also able to glucuronidate various steroid hormones (androsterone, epitestosterone) and fatty acids. It is also able to conjugate major classes of drugs such as analgesics (morphine), carboxylic nonsteroidal anti-inflammatory drugs (ketoprofen), and anticarcinogens (all-trans retinoic acid). UGT2B7 is the major enzyme isoform responsible for the metabolism of morphine, codeine, norcodeine and other opioids to their corresponding 3- and 6- glucuronides. 
Glucuronidation is a major Phase II biotransformation process in the liver. During glucuronidation, a glucuronic acid molecule is attached to a drug or its metabolite, making it more water-soluble and facilitating its excretion from the body. In the case of morphine, this process is crucial for its metabolism.

 

Major cannabis constituents, including Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD), have been shown to inhibit UGT enzymes.
In vitro assays demonstrated that THC, CBD, and their metabolites inhibit UGT2B7-mediated morphine metabolism.
CBD and THC exhibited the most potent inhibition, with Ki values of 0.16 µM and 0.37 µM, respectively.
Using cannabis together with opium can reduce the concentrations of M6G in the brain, affecting its biological activities.

Endocannabinoids [eCBs] are also very different structurally compared to phytocannabinoids [pCBs] such as THC and still they bind with very high affinity to both eCBs receptors. 
Both, eCBs & pCBs are very hydrophobic molecules.
Endogenous opioids are hydrophilic while exogenous opioid are hydrophobic molecules.

Only neutral THC obtained by heat decarboxylation - and not THCA is psychoactive in humans. THCA does not pass the BBB.
Phytocannabinoids [pCBs] also undergo glucuronidation in the liver by several UGT subtypes.
Cannabinoids are the subject of UDP-glucuronosyltransferase (UGT)-dependent glucuronidation. UGTs have been identified as capable of catalyzing both primary (CBD and CBN) and secondary (Δ9THC, JWH-018, and JWH-073) metabolizers of some cannabinoids. The most important in this process are UGT1A9, UGT1A7, UGT1A8, and UGT1A10 enzymes.

Enkephalin
An enkephalin is a pentapeptide involved in regulating nociception (pain sensation) in the body. The enkephalins are termed endogenous ligands, as they are internally derived and bind to the body's opioid receptors. Two forms of enkephalin have been found, one containing leucine ("leu"), and the other containing methionine ("met"). Both are products of the proenkephalin gene.
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Met-enkephalin is Tyr-Gly-Gly-Phe-Met.
Leu-enkephalin is Tyr-Gly-Gly-Phe-Leu.
There are three well-characterized families of opioid peptides produced by the body: enkephalins, β-endorphin, and dynorphins. The met-enkephalin peptide sequence is coded for by the enkephalin gene; the leu-enkephalin peptide sequence is coded for by both the enkephalin gene and the dynorphin gene.

Effects on stress: Enkephalin is also considered a neuropeptide, which in the human body performs as an important signaling molecule in the brain. Enkephalins are found in high concentration in the brain as well as in the cells of adrenal medulla. In response to pain, norepinephrine [NE], a hormone that is activated in "fight-or-flight" response, is released along with endorphins. A 2017 study indicates that this polypeptide may be linked to brain functioning during the stress response, especially in the hippocampus and prefrontal cortex [PFC]. This research has suggested that, as part of the stress response, several met-enkephalin analogs have increased activity in the hippocampus, while leu-enkephalin analogs as well as somatostatins are downregulated during stress.
Enkephalin (Opioid) receptors 
The receptors for enkephalin are the delta opioid receptors [DORs] and mu opioid receptors [MORs]. Opioid receptors are a group of GPCRs, with other opioids as ligands as well. The other endogenous opioids are dynorphins that bind to kappa receptors [KORs], and endorphins that bind mu receptors [MORs]. 
Beta-endorphin is a neurohormone secreted by the pituitary gland. It reaches all tissues in the body through diffusion.
However, specific information about the solubility of B-endorphin in water is not readily available.

Somatostatin and its receptors
The opioid receptors are ~40% identical to somatostatin receptors (SSTRs).

Somatostatin, also known as growth hormone-inhibiting hormone (GHIH), is a peptide hormone that regulates the endocrine system and affects neurotransmission and cell proliferation via interaction with GPCR somatostatin receptors and inhibition of the release of numerous secondary hormones. Somatostatin inhibits insulin and glucagon secretion.

Somatostatin has two active forms produced by the alternative cleavage of a single preproprotein: one consisting of 14 amino acids, the other consisting of 28 amino acids.
Among the vertebrates, there exist six different somatostatin receptor genes that have been named: SS1, SS2, SS3, SS4, SS5 and SS6. Zebrafish have all six. The six different genes, along with the five different somatostatin receptors, allow somatostatin to possess a large range of functions. Humans have only one somatostatin gene, SST.
Production: 

Digestive system: Somatostatin is secreted by delta cells at several locations in the digestive system, namely the pyloric antrum, the duodenum and the pancreatic islets. Somatostatin released in the pyloric antrum travels via the portal venous system to the heart, then enters the systemic circulation to reach the locations where it will exert its inhibitory effects. In addition, somatostatin release from delta cells can act in a paracrine manner. In the stomach, somatostatin acts directly on the acid-producing parietal cells via a GPCR (which inhibits adenylate cyclase [AC], thus effectively antagonizing the stimulatory effect of histamine) to reduce acid secretion.
Brain: Somatostatin is produced by neuroendocrine neurons of the ventromedial nucleus of the hypothalamus. These neurons project to the median eminence, where somatostatin is released from neurosecretory nerve endings into the hypothalamo-hypophysial system through neuron axons. Somatostatin is then carried to the anterior pituitary gland, where it inhibits the secretion of growth hormone [GH] from somatotrope cells. The somatostatin neurons in the periventricular nucleus mediate negative feedback effects of growth hormone on its own release. The somatostatin neurons respond to high circulating concentrations of GH and somatomedins by increasing the release of somatostatin, so reducing the rate of secretion of GH.
Somatomedins are a group of proteins produced predominantly by the liver when GH act on target tissue. Somatomedins inhibit the release of GH by acting directly on anterior pituitary and by stimulating the secretion of somatostatin from the hypothalamus.
Somatomedins are a group of proteins that promote cell growth and division in response to stimulation by GH, also known as somatotropin (STH).
Somatomedins have similar biological effects to somatotropin.
In addition to their actions that stimulate growth, somatomedins also stimulate production of somatostatin, which suppresses GH release. Thus, levels of somatomedins are controlled via negative feedback through the intermediates of somatostatin and GH. Somatomedins are produced in many tissues and have autocrine and paracrine actions in addition to their endocrine action. The liver is thought to be the predominant source of circulating somatomedins.
Three forms include:
Somatomedin A, which is another name for insulin-like growth factor 2 (IGF-2).
Somatomedin B, which is derived from vitronectin.
Somatomedin C, which is another name for insulin-like growth factor 1 (IGF-1).
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Somatostatin receptors are receptors for the ligand somatostatin, a small neuropeptide associated with neural signaling, particularly in the post-synaptic response to NMDA receptor co-stimulation/activation. Somatostatin is encoded by a CRE and is very susceptible to gene promoter region activation by transcription factor [TF] CREB.
There are five known somatostatin receptors:
SST1 (SSTR1), SST2 (SSTR2), SST3 (SSTR3), SST4 (SSTR4) and
SST5 (SSTR5). All are G protein-coupled seven transmembrane receptors.
The N-methyl-D-aspartate receptor
The N-methyl-D-aspartate receptor (NMDA receptor or NMDAR) is a glutamate receptor and predominantly Ca2+ ion channel found in neurons.
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L-Glutamic acid (glutamate) is the major endogenous agonist of the main site of the NMDAR.
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Glycine is another major endogenous agonist of the glycine co-agonist site of the NMDAR.
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Depiction of an activated NMDAR. Glutamate is in the glutamate-binding site and glycine is in the glycine-binding site. The allosteric site, which modulates receptor function when bound to a ligand, is not occupied. NMDARs require the binding of two molecules of glutamate or aspartate and two of glycine molecules.
The NMDA receptor is one of three types of ionotropic glutamate receptors, the other two being AMPA and kainate receptors.
The α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (also known as AMPA receptor or AMPAR) is an ionotropic transmembrane receptor for glutamate (iGluR) and predominantly Na+ ion channel that mediates fast synaptic transmission in the CNS.
Kainate receptors (KARs), are ionotropic receptors that respond to the NT glutamate. They were first identified as a distinct receptor type through their selective activation by the agonist kainate, a drug first isolated from the algae Digenea simplex. 
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They have been traditionally classified as a non-NMDA-type receptor, along with the AMPA receptor. Postsynaptic kainate receptors are involved in excitatory neurotransmission. Presynaptic kainate receptors have been implicated in inhibitory neurotransmission by modulating release of the inhibitory NT gamma amino butyric acid [GABA] through a presynaptic mechanism.
Depending on its subunit composition, NMDAR ligands are glutamate and glycine (or D-serine). However, the binding of the ligands is typically not sufficient to open the channel as it may be blocked by Mg2+ ions which are only removed when the neuron is sufficiently depolarized. Thus, the channel acts as a "coincidence detector" and only once both conditions are met, the channel opens and allows positively charged ions (cations) to flow through the cell membrane.
The NMDA receptor is ionotropic, meaning it is a protein which allows the passage of ions through the cell membrane. Activation of NMDA receptors results in the opening of the ion channel that is nonselective to cations, with a combined reversal potential near 0 mV. While the opening and closing of the ion channel is primarily gated by ligand binding, the current flow through the ion channel is voltage dependent. Specifically located on the receptor, extracellular magnesium (Mg2+) and zinc (Zn2+) ions can bind and prevent other cations from flowing through the open ion channel. A voltage-dependent flow of predominantly calcium (Ca2+), sodium (Na+), and potassium (K+) ions into and out of the cell is made possible by the depolarization of the cell, which displaces and repels the Mg2+ and Zn2+ ions from the pore. Ca2+ flux through NMDA receptors is thought to be critical in synaptic plasticity, a cellular mechanism for learning and memory, due to proteins which bind to and are activated by Ca2+ ions.
Activity of the NMDA receptor is blocked by many psychoactive drugs such as phencyclidine (PCP), alcohol (ethanol) and dextromethorphan (DXM). The anesthetic and analgesic effects of the drugs ketamine and nitrous oxide [NO] are also partially due to their effects at blocking NMDA receptor activity. In contrast, overactivation of NMDAR by NMDA agonists increases the cytosolic concentrations of calcium and zinc, which significantly contributes to neural cells death.

Overactivation of the NMDARs, causing excessive influx of Ca2+ can lead to excitotoxicity which is implied to be involved in some neurodegenerative disorders.
 

Overactivation of NMDARs is known to be prevented by cannabinoids, mediated by activation of the CB1 receptor, which leads HINT1 protein to counteract the toxic effects of NMDAR-mediated NO production and zinc release.
Histidine triad nucleotide-binding protein 1 [HINT1] also known as adenosine 5'-monophosphoramidase is an enzyme that in humans is encoded by the HINT1 gene.

HINT1 hydrolyzes purine nucleotide phosphoramidates with a single phosphate group. In addition, it functions as scaffolding protein that modulates transcriptional activation.
As well as preventing methamphetamine-induced neurotoxicity via inhibition of nitric oxide synthase (nNOS) expression and astrocyte activation, THC reduces methamphetamine induced brain damage through CB1-dependent and independent mechanisms, respectively, and inhibition of methamphetamine induced astrogliosis is likely to occur through a CB2 receptor dependent mechanism for THC. 
Since 1989, memantine has been recognized to be an uncompetitive antagonist of the NMDA receptor, entering the channel of the receptor after it has been activated and thereby blocking the flow of ions.
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Memantine, sold under the brand name Axura, is used to slow the progression of moderate-to-severe Alzheimer's disease.

The interrelationships between SSTRs, NMDARs & KARs with opioid receptors should be further explored.
Exogenous [A] and endogenous [B] opioids
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Structures of selected endogenous opioid peptides

[Leu®]enkephalin Tyr-Gly-Gly-Phe-Leu

[Met®]enkephalin Tyr-Gly-Gly-Phe-Met

Dynorphin A Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle-Arg- Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln
.Dynorphin B Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-Lys-Val-Val-Thr

a-Neoendorphin Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro-Lys

°  B-Neoendorphin Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro
Br-Endorphin Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-Gln-Thr-Pro-Leu-Val-Thr-Leu-Phe-Lys-
Asn-Ala-lle-lle-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-Glu

Endomorphin-1 Tyr-Pro-Trp-Phe-NH,

Endomorphin-2 Tyr-Pro-Phe-Phe-NH;,

Orphanin Phe-Gly-Gly-Phe-Thr-Gly-Ala-Arg-Lys-Ser-Ala-Arg-Lys-Leu-Ala-Asn-Gln

FQ/nociceptin

The first public disclosure of the endogenous opioids came ata meeting of the Neuroscience
Research Program in Boston in 1974 sponsored by Massachusetts Institute of Technology
(Snyder and Matthysse, 1975). A small conference of less than 50 scientists, it included most of
the major investigators in the opioid field (Fig_7). The disclosures were quite dramatic. Hans
Kosterlitz announced that he and John Hughes had isolated, but not fully purified, a material
from the brain that was active in the mouse vas deferens(bioassay and that was reversed by
the opioid specific antagonist naloxone. By using receptor binding techniques, both Lars
Terenius and we independently reported an endogenous material in brain that competed opi-
oid binding. Early in the course of our own studies characterizing receptor binding, we ob-
served that incubating brain membranes prior to the binding assay increased binding by 50%,
which was the result of the dissociation of a morphine-like factor from the receptor (Table 2)
(Pasternak et al., 1975c). [Many groups continue to incubate membrane preparations prior to
binding assays to dissociate endogenous opioids and increase binding.] The earliest reports
described partially purified extracts (Hughes, 1975; Pasternak and Snyder, 1975a; Pasternak et
al, 1975a; Terenius and Wahlstrom, 1975), but these were rapidly followed by determination
of the structure of the enkephalins by Kosterlitz (Hughes et al,, 1975).





Exogenous Opioids
Morphine is a lipophilic molecule that binds with high affinity to all opioid receptors. Morphine hijacks endogenous enkephalin's activity on opioid receptors. The effects of morphine are enhanced after its glucuronidation in the liver & brain by certain glucuronic acid transferases. 

THC is also a lipophilic molecule that binds with high affinity all endocannabinoid receptors. THC hijacks endogenous anandamide's (lipid mediator) activity on eCB receptors. The effects of THC in humans are enhanced after its hydroxylation in the liver by certain CYP450 enzymes. THC is also glucuronidated by certain other transferases in the liver to became water soluble and to be excreted from the human body by urine & feces.
Glucuronidation consists of transfer of the glucuronic acid component of uridine diphosphate glucuronic acid [UDP] to a substrate by any of several types of UDP-glucuronosyltransferases. UDP-glucuronic acid (glucuronic acid linked via a glycosidic bond to uridine diphosphate) is an intermediate in the process and is formed in the liver.
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Fig. 1.

Selected 4,5a-epoxymorphinan compounds.

In an attempt to eliminate respiratory depression, Von Braun (1916) synthesized a new opiate
derivative, N-allylnorcodeine (Fig. 1A), a compound that stimulated respiration when given
alone and reversed morphine-induced respiratory depression (Pohl, 1915). This discovery of
the first antagonist was buried in the literature for 25 years. The next attempt to use an allyl ni-
trogen substitution to make an opiate free from respiratory depression came in the 1940s with
the synthesis and studies of N-allyl-normorphine (nalorphine) (McCawley et al,, 1941; Weijlard
and Erickson, 1942; Unna, 1943). The N-allyl replacement of the N-methyl group created a new
class of drugs that enabled the reversal of respiratory depression seen with morphine, but
which also precipitated withdrawal in dependent subjects.

The modern era of opioid research came with the demonstration of opioid receptors in 1973
(Pertetal, 1973; Simon et al,, 1973; Terenius, 1973) using binding assays based upon stereos-
electivity (Goldstein et al, 1971). The concept of opioid receptors has a long history, with selec-
tive recognition sites being proposed much earlier based upon the rigid structural require-
ments for activity (Beckett and Casy, 1965; Portoghese, 1965, 1970). This was followed by ex-




In pharmacology, an effective dose (ED) or effective concentration (EC) is the dose or concentration of a drug that produces a biological response. The term "effective dose" is used when measurements are taken in vivo, while "effective concentration" is used when the measurements are taken in vitro. The median effective dose [ED50] is the dose that produces a quantal effect (all or nothing) in 50% of the population that takes it (median referring to the 50% population base). It is also abbreviated as the ED50, meaning "effective dose for 50% of the population". The ED50 is commonly used as a measure of the reasonable expectancy of a drug effect but does not necessarily represent the dose that a clinician might use. This depends on the need for the effect, and the toxicity. The toxicity and even the lethality of a drug can be quantified by the TD50 and LD50 respectively. Ideally, the effective dose would be substantially less than either the toxic or lethal dose for a drug to be therapeutically relevant.

Enkephalins exert their physiological effect through specific opioid receptors, which have a broad distribution in the body. Three major classes of opioid receptors exist and are named mu (mainly expressed in the CNS), delta (equally expressed in the SNC and spinal cord), and kappa (expressed primarily in the spinal cord). The fourth class of opioid receptors called nociceptin was discovered in 1994 but is not considered to be part of the tripartite group, which is often referred to as the classical opioid receptors.
Enkephalins have the highest affinity for the delta-opioid receptor [DOR], followed by the mu-opioid receptor [MOR], and exhibit low affinity for the kappa-opioid receptor [KOR].
The ED50 of enkephalin & endorphin to different opioid receptors is about 10 -7 M = 100 nM.
The ED50 of morphine to the opioid receptors is 6X10-9 M = 6 nM. Interestingly, morphine is about 17 times more potent compared to enkephalin or endorphin.
The ED50 of codeine is much lower - 2X10-5 M = 2,000 nM.
Full spectrum botanical extract [FSBE] from opium poppy is better tolerated in humans compared to any purified exogenous opioid.
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The ability of drugs to compete [*H]naloxone binding was determined using either brain homogenates or the
intestine. Itis given as an EDso—the concentration able to compete half the specific binding. From Pert and
Snyder (1973). o

Drug EDsg
M
Brain homogenate
{-)-Naloxone 1x1078

(-)-3-Hydroxy-N-allylmor-phinan (levallorphan) 1 x 10~°

Levorphanol 2% 107
(-)-Nalorphine 2x107°
(-)-Morphine 6x10™°
(-)-Methadone 2x1078
(#)-Pentazocine 5x1078
(+)-Methadone 2x1077
(£)-Propoxyphene 1x 1076
(+)-3-Hydroxy-N-allylmorphinan 5x1070
Dextrorphan 8x 107
(-)-Codeine 2x10°5
Phenobarbital *
Serotonin )
Norepinephrine '
Carbamylcholine )
Choline *

' Atropine )
Histamine "
Colchicine '

Intestine, minced preparation

Levorphanol . 8x 1078
(-)-Morphine 3x107°
Dextrorphan 4 %1075
Codeine 1x107*

*No effect at 107 M.




Papaver somniferum, commonly known as the opium poppy is a species of flowering plant in the family Papaveraceae.
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The opium poppy is the principal source of opium, the dried latex produced by the seed pods. 
Latex, a sticky emulsion produced by specialized cells called laticifers, is a crucial part of a plant’s defense system against herbivory and pathogens. It consists of a broad spectrum of active compounds, which are beneficial not only for plants, but for human health as well, enough to mention the use of morphine or codeine from poppy latex.
Latex-bearing plants have a long history of benefiting human health and medicinal use in many different regions and cultures all over the world. Recent research suggests that the opium poppy (Papaver somniferum L.) was already in the process of domestication at the end of 4th millennium BC and early domesticated ancestors of Cannabis sativa L. diverged ~10,000 years BC. Those are two leading examples of laticiferous plant species used for therapies and together with Hevea brasiliensis Muli. Arg., which is the main and irreplaceable natural rubber source, have the best known and described latex composition. These complex fluids consist of different secondary metabolites, like terpenes, alkaloids, or phenolics, and jointly with a broad range of proteins are the first line of plant herbivore defense system.
The biological role of latex is plant defense against herbivores and pathogens. Many latex metabolites are stored within large vacuoles and are released after being physically damaged at the site of injury. Some of them act as toxic and dissuasive components. After mechanical disruption of plant tissue, latex is immediately released and is the first line of plant defense. Thanks to its inherent stickiness and coagulation properties, latex forms a barrier against pathogen invasion. Moreover, latex’s rapid coagulation and high viscosity can restrict herbivore movements, as well as immobilize mouthparts and other sense organs. This strategy gives an advantage to latescent plants, especially in environments with high herbivory rate, like tropical or subtropical forests.
A laticifer is a type of elongated secretory cell found in the leaves and/or stems of plants that produce latex and rubber as secondary metabolites. Laticifers may be divided into:
· Articulated laticifers that are composed of a series of cells joined together.

· Non-articulated laticifers, consisting of one long coenocytic cell.
Non-articulated laticifers begin their growth from the meristematic tissue of the embryo, termed the laticifer initial, and can exhibit continual growth throughout the lifetime of the plant. Laticifer tubes have irregularly edged walls and a larger inner diameter than the surrounding parenchyma cells. In the development of the cell, elongation occurs via karyokinesis, and no cell plate develops resulting in coenocytic cells which extend throughout the plant. These cells can reach up to tens of centimeters long and can be branched or unbranched. They are thought to have a role in wound healing and as defense against herbivory. 

Cannabaceae is a known family because of the production of cannabinoids in articulated laticifers and glandular trichomes of Cannabis sativa. Laticifers are latex-secreting structures, which in Cannabaceae were identified only in C. sativa and Humulus lupulus.
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Articulated laticifers of Cannabaceae species (longitudinal sections of the stem stained with Toluidine Blue). A) Laticifers of Cannabis sativa (arrow) located between the cortical parenchyma and phloem. B) Detail showing two laticifers; the arrow shows a nucleus.

Opium contains a class of naturally occurring alkaloids known as opiates, that include morphine, codeine, thebaine, oripavine, papaverine and noscapine. The specific epithet somniferum means "sleep-bringing", referring to the sedative properties of some of these opiates.
The opiate drugs are extracted from opium. The latex oozes from incisions made on the green seed pods and is collected once dry after their exposing to air. Tincture of opium or laudanum, consisting of opium dissolved in alcohol or a mixture of alcohol and water, is one of many unapproved drugs regulated by the U.S. FDA. Tincture of opium containing 1% w/v of anhydrous morphine, also remains in the British Pharmacopoeia, listed as a Class A substance under the Misuse of Drugs Act 1971.
People have used opium medicinally and recreationally for thousands of years. About 6,000 years ago, the Mesopotamians called opium “the plant of joy.” Records from 1100 to 800 B.C. show that Arab physicians included opium in medicines thought to cure insanity, epilepsy, diarrhea and the common cold.
Biosynthesis of Morphine
The opium poppy (Papaver somniferum) produces opioids due to a fascinating evolutionary process.

Around 110 million years ago [MYA], the opium poppy underwent a significant genetic event: its entire genome duplicated. This process is not uncommon among flowering plants (angiosperms), but it can have important consequences. When an organism has double the genetic material, one half of the genome remains stable while the other half is free to evolve. In the case of poppies, this extra genetic material evolved in a crucial way. About 7.8 MYA, two specific genes fused together, resulting in a single gene responsible for producing morphine and codeine. This remarkable “mega-gene” codes for an enzyme that converts a precursor molecule in the poppy into the compounds that eventually become these potent painkillers. Without this gene, poppies would only produce a different compound called noscapine, which doesn’t have pain-relieving properties. Biologists believe that this gene’s development was likely a random mutation that persisted because it conferred an advantage to the plant. Interestingly, the morphine and codeine produced by poppies may serve as a defense mechanism against herbivores. These chemicals deter hungry animals from munching on the plant, ensuring its survival. The opium poppy’s ability to produce opioids is a result of ancient genetic events and natural selection. It’s a fascinating example of how evolution shapes the properties of plants.
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Two chemical routes for making morphine from thebaine in the opium poppy. In both cases the enzymes - thebaine 6-O-demethylase [T60DM] and codeine O-demethylase [C0DM] remove methyl groups (Me) from precursor molecules.
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Fresh white latex oozes from incisions made on the green seed pods.
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Dried, dark latex is than collected.
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Opium smoker.
Opium Harvesting
After the petals drop from the flowers, pods will remain on the stalks. These capsules will grow for the next few days. In five to ten days after the petals fall, the plant is ready for harvest. The opium is concentrated in the skins of the unripe pods.
The most common method of extraction is to make shallow incisions around the center of the pod. The time of harvest is critical. If the capsule is slit too soon, the opium will be too watery to collect, and if too late, the alkaloid level will drop. Test incisions can be made at 24-hour intervals. When the latex becomes thick enough that it does not run down the pod, the time is right. Another clue to the correct time for harvest is that the plant leaves will turn slightly yellow.
The cuts may be made in the morning, just after the dew has evaporated or in the evening before sunset if no morning dew is expected.
Rain or dew will wash away the latex so you should hold off on harvest if the weather does not look promising. Make shallow incisions around the entire circumference of the pod.
Do not cut below the level of the skin, for if the slits are made into the capsule itself, much opium will flow into the seed chamber and be lost.
Immediately after cutting, milky liquid opium will form droplets around the incision. It will coagulate slowly from contact with the air, thickening and turning brown at the same time. Generally, this liquid opium is allowed to dry for ten or twelve hours before it is scraped from the pod. 

The instrument used for scraping the opium from the pods varies from culture to culture but is usually some sort of thin metal blade.

As the raw opium collects on the scraping device, it is removed and placed in an open container so that it may dry further. When it reaches the consistency of hashish, it is ready for storage.
Opium darkens with age and eventually it becomes almost black.
Through selective breeding of the opium poppy, the content of phenanthrene alkaloids (morphine, codeine, and thebaine) has been significantly increased.
Laudanum is a tincture of opium containing approximately 10% powdered opium by weight (the equivalent of 1% morphine). Laudanum is prepared by dissolving extracts from the opium poppy (Papaver somniferum) in ethanol.
Laudanum is known as a "whole opium" preparation since it contained all the alkaloids found in the opium poppy, which are extracted from the dried latex of ripe seed pods (Papaver somniferum L.). However, the modern drug is often processed to remove all or most of the noscapine (also called narcotine) present as this is a strong emetic and does not add appreciably to the analgesic properties of opium; the resulting solution is called Denarcotized Tincture of Opium or Deodorized Tincture of Opium (DTO).
Laudanum remains available by prescription in the United States (under the generic name "opium tincture") and in the European Union and United Kingdom (under the trade name Dropizol), although the drug's therapeutic indication is generally limited to controlling diarrhea when other medications have failed.
Opium tincture is useful as an analgesic and antidiarrheal. Opium enhances the tone in the long segments of the longitudinal muscle and inhibits propulsive contraction of circular and longitudinal muscles. The pharmacological effects of opium tincture are due principally to its morphine content. The quantity of the papaverine and codeine alkaloids in opium tincture is too small to have any demonstrable central nervous system effect. Most modern formulations of opium tincture do not contain the alkaloid narcotine (also known as noscapine), which has antitussive properties. Even modest doses of narcotine can induce profound nausea and vomiting. 
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Noscapine (also known as Narcotine, Nectodon, Nospen, Anarcotine and Opiane) is a benzylisoquinoline alkaloid, of the phthalideisoquinoline structural subgroup, which has been isolated from numerous species of the family Papaveraceae (poppy family). It lacks significant hypnotic, euphoric, or analgesic effects affording it with very low addictive potential. This agent is primarily used for its antitussive (cough-suppressing) effects.
Since opium tincture is usually prescribed for its antidiarrheal and analgesic properties, opium tincture without narcotine is generally preferred. This "de-narcotized" or "deodorized" opium tincture is formulated using a petroleum distillate to remove the narcotine.
Oral doses of opium tincture are rapidly absorbed in the gastrointestinal [GI] tract and metabolized in the liver. Peak plasma concentrations of the morphine content are reached in about one hour, and nearly 75% of the morphine content of the opium tincture is excreted in the urine within 48 hours after oral administration.
Morphine is the predominant alkaloid found in the cultivated varieties of opium poppy that are used for opium production. Raw opium contains about 8–14% morphine by dry weight. It may be used directly or chemically modified to produce semi-synthetic opioids such as heroin that is about 2 times more active compared to morphine. 
Non-opium cultivars that are planted for drug production feature a high level of thebaine or oripavine. Those are refined into modern drugs like oxycodone.
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Oxycodone
Oxycodone, sold under various brand names such as "OxyContin" (which is the extended-release form), is a semi-synthetic opioid used medically for treatment of moderate to severe pain. It is highly addictive and is a commonly abused drug. Oxycodone was originally produced from the opium poppy opiate alkaloid thebaine in 1916.
Purdue Pharma developed the prescription painkiller OxyContin. It was approved by the FDA in 1995 after no long-term studies and no assessment of its addictive capabilities. Upon its release, OxyContin was hailed as a "medical breakthrough", a long-lasting narcotic that could help patients with severe pain.

In October 2017, The New Yorker newspaper published a story on Mortimer Sackler and Purdue Pharma regarding their ties to the manipulation of the oxycodone markets. The article links the Sackler family business practices with the rise of direct pharmaceutical marketing and eventually to the rise of addiction to oxycodone. 
The Sackler family bears some responsibility for the opioid epidemic in the United States. In 2019, This was verified with documents tied to a lawsuit – which was filed by the Massachusetts attorney general -- claiming that Purdue Pharma and members of the Sackler family knew that high doses of OxyContin over long periods would increase the risk of serious side effects, including addiction.
Recently, the name of The Sackler Family was removed from the title of Tel Aviv University, School of Medicine.
We should learn from this terrible past incidence, caused by the involvement of huge amounts of money in science & medicine, to strengthen the international public control on UNETHICAL SCIENCE. 

We must establish a transparent international medical high court that will be opened to the public and discuss any case of unethical pressure of the big pharma companies portrayed on scientists, physicians and pharmacists.
Big money does not mix well with medicine.

Corrupted scientists should be punished.

No short-cuts will be tolerated because we have to respect the foundation of modern medicine "Do no harm, first".

MOR's binding pocket
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Architecture of the MOR. The seven TM helices inter-connect via the three extracellular loops ECLs 1-3 and the three intracellular loops ICLs 1-3. The disulfide bridge between C3.35 and C45.40 connects TM3 to ECL2. (a) Mouse MOR bound to morphine. The opioid binding site and amino acid residues part of the conserved GPCR motifs are shown as colored bonds. (b) Close view of interactions at the opioid-binding site. We placed the morphine molecule into the binding site by overlapping it onto the BU72; for the structural overlap we used the common atoms of the pentacyclic moiety of BU72 and morphine.
Water oxygen atoms within 3.5 Å of morphine or protein groups are shown explicitly as red spheres. Detailed description of BU72 in page #118.
The opioid binding site of MOR
The ligand-binding site of the MOR, located at the extracellular site, is lined by about the same number of hydrophobic and hydrophilic protein groups, and contains several waters. this could help explain why the MOR can bind ligands with different size and flexibility, such as large peptidic endogenous opioids, the rigid morphine molecule, or the flexible fentanyl. Ligands that bind to the MOR have a charged amine group that salt-bridges to D3.32—and this salt bridge is thought essential for the activation of the MOR.
Three-dimensional structures and docking studies performed on the static structure of the MOR with the GOLD software and GoldScore as the scoring function suggested that H6.52 has a water-mediated bridge with the phenolic group of N-methylmorphinans and N-phenethyl opioid ligands. In the structure of the active-like, BU72-bound MOR, H6.52 is part of a water-mediated H-bond network with K5.39 [Lysine] and Y3.33 [Tyrosine]. Interactions between H6.52 and opioid drugs may depend on both the drug (mutating the His sidechain to Ala reduces the binding affinity for the agonist [D-Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO) and antagonist naloxone but leaves the binding affinity for fentanyl largely unchanged and on the protonation state of H6.52 (fentanyl binds deeper into the binding site when H6.52 has δ-protonation. H-bonding between D3.32 and Y7.43 depends on the ligand, being more frequently sampled in the presence of fentanyl than morphine.
Detailed Binding Pocket of MOR
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Ligand-protein interactions in static structures of the MOR. (a) Water-mediated H-bond network of H6.52 in the structure of BU72-bound MOR. The agonist BU72 H-bonds to H6.52 via two waters. The H-bond network includes K5.39 [Lysine] and Y3.33. D3.32 is close to the ligand. (b) Binding site interactions of DAMGO. Protein groups shown have at least one side chain atom within 4 Å of DAMGO. The closest atoms between DAMGO and MOR groups shown are connected with dotted lines.
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BU72 is an extremely potent opioid, with one of the highest known affinities for the μ-opioid receptor [MOR]. In animal studies, it was found to be a potent analgesic, with a slow onset and long duration of action. It was used to produce the first crystal structure of the active μ-opioid receptor and is now widely used to model the activation process. The stereochemistry has recently been revised, with the phenyl group in the (R) configuration. In the crystal structure, BU72 appears to bond to the receptor covalently, but this seems not to occur in vivo, since the compound binds reversibly.
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Crystal structure of MOR-1. The crystal structure of MOR-1 was determined with B-funaltrexamine covalently
attached within the binding pocket. (A) Side view of the crystal structure of MOR-1 with f-funaltrexamine
docked within the binding pocket. Note that the binding pocket involves TM3, TM5, TM6, and TM7 and that
the Cand N termini have been truncated. (B) View from extracellular side (top) and form the intracellular side
(bottom). Reprinted by permission from Macmillan Publishers Ltd: [Manglik A, Kruse AC, Kobilka TS, Thian
ES, Mathiesen JM, Sunahara RK, Pardo L, Weis W, Kobilka BK, and Granier S (2012) Crystal structure of the g
opioid receptor bound to a morphinan antagonist. Nature 485:321-326].





MOR-1 binding pocket involves TM3, TM5, TM6 & TM7.

Opioid Analgesia
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The cellular path of opioid analgesia. An agonist (red circle A), such as morphine, activates the MOR. Depending on the phosphorylation (P) pattern, agonist binding leads to Gi-protein and/or arrestin-based signaling. GRK proteins add phosphate groups to specific Ser/Thr amino acid residues. An active, GTP-bound Gα inhibits Adenylate Cyclase (AC), whereas Gβγ inhibits inward Ca++ and increases outward K+ current, such that the neuronal membrane is hyperpolarized. Arrestin activation leads to internalization of the receptor, followed by degradation or recycling.
Opium has been used for thousands of years, and its clinical value cannot be overstated. Pain transcends the boundaries of all medical specialties and impacts almost everyone at some stage of their life. There are many classes of drugs used to relieve pain. Mild to moderate pain is typically treated with acetaminophen or aspirin or other nonsteroidal anti-inflammatory drugs (NSAIDs), but the mainstay of pain management for severe pain remains the opioids. Their effects on pain are quite intriguing. Unlike local anesthetics that relieve pain by blocking all sensory transmission, opioids selectively modulate the perception of pain without interfering with basic sensations - such touch, temperature, and position sense. The opioids target the subjective component of pain, an integrated sensation. It is not uncommon for a patient to remark after taking an opiate that “the pain is still there, but it does not hurt.”
Both cannabinoid receptors and opioid receptors belong to CLASS A GPCR family.

G-protein-coupled receptors (GPCRs), also known as seven transmembrane (7-TM) domain receptors or heptahelical receptors, form the largest protein superfamily in mammalian genomes. They share a common counter-clockwise bundle structure of seven TM helices and associate with heterotrimeric guanine nucleotide-binding proteins (G proteins). The conformational changes of GPCRs upon ligand binding activate the associated G protein to initiate a series of biochemical reactions within the cell. These intracellular reactions regulate a wide variety of physiological functions, such as smell, taste, vision, secretion, neurotransmission, metabolism, cellular differentiation and growth, inflammatory and immune response. Consequently, malfunction of GPCR signaling pathways can cause various diseases, including cancer, diabetes, obesity, inflammation, cardiac dysfunction, and CNS disorders.
MOR-CB1 Heterodimers

CB1 receptor is present in the peripheral and central nervous system, including primary sensory neurons in the dorsal root ganglions [DRGs], the spinal cord, and some brain regions related to pain processing. Early study showed co-localization of CB1 and MOR in lamina II neurons in the spinal cord, and synergistic interactions also existed between cannabinoid and opioid analgesia. By using biophysical methods, Rios et al. demonstrated that CB1 can form heterodimers with MOR in transfected cells (Rios et al., 2006). Co-activation of MOR-CB1 leads to cross-inhibition of neurite outgrowth involving inhibition of the Src-STAT3 pathway, suggesting antagonistic allosteric interactions in CB1-MOR heterodimers. Thus, MOR-CB1 heterodimer may be a target to modulate neuronal plasticity.
μ-Opioid receptor (MOR) and cannabinoid CB1 receptors mediate overlapping pharmacological responses in clinically important areas such as drug abuse and pain management, and functional interactions between agonists at these receptors have long been recognized. Rios and co-workers (2006) have provided the first strong evidence that the two receptors interact directly when co-expressed in the same cells. The authors report a close physical association between MOR and CB1 receptors and novel pharmacological interactions of MOR and CB1 agonists. They argue that MOR/CB1 heterodimer formation explains these interactions. If correct, the direct interaction of MOR and CB1 pharmacophores in a quaternary complex would provide real benefits by opening the potential for development of novel MOR/CB1 small molecules or new strategies for use of current ligands.
Class A GPCRs: Cannabinoid and Opioid Receptor Heteromers.
Salvador Sierra M.D., Ph.D., Ivone Gomes Ph.D. & Lakshmi A. Devi Ph.D. 
G-Protein-Coupled Receptor Dimers - Chapter 01 September 2017
Part of the book series: The Receptors (REC, volume 33).
https://link.springer.com/chapter/10.1007/978-3-319-60174-8_7
Cannabinoid and opioid receptors mediate a variety of physiological processes including pain and drug reward (addiction). Both receptors couple to Gαi/o proteins and their activation leads to inhibition of adenylyl cyclase [AC] and potassium [K+] channel activity ultimately leading to inhibition of synaptic transmission. Over the last decade increasing anatomical, biochemical and pharmacological evidence demonstrated interactions between the opioid and cannabinoid receptor systems that could modulate not only the physiological but also the pathophysiological roles of these receptors.
Class A GPCRs (Rhodopsin-type) are coupled to Gαi/o proteins and inhibit the activity of adenylate cyclase [AC] and potassium channels – inhibiting synaptic transmission. These types of GPCRs are involved in pain sensation and drug reward activities.
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                                                                      Dimerization of 2 different GPCRs
1) & 1a) Ligand binds GPCR. 
2) The alpha subunit dissociates from the beta-gamma subunits.
3) The alpha subunit, bound to alpha-GTP, activates effector proteins.
4) The alpha subunit binds RGS (Regulator G-protein signaling). The three G-protein subunits form a complex.
5) The alpha, beta & gamma subunits bind the 7TM membranal receptor.
The pre-coupled model (right side of the picture) may consist of opioid [MOR] and cannabinoid [CB1] receptor heterodimer. 
MOR can form heterodimers with other opioid receptors (such as DOR) and even non-opioid receptors. These heterodimers exhibit distinct pharmacological properties, different binding affinities for ligands, and unique downstream signaling pathways.
MOR-DOR heterodimers have been recently studied, and disrupting their formation attenuates some of the side effects associated with opioids.
CB1 Cannabinoid Receptor Heterodimers:
The CB1 cannabinoid receptor forms heterodimers with other receptors, such as the GPR55 receptor and the CB2R. These heterodimers play a role in modulating signaling pathways and may have implications for drug development and therapeutic strategies.
MOR has also been reported to hetero-oligomerize with various receptors beyond DOR, including KOR, somatostatin subtype 2A (sst2A) receptor, substance P receptor (NK1), CB1R, and metabotropic glutamate receptor 5 (mGluR5).
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PTX = Pertussis Toxin

GDP = guanosine diphosphate

GTP = guanosine triphosphate

AC = adenylate cyclase

NAD = nicotine amide dinucleotide cofactor

PKA = protein kinase A.
The A protomer of PTX enter the cell cytoplasm and together with nicotine amide dinucleotide [NAD+] cofactor uncouples the alpha subunit. The activated AC produces cAMP that stimulates cAMP-mediated signaling such as PKA activation.

ADP-ribose: ADP-ribosylation is the addition of one or more ADP-ribose moieties to a protein. It is a reversible post-translational modification that is involved in many cellular processes, including cell signaling, DNA repair, gene regulation and apoptosis. Improper ADP-ribosylation has been implicated in some forms of cancer. It is also the basis for the toxicity of bacterial compounds such as cholera toxin & diphtheria toxin.
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Nucleotides

cAMP = cyclic adenosine monophosphate
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GPCR-G-protein activation/deactivation cycle.
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In the resting state the receptor may be found associated with a heterotrimeric G-protein with GDP bound to its alpha subunit. Agonist binding to the GPCR induces a cascade of conformational changes first in the receptor and then in the bound G-alpha subunit of the G-protein. This results in release of GDP which is soon replaced by GTP. The cell maintains a 10:1 ratio of cytosolic GTP:GDP so exchange for GTP is ensured. GTP-bound G-alpha takes yet another conformation that has low affinity for the GPCR as well as the Beta-Gamma complex, so all three dissociate from one another. GTP-G-alpha and the G-beta/gamma complex then go on to allosterically modulate the activities of various downstream effector proteins, but diffusion is usually limited to the membrane surface due to the presence of palmitoyl and a GPI-anchor, respectively. The GTP-binding site of G-alpha is also capable of hydrolyzing GTP to GDP, albeit at a relatively slow rate. This rate can be increased by binding to various GTPase activating Proteins (GAPs) such as those of the RGS family. Many effector molecules modulated by G-alpha also have GAP activity. Upon GTP hydrolysis the G-alpha subunit is rendered inactive and once again may bind G-beta/gamma and form a heterotrimeric G-protein, which will often be found associated with an unliganded GPCR. 
Abbreviations: GPCR = G-protein Coupled receptor. G-alpha = G-alpha subunit of a heterotrimeric G-protein. G-beta/gamma = Complex of G-beta-gamma subunits of a heterotrimeric G-protein. RGS = Regulator of G-protein Signaling. GTPase = GTP to GDP hydrolyzing domain of G-alpha. Small molecules: GTP = Guanosine triphosphate. GDP = Guanosine diphosphate. Pi = Inorganic Phosphate (PO4).

The solubility of morphine is 1 gram in 5,000 ml of cold water and 1 gram in 1,000 ml of boiling water. 

Morphine is soluble in Ethanol, Methanol, Chloroform. Ether & Ammonia.
The Boiling point of morphine is 190 degrees Celsius.

The Melting point of morphine is 255 degrees Celsius.

Brain connectivities involved in fear, stress & resilience in the rat.
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Cartography of main connectivities involved in fear, stress, and resilience, as well as demonstrated enkephalin [ENK] pathways between areas and expression of ENK, MOPr, and DOPr. Pink circles represent brain regions of interest. Full arrows correspond to circuitries of stress, fear, and resilience. Dotted arrows represent demonstrated ENK circuitries. The black dot corresponds to expression of pro-enkephalin, and purple and blue triangles correspond to MOPr and DOPr expression, respectively. AMG: amygdala; HPC: hippocampus; HPT: hypothalamus; LC: locus ceruleus; mPFC: medial prefrontal cortex; NAc: nucleus accumbens; PAG: periaqueducal grey; PGi: paragigantocellularis nucleus; VTA: ventral tegmental area. 
Kratom = Mitagyna speciosa 
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Mitragyna speciosa (commonly known as kratom, is a herbal leaf from a tree of the Rubiaceae family is a tropical evergreen tree in the coffee family native to Southeast Asia. It is indigenous to Cambodia, Thailand, Indonesia, Malaysia, Myanmar, and Papua New Guinea, where it has been used in herbal medicine since at least the 19th century. It has also historically been consumed via chewing, smoking, and as a tea. Kratom has opioid-like properties and some stimulant-like effects.
In 2019, the FDA stated that there is no evidence that kratom is safe or effective for treating any condition. Some people take it for managing chronic pain, for treating opioid withdrawal symptoms, or for recreational purposes. The onset of effects typically begins within five to ten minutes and lasts for two to five hours. Anecdotal reports describe increased alertness, physical energy, talkativeness, sociability, sedation, changes in mood, and pain relief following kratom use at various doses. Common side effects include appetite loss, erectile dysfunction, nausea and constipation. More severe side effects may include respiratory depression (decreased breathing), seizure, psychosis, elevated heart rate and blood pressure, trouble sleeping, and, rarely, liver toxicity. Addiction is a possible risk with regular use because, when use is stopped, withdrawal symptoms may occur. Several deaths have been attributed to the use of kratom, both by itself and mixed with other substances. Serious toxicity is relatively rare.
In 2014, the FDA banned the import of kratom into the U.S. due to lack of evidence for its safety. As of 2021 kratom is illegal in six states: Alabama, Arkansas, Indiana, Rhode Island, Vermont.
As of 2018, kratom is a controlled substance in 16 countries. There is growing international concern about a possible threat to public health from kratom use, while others have argued that it could be a tool to help the opioid crisis. In 2021, the World Health Organization's Executive Committee on Drug Dependency investigated the risks of kratom and declined to recommend a ban following a scientific review. The committee, however, recommended kratom be kept "under surveillance." In some jurisdictions, its sale and importation have been restricted, and several public health authorities have raised alerts.
Because the withdrawal effects of kratom are often reported to be less severe than those associated with traditional opioids, some people use kratom in the attempt to manage opioid use disorder [OUD] despite lack of evidence supporting this use.
Kratom contains at least 54 alkaloids. These include mitragynine, 7-hydroxymitragynine (7-HMG), speciociliatine, paynantheine, corynantheidine, speciogynine, mitraphylline, rhynchophylline, mitralactonal, raubasine, and mitragynaline. The alkaloids mitragynine and 7-HMG are responsible for many of the complex effects of kratom, but other alkaloids may also contribute synergistically.
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The effects of both mitragynine and 7-HMG remain disputed despite substantial study. Both are partial agonists of the μ-opioid receptor. While most data indicate agonism at all three opioid receptors, other data suggests the alkaloids are antagonists of the δ-opioid receptor with low affinity for the κ-opioid receptor. 7-HMG appears to have higher affinity at the μ-opioid receptor than mitragynine. These compounds display functional selectivity and do not activate the β-arrestin pathway partly responsible for the respiratory depression, constipation, and sedation associated with traditional opioids. Both mitragynine and 7-HMG readily cross the blood-brain barrier [BBB].

Mitragynine also appears to inhibit COX-2, block L-type and T-type calcium channels and interact with other receptors in the brain including 5-HT2C and 5-HT7 serotonin receptors, D2 dopamine receptors, and A2A adenosine receptors. Mitragynine stimulates α2-adrenergic receptors, inhibiting the release of norepinephrine (noradrenaline [NA]); other compounds in this class include dexmedetomidine, which is used for sedation, and clonidine, which is used to manage anxiety and some symptoms of opioid withdrawal. This activity might explain why kratom can be dangerous when used in combination with other sedatives. 
Kratom also contains rhynchophylline.
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Rhynchophylline is a non-competitive NMDA antagonist (IC50 = 43.2 μM) and a calcium channel blocker.
The IC50 (half-maximal inhibitory concentration) is a measure of how effective a drug or other substance is in inhibiting a specific biological process or component by 50%. It’s commonly used in pharmacology to assess the potency of a substance.
Mitragynine is metabolized in humans via phase I and phase II mechanisms with the resulting metabolites excreted in urine. In in vitro experiments, kratom extracts inhibited CYP3A4, CYP2D6, and CYP1A2 enzymes, which results in significant potential for drug interactions.
 

Interestingly, CBD from cannabis also inhibits the activity of hepatic CYP3A4 enzyme. Therefore, caution should be taken when mixing Kratom with cannabis products, especially with CBD. 
The medical importance of natural products
Natural products are a robust source of unique structural scaffolds. The study of psychoactive natural products had a continuous influence on the understanding of their function in the CNS. Notable examples are the alkaloid morphine from Papaver somniferum and THC from Cannabis sativa that led to the discovery of the endogenous opioid and endocannabinoid systems, respectively. Evidence on the neuropsychiatric effects of natural agonists to the KOR in humans comes from experience with salvinorin A, the main active psychotropic molecule in Salvia divinorum. Salvinorin A helps us in distinguishing between MOR & DOD from KOR.

Chemical derivatization and modification of psychoactive natural products have provided and continues to offer innovative scientific and therapeutic discoveries. The progress in medicinal chemistry, drug discovery technologies and significant advances in structural biology of GPCRs by means of modern methodological and powerful computational systems plays an essential role in such discoveries.
The nociceptin opioid peptide receptor

The nociceptin opioid peptide receptor (NOP), also known as the nociceptin/orphanin FQ (N/OFQ) receptor or kappa-type 3 opioid receptor, is a protein that in humans is encoded by the OPRL1 (opioid receptor-like 1) gene. The nociceptin receptor is a member of the opioid subfamily of GPCRs whose natural ligand is the 17 amino acid neuropeptide known as nociceptin. 
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The NOP receptor is involved in the regulation of numerous brain activities, particularly instinctive and emotional behaviors. Antagonists targeting NOP are under investigation for their role as treatments for depression and Parkinson's disease, whereas NOP agonists have been shown to act as powerful, non-addictive painkillers in primates.
Although NOP receptor shares high sequence identity (~60%) with the ‘classical’ opioid receptors MOR, KOR, and DOR, it possesses little or no affinity for opioid peptides or morphine-like compounds. Likewise, classical opioid receptors possess little affinity towards NOP's endogenous ligand - nociceptin, which is structurally related to dynorphin A.
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Dynorphin A

While both the NOP receptor and its endogenous ligand nociception [N/OFQ] have structural and functional similarity to the other three opioid receptors and their endogenous ligands, the NOP receptor does not bind classical opioid ligands, whereas the endogenous NOP ligand does not bind to the other opioid receptors, making the NOP–N/OFQ receptor-ligand system a class in itself - distinct from the opioid family in several important ways.
C. Rhodopsin = the visual receptor
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RHO protein with 11-cis-retinal covalently bound to the active site.
Rhodopsin, also known as visual purple, is a protein encoded by the RHO gene and a G-protein-coupled receptor (GPCR). It is the opsin of the rod cells in the retina and a light-sensitive receptor protein that triggers visual phototransduction in rods. Rhodopsin mediates dim light vision and thus is extremely sensitive to light. When rhodopsin is exposed to light, it immediately photobleaches. In humans, it is regenerated fully in about 30 minutes, after which the rods are more sensitive. Defects in the rhodopsin gene cause eye diseases such as retinitis pigmentosa and congenital stationary night blindness.
Rhodopsin is a protein found in the outer segment discs of rod cells. It mediates scotopic vision, which is monochromatic vision in dim light. Rhodopsin most strongly absorbs green-blue light (~500 nm) and appears therefore reddish-purple, hence the archaic term "visual purple". The retinal chromophore is marked by yellow circle.
Several closely related opsins differ only in a few amino acids and in the wavelengths of light that they absorb most strongly. Humans have, including rhodopsin, nine opsins, as well as cryptochrome (light-sensitive, but not an opsin).
Rhodopsin, like other opsins, is a GPCR. GPCRs are chemoreceptors that embed in the lipid bilayer of the cell membranes and have seven transmembrane domains forming a binding pocket for a ligand. The ligand for rhodopsin is the vitamin A-based chromophore 11-cis-retinal, which lies horizontally to the cell membrane and is covalently bound to a lysine residue (Lys296) in the seventh transmembrane domain through a Schiff-base. However, 11-cis-retinal only blocks the binding pocket and does not activate rhodopsin. It is only activated when 11-cis-retinal absorbs a photon of light and isomerizes to all-trans-retinal, the receptor activating form, causing conformal changes in rhodopsin (bleaching), which activate a phototransduction cascade. Thus, a chemoreceptor is converted to a light or photo(n)receptor.

In organic chemistry, a Schiff base (named after Hugo Schiff) is a compound with the general structure R1R2C=NR3 (R3 = alkyl or aryl, but not hydrogen). They can be considered a sub-class of imines, being either secondary ketimines or secondary aldimines depending on their structure. Anil refers to a common subset of Schiff bases: imines derived from anilines. The term can be synonymous with azomethine which refers specifically to secondary aldimines (i.e. R−CH=NR' where R' ≠ H).

Schiff bases are common enzymatic intermediates where an amine, such as the terminal group of a lysine residue, reversibly reacts with an aldehyde or ketone of a cofactor or substrate. The common enzyme cofactor pyridoxal phosphate (PLP) forms a Schiff base with a lysine residue and is transaldiminated to the substrate(s). Similarly, the cofactor retinal forms a Schiff base in rhodopsins, including human rhodopsin (via Lysine 296), which is key in the photoreception mechanism.
Pyridoxal phosphate (PLP, pyridoxal 5'-phosphate, P5P), the active form of vitamin B6, is a coenzyme in a variety of enzymatic reactions. 
The International Union of Biochemistry and Molecular Biology has catalogued more than 140 PLP-dependent activities, corresponding to ~4% of all classified activities. The versatility of PLP arises from its ability to covalently bind the substrate, and then to act as an electrophilic catalyst, thereby stabilizing different types of carbanionic reaction intermediates.
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PLP acts as a coenzyme in all transamination reactions, and in certain decarboxylation, deamination, and racemization reactions of amino acids. The aldehyde group of PLP forms a Schiff-base linkage (internal aldimine) with the ε-amino group of a specific lysine group of the aminotransferase enzyme. The α-amino group of the amino acid substrate displaces the ε-amino group of the active-site lysine residue in a process known as transaldimination. The resulting external aldimine can lose a proton, carbon dioxide, or an amino acid sidechain to become a quinonoid intermediate, which in turn can act as a nucleophile in several reaction pathways. PLP plays a role in the conversion of levodopa [L-DOPA] into dopamine [DA], facilitates the conversion of the excitatory neurotransmitter glutamate to the inhibitory neurotransmitter GABA.
Metabolism and biosynthesis of GABA (γ-aminobutyric acid): 

Pyridoxal phosphate is a cofactor of glutamic acid decarboxylase (GAD). This allows for conversion of glutamate into GABA. Reaction takes place in cytoplasm of termination of GABA-ergic neurons, therefore vitamin B6 deficiency may cause epileptic seizures in children. Pyridoxal phosphate also participates in the oxidative deamination of GABA, where it is a cofactor of GABA aminotransferase (GAT).
The retinal binding lysine is conserved in almost all opsins, only a few opsins having lost it during evolution. Opsins without the lysine are not light sensitive, including rhodopsin. Rhodopsin is made constitutively (continuously) active by some of those mutations even without light. Also, wild-type rhodopsin is constitutively active, if no 11-cis-retinal is bound, but much less. Therefore 11-cis-retinal is an inverse agonist. Such mutations are one cause of autosomal dominant retinitis pigmentosa. Artificially, the retinal binding lysine can be shifted to other positions, even into other transmembrane domains, without changing the activity.
The rhodopsin of cattle has 348 amino acids, the retinal binding lysine being Lys296. It was the first opsin whose amino acid sequence and 3D-structure were determined. Its structure has been studied in detail by x-ray crystallography on rhodopsin crystals. Several models (e.g., the bicycle-pedal mechanism, hula-twist mechanism) attempt to explain how the retinal group can change its conformation without clashing with the enveloping rhodopsin protein pocket. Recent data support that rhodopsin is a functional monomer, instead of a dimer, which was the paradigm of G-protein-coupled receptors for many years.
Within its native membrane, rhodopsin is found at a high density facilitating its ability to capture photons. Due to its dense packing within the membrane, there is a higher chance of rhodopsin capturing proteins.
Photo Physics
A photon is an elementary particle that is a quantum of the electromagnetic field, including electromagnetic radiation such as light and radio waves, and the force carrier for the electromagnetic force. Photons are massless particles that always move at the speed of light when in vacuum. The photon belongs to the class of boson particles.
As with other elementary particles, photons are best explained by quantum mechanics and exhibit wave–particle duality, their behavior featuring properties of both waves and particles.

The most famous gauge boson is the photon, the constituent particle of light and the mediator of the electromagnetic force. 
For photons, which have a spin of 1, spin is the quantum mechanical equivalent of polarization, or the direction in which a light wave is orientated. This means photon spins can be parallel or anti-parallel in orientation. Photon is massless still it carries a negative electrical charge.
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The Standard Model of elementary particles, with the gauge bosons in the fourth column in red.
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Photon is a gauge Boson with no mass, spin = 1 and it carries Electromagnetic Force.

[image: image128.jpg]‘paniws ase suojoyd oy ‘Ajuo
19A3] T dwn( uoi1d3|3 A8iaus Jamoj|
9yl ew uojoyd ASiaua-moj
seasaym ‘dn sjans| g dwnf uos1ds|d
A313us 159M0| 3y sayew uojoyd
A313ua-y3IH 33€1S paIxe 1sow ay}
0} [9A3] AZIaUR [41aMO] J0] 1S9MO|
grie 91 WOJ.J SUOJIID|D S} JO SUO SPAOW
woae ue Aq pagsosqe s| 1ey) uoloyd

STorrd

apoard
N»Q? &u&.\&

P2 51 uogoyd * woje 3y} AQ paqaosqe
Jr——— 5 usjoyd Bumuosuy
12|
snapnN ] ABasun G uoapez

4 wamoy

' =\t

B ABaaun
\ a0

uoaapa 5 e o snapnN
pawoxg
payiue 5 uojoyd woje 3y Aq pagiosqe
ABup -3y 51 uoloyd Buiosu]
orssuy uondiosqy

uoI0yd ayl




The Photon is both a wave-like and a particle-like phenomenon.
Absorption of Light by an Atom
Light absorption is the process in which light is absorbed and converted into energy. When electrons absorb energy, they become ‘excited’ and move to higher energy levels which are further away from the nucleus.
Electrons don’t like being in an excited state, and so fall back to their original energy level very quickly – they release a packet of energy called a photon when they do this.

In an atom, electrons vibrate at a specific frequency – this is called the natural frequency. If a wave of light hits a material in which the electrons are vibrating at the same frequency as the wave of light, the electrons will absorb the energy and convert it into vibrational motion. This is why objects have different colors – different materials’ electrons will vibrate at different rates, and therefore absorb different frequencies of light.
Electrons can only exist in discrete energy levels (these can also be called electron shells) – they can’t exist halfway between. The lowest energy level that an electron can be in is called the ground state. For an electron to move from a lower energy level to a higher energy level, it must absorb a set amount of energy because energy levels are quantized.  This means that the energy absorbed by the electron must be the same as the energy difference between the two levels. When an electron absorbs energy, is it promoted to a higher energy level further away from the nucleus of the atom and is described as ‘excited’. Electrons don’t like being in an excited state. This means that after becoming excited and moving to a higher energy level, they soon fall back to their original energy level. However, to do this, they must release a packet of energy – this is called a photon. The size of the photon released is exactly equal to the size of the jump the electron had to make in the first place.
Absorption of Light by molecules

If we think about the size of an atom or molecule (atoms are 100s of pm, molecules less than 1 nm) they are considerably smaller than the wavelength of light required for electronic transitions, so it is often easier to think of an entirely photonic model of light.
If we considered the atom or molecules to be formed of a cloud of electrons bathed in the electromagnetic field, the electron density is attracted to the the positive side of the field, and the positively charged nucleus to the negative side. However, electrons are much lighter (about 1/1760 the mass of a proton) and so it is the lighter electrons that ‘feel’ the most effect. As the electric field oscillates it pushes and pulls the electrons within the molecule.
This transition is called an electric-dipole transition since it either creates (absorption) or destroys (emission) an oscillating electric dipole in the atom or molecule. The transition dipole moment arises from the charge displacement during the transition. The magnitude of this transition dipole moment depends upon the distance the net electronic charge is moved from the ground state average position. This transition dipole is entirely independent of any permanent dipole moment within the molecule.
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Diagram of the HOMO and LUMO of a molecule. Each circle represents an electron in an orbital; when light of a high enough frequency is absorbed by an electron in the HOMO, it jumps to the LUMO
In chemistry, HOMO and LUMO are types of molecular orbitals. The acronyms stand for highest occupied molecular orbital and lowest unoccupied molecular orbital, respectively. HOMO and LUMO are sometimes collectively called the frontier orbitals.
Figure 2.5 shows the valence molecular orbitals of butadiene, showing the discrete energy levels in the system, absorption of a photon allows an electron to be excited from the highest occupied molecular orbital (HOMO) to any excited state.
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Figure 2.5: MO diagram of butadiene, each carbon atom is assumed to be sp2 hybridised, with
linear combination of the 2pz orbitals. As the energy of the levels increases so does the
number of nodes. The lowest two energy levels are fully occupied in the ground state, upon
absorption of a photon an electron is promoted to one of the anti-bonding orbitals allowing
rotation around the double bonds, and giving the centre single bond some double bond
character. MO diagram of butadiene (https://2012books.lardbucket.org/books/principles-of-
general-chemistry-v1.0m/s13-04-polyatomic-systems-with-multip.html). From by Averill and
Eldredge, Principles of General Chemistry licensed under CC BY 2.0. Sept 14.
In simple organic molecules we only really need to consider 7 and 7* and n (non-bonding)
molecular orbitals as the energy difference between o and ¢* orbitals are comparatively very
large.

The process of absorption of a photon is very fast (~1 fs) (compared with the timescales of
vibrations in molecule (~10 ps)), this is the basis of the Franck-Condon principle.
Consequently when absorption (and emission) processes are sketched, as in figure 2.6,
absorption and emission can be indicated by vertical transitions.

The ‘strength’ of the absorption transition, which relates to the extinction coefficient in the
Beer-Lambert law, and the Einstein B coefficient is in fact a measure of the ‘overlap integral’
of the wave functions of the ground and excited states. It becomes more obvious why the
Einstein B and B' factors are only the same in atomic systems, since in the usual ‘lifetime’ of
the excited state of molecular systems there is plenty of opportunity for the molecule to
undergo structural rearrangement or loose energy if excited into one of the vibrationally
excited bands.




Upon excitation of an electron there is a mixing of the molecular orbitals of the fully and partially occupied molecular orbitals, in the case of butadiene excitation of an electron from the HOMO to the LUMO (lowest unoccupied molecular orbital), giving the central C-C bond some double bond character, limiting rotation and leading to a structural change of the excited state.
The process of absorption of a photon is very fast (~1 fs) compared with the timescales of vibrations in molecule (~10 ps). Consequently, when absorption (and emission) processes are sketched, as in figure 2.6, absorption and emission can be indicated by vertical transitions.
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Figure 2.6: The vertical line of the absorption transition as the electron is promoted from the
ground state to the excited state. The probability of the electron being excited into each
vibrational level is given by the ‘overlap’ of the wave functions of ground and each excited
state. Franck-Condon Diagram (https://commons.wikimedia.org/wiki/File:Franck-Condon-
diagram.png). From Wikimedia Commons, created by Mark M. Somoza, CC-BY-SA-3.0. Sept
14.

The greater the overlap integral between the ground and excited state the higher the molar
extinction coefficient and the more strongly coloured the molecule.

Understanding the variation of possible electronic transitions available when electronic levels

are mixed with vibrational and rotational levels, as well as the molecular dynamics allowing
multiple ‘non-minimised’ structures explains the relative broadness of molecular electronic

absorption and emission spectra.




The ‘strength’ of the absorption transition, which relates to the extinction coefficient in the Beer-Lambert law, and the Einstein coefficient is in fact a measure of the ‘overlap integral’ of the wave functions of the ground and excited states.

Absorption of light by THC (a) & THCA (b)
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11-cis retinilidene is converted to all-trans retinylidene 
by light (500 nm) activation
In rhodopsin, the aldehyde group of retinal is covalently linked to the amino group of a lysine residue on the protein in a protonated Schiff base (-NH+=CH-). When rhodopsin absorbs light, its retinal cofactor isomerizes from the 11-cis to the all-trans configuration, and the protein subsequently undergoes a series of relaxations to accommodate the altered shape of the isomerized cofactor. The intermediates formed during this process were first investigated in the laboratory of George Wald, who received the Nobel prize for this research in 1967. The photoisomerization dynamics has been subsequently investigated with time-resolved IR spectroscopy and UV/Vis spectroscopy. A first photoproduct called photorhodopsin forms within 200 femtoseconds! after irradiation, followed within picoseconds by a second one called bathorhodopsin with distorted all-trans bonds. This intermediate can be trapped and studied at cryogenic temperatures and was initially referred to as prelumirhodopsin. In subsequent intermediates lumirhodopsin and metarhodopsin I, the Schiff's base linkage to all-trans retinal remains protonated, and the protein retains its reddish color. The critical change that initiates the neuronal excitation involves the conversion of metarhodopsin I to metarhodopsin II, which is associated with deprotonation of the Schiff's base and change in color from red to yellow.

Lysine [K]
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Terminal amine in Lysine residue is marked by a red box.
Phototransduction cascade

The product of light activation, Metarhodopsin II, initiates the visual phototransduction second messenger pathway by stimulating the G-protein transducin (Gt), resulting in the liberation of its α subunit. This GTP-bound subunit in turn activates a cGMP phosphodiesterase. The cGMP phosphodiesterase hydrolyzes cGMP, lowering its local concentration so it can no longer activate cGMP-dependent cation channels. This leads to the hyperpolarization of photoreceptor cells, changing the rate at which they release transmitters.
Retinal (also known as retinaldehyde) is a polyene chromophore. Retinal, bound to proteins called opsins, is the chemical basis of visual phototransduction, the light-detection stage of visual perception (vision).
Some microorganisms use retinal to convert light into metabolic energy. In fact, a recent study suggests most living organisms on our planet ~3 billion years ago used retinal to convert sunlight into energy rather than chlorophyll. Since retinal absorbs mostly green light and transmits purple light, this gave rise to the "Purple Earth Hypothesis".
Retinal itself is a form of vitamin A when eaten by an animal. There are many forms of vitamin A, all of which are converted to retinal, which cannot be made without them. The number of different molecules that can be converted to retinal varies from species to species.
Vertebrate animals ingest retinal directly from meat, or they produce retinal from carotenoids — either from α-carotene or β-carotene. They also produce it from β-cryptoxanthin, a type of xanthophyll. These carotenoids must be obtained from plants or other photosynthetic organisms. Some carnivores cannot convert any carotenoids at all. The other main forms of vitamin A — retinol and a partially active form, retinoic acid — may both be produced from retinal.
Carotenoids are yellow, orange, and red organic pigments that are produced by plants and algae, as well as several bacteria, archaea, and fungi.
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Beta-carotene
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Lutein = Xanthophyll
Over 1,100 identified carotenoids can be further categorized into two classes – xanthophylls (which contain oxygen) and carotenes (which are purely hydrocarbons and contain no oxygen).
The length of the multiple conjugated double bonds determines their color and photo physics. After absorbing a photon, the carotenoid transfers its excited electron to chlorophyll for use in photosynthesis. Upon absorption of light, carotenoids transfer excitation energy to and from chlorophyll. The singlet-singlet energy transfer is a lower energy state transfer and is used during photosynthesis. The triplet-triplet transfer is a higher energy state and is essential in photoprotection. 
Light produces damaging species during photosynthesis, with the most damaging being reactive oxygen species (ROS). As these high energy ROS are produced in the chlorophyll the energy is transferred to the carotenoid’s polyene tail and undergoes a series of reactions in which electrons are moved between the carotenoid bonds to find the most balanced (lowest energy) state for the carotenoid.
Carotenoids defend plants against singlet oxygen, by both energy transfer and by chemical reactions. They also protect plants by quenching triplet chlorophyll. By protecting lipids from free-radical damage, which generate charged lipid peroxides and other oxidized derivatives, carotenoids support crystalline architecture and hydrophobicity of lipoproteins and cellular lipid structures, hence oxygen solubility and its diffusion therein.
All carotenoids are derivatives of tetraterpenes, meaning that they are produced from 8 isoprene units and contain 40 carbon atoms. In general, carotenoids absorb wavelengths ranging from 400 to 550 nanometers (violet to green light). This causes the compounds to be deeply colored yellow, orange, or red.
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Vitamin A
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All-trans-retinoic acid
Retinal plays a biological role in vision, but most of the effects of vitamin A are exerted by retinoic acid, which binds to nuclear receptors and regulates gene transcription.
Vitamin A is a fat-soluble vitamin and an essential nutrient for animals. The term "vitamin A" encompasses a group of chemically related organic compounds that includes retinol, retinal (also known as retinaldehyde), retinoic acid, and several provitamin (precursor) carotenoids, most notably beta-carotene. Vitamin A has multiple functions: it is essential for embryo development and growth, for maintenance of the immune system, and for vision, where it combines with the protein opsin to form rhodopsin – the light-absorbing molecule necessary for both low-light (scotopic vision) and color vision.
Vitamin A occurs as two principal forms in foods: A) retinol, found in animal-sourced foods, either as retinol or bound to a fatty acid to become a retinyl ester, and B) the carotenoids alpha-carotene, β-carotene, gamma-carotene, and the xanthophyll beta-cryptoxanthin (all of which contain β-ionone rings) that function as provitamin A in herbivore and omnivore animals which possess the enzymes that cleave and convert provitamin carotenoids to retinal and then to retinol.
The role of vitamin A in the visual cycle is specifically related to the retinal compound. Retinol is converted by the enzyme RPE65 within the retinal pigment epithelium into 11-cis-retinal. Within the eye, 11-cis-retinal is bound to the protein opsin to form rhodopsin in rod cells and iodopsin in cone cells. As light enters the eye, the 11-cis-retinal is isomerized to the all-trans form. The all-trans-retinal dissociates from the opsin in a series of steps called photo-bleaching. This isomerization induces a nervous signal along the optic nerve to the visual center of the brain. After separating from opsin, the all-trans-retinal is recycled and converted back to the 11-cis-retinal form by a series of enzymatic reactions, which then completes the cycle by binding to opsin to reform rhodopsin in the retina. In addition, some of the all-trans-retinal may be converted to all-trans-retinol form and then transported with an interphotoreceptor retinol-binding protein to the retinal pigmented epithelial cells. Further esterification into all-trans-retinyl esters allow for storage of all-trans-retinol within the pigment epithelial cells to be reused when needed. It is for this reason that a deficiency in vitamin A will inhibit the reformation of rhodopsin, and will lead to one of the first symptoms, night blindness.
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Sensory Rhodopsin II bound to Transducin
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Sensory rhodopsin II (rainbow colored) embedded in a lipid bilayer (heads red and tails blue) with Transducin below it. Gtα is colored red, Gtβ blue, and Gtγ yellow. There is a bound GDP molecule (dark blue – black arrow) in the Gtα-subunit and a bound retinal in the rhodopsin. The N-terminus of rhodopsin is red and the C-terminus blue. Anchoring of transducin to the membrane has been drawn in black.
Deactivation

Meta II (metarhodopsin II) is deactivated rapidly after activating transducin by rhodopsin kinase and arrestin. Rhodopsin pigment must be regenerated for further phototransduction to occur. This means replacing all-trans-retinal with 11-cis-retinal and the decay of Meta II is crucial in this process. During the decay of Meta II, the Schiff base link that normally holds all-trans-retinal and the apoprotein opsin (aporhodopsin) is hydrolyzed and becomes Meta III. In the rod outer segment, Meta III decays into separate all-trans-retinal and opsin. A second product of Meta II decay is an all-trans-retinal opsin complex in which the all-trans-retinal has been translocated to second binding sites. Whether the Meta II decay runs into Meta III or the all-trans-retinal opsin complex seems to depend on the pH of the reaction. Higher pH tends to drive the decay reaction towards Meta III.

Rhodopsins: An Excitingly Versatile Protein Species for Research, Development and Creative Engineering

Willem J. de Grip, and Srividya Ganapathy.

Front Chem. 2022; 10: 879609.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9257189/
Abstract

The first member and eponym of the rhodopsin family was identified in the 1930s as the visual pigment of the rod photoreceptor cell in the animal retina. It was found to be a membrane protein, owing its photosensitivity to the presence of a covalently bound chromophoric group. This group, derived from vitamin A, was appropriately dubbed retinal. In the 1970s a microbial counterpart of this species was discovered in an archaeon, being a membrane protein also harboring retinal as a chromophore and named bacteriorhodopsin. Since their discovery, a photogenic panorama unfolded, where up to date new members and subspecies with a variety of light-driven functionality have been added to this family. The animal branch, meanwhile, categorized as type-2 rhodopsins, turned out to form a large subclass in the superfamily of GPCRs and are essential to multiple elements of light-dependent animal sensory physiology. The microbial branch, the type-1 rhodopsins, largely function as light-driven ion pumps or channels, but also contain sensory-active and enzyme-sustaining subspecies. In this review we will follow the development of this exciting membrane protein panorama in a representative number of highlights and will present a prospect of their extraordinary future potential.
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Schematic of a vertebrate rod photoreceptor cell (scotopic vision), zooming in on the location of the rod visual pigment rhodopsin. The rod outer segment (ROS), a ciliary outgrowth, is densely filled with isolated flattened vesicles (discs) which contain rhodopsin as the major (ca 90% w/w) membrane protein. The vertebrate visual pigments are therefore also designated as “ciliary rhodopsins.” Other disc membrane proteins are involved in signal propagation, stabilization of the disc shape and communication with the plasma membrane (PM). The phospholipids in the disc membrane have an exceptionally high content (ca 40%) of highly unsaturated fatty acids (22:6∞3). The discs are continuously generated at the base of the ROS as invaginations of the PM, then are nipped off and move upwards. After 7–10 days they reach the top of the ROS, which is pinched off in a circadian rhythm and degraded in the adjacent retinal pigment epithelium (RPE). The vertebrate cone photoreceptor (photopic vision) is organized in a similar fashion, except that the “discs” remain continuous with the PM as invaginations and are not pinched off. The organization of invertebrate visual photoreceptors is roughly similar, but the photoreceptive membranes are organized as numerous microvilli in rhabdomeric structures and their rhodopsins are also designated as rhabdomeric visual pigments. Only the classical visual pigments (Opn1, Opn2 and R-gene families) are organized in these specialized cellular outgrowths. All other type-2 and all type-1 pigments are targeted to the PM or an eyespot and form only a small part of that membrane protein population.
Structure-based insights into evolution of rhodopsin.
Dmitrii Zabelskii, Natalia Dmitrieva et al
Communications Biology volume 4, Article number: 821 (2021) 

Rhodopsins, most of which are proton pumps generating transmembrane electrochemical proton gradients, span all three domains of life, are abundant in the biosphere, and could play a crucial role in the early evolution of life on earth. Whereas archaeal and bacterial proton pumps are among the best structurally characterized proteins, rhodopsins from unicellular eukaryotes have not been well characterized. To fill this gap in the current understanding of the proton pumps and to gain insight into the evolution of rhodopsins using a structure-based approach, we performed a structural and functional analysis of the light-driven proton pump LR (Mac) from the pathogenic fungus Leptosphaeria maculans. The first high-resolution structure of fungi rhodopsin and its functional properties reveal the striking similarity of its membrane part to archaeal but not to bacterial rhodopsins. We show that an unusually long N-terminal region stabilizes the protein through direct interaction with its extracellular loop (ECL2). We compare to our knowledge all available structures and sequences of outward light-driven proton pumps and show that eukaryotic and archaeal proton pumps, most likely, share a common ancestor.
Microbial (type 1) rhodopsins are the most abundant family of light-harvesting proteins. Type 1 rhodopsins are heptahelical transmembrane (7TM) proteins that covalently bind the retinal chromophore and use the energy of light to perform different biological functions, such as ion pumping, ion channeling sensoring, and kinase activity. The explosion of research on microbial rhodopsins, in large part, owes to the key role of these proteins in optogenetics, a methodology that caused a revolution in neuroscience. Recently, discoveries of genomics and metagenomics show that rhodopsins are highly abundant, perform extremely diverse functions, and are present in all kingdoms of life as well as many large viruses. Rhodopsins are the most abundant light-harvesting proteins on earth and the major light capturers in the oceans. Given the ubiquity of rhodopsins and their crucial ecological role, there is little doubt that these proteins played a crucial role in the evolution of life on earth. Recently, rhodopsins have been identified in Asgard archaea, the archaeal superphylum that includes the likely ancestors of eukaryotes. Furthermore, a recent analysis of microbial rhodopsins has led to the hypothesis that retinal-based phototrophy emerged early in the evolution of life on Earth, predating the rise and profoundly impacting the evolution of photosynthesis. Thus, the study of the functions and evolution of rhodopsins could yield valuable information on the origin and early evolution of life.
Among the factors critical in the evolution of early life was the ability to convert the energy of sunlight into a transmembrane proton gradient that provides for chemiosmotic coupling. Light-driven proton pumps generating transmembrane gradients are the most abundant among the rhodopsin. The structure and function of these proteins are exceptionally well studied, providing a rare opportunity to use a structure-based approach to explore evolutionary relationships among proteins.
Whereas structures of archaeal and bacterial proton pumps have been thoroughly characterized, this is not the case for rhodopsins of unicellular eukaryotes. To fill this gap and enable a structure-based analysis of the evolutionary relationships among the rhodopsins, we determined a high-resolution structure and performed an in-depth functional study of a light-driven proton pump LR (Mac) from the fungus Leptosphaeria maculans. L. maculans is a major pathogen of Brassica napus, an agricultural plant that is used as a feed source for livestock and the production of rapeseed oil. A dramatic epidemic of L. maculans occurred in Wisconsin on cabbage. The fungus destroys around 5–20% of canola yields in France. The disease is also harmful in England. Rapeseed oil is the preferred European oil source for biofuel due to its high yield. B. napus produces more oil per land area than other sources like soybeans. Thus, apparent from the fundamental importance of a thorough characterization of rhodopsin from a unicellular eukaryote, the study of LR (Mac) also could help understand the role of the rhodopsin in the fungus pathogenicity.
To date, high-resolution structures of multiple proton-pumping archaeal and bacterial rhodopsins have been solved. For instance, more than 100 structures of the most-studied microbial rhodopsin, bacteriorhodopsin from archaeon Halobacterium salinarum (HsBR), and its mutants, were deposited to the Protein Data Bank (PDB) since 1997. By contrast, structural characterization of eukaryotic type-1 rhodopsins lags far behind. Two high-resolution structures of an H+ pumping rhodopsin from unicellular eukaryotes are currently available, Acetabularia rhodopsin (AR) from the marine alga Acetabularia acetabulum and Coccomyxa rhodopsin from Coccomyxa subellipsoidea. The AR has been deemed to be closely like archaeal HsBR although this protein has a 200 ms long photocycle, compared to the 20 ms photocycle in HsBR. High-resolution structures of eukaryotic proton-pumping rhodopsins from fungi would be crucial for understanding the evolution of this expansive protein superfamily.
The study of eukaryotic membrane proteins is generally hampered by the complications with their expression and crystallization. We used our recently developed techniques of the expression in LEXSY and crystallized the proton-pumping type 1 rhodopsin LR from the unicellular fungus Leptosphaeria maculans. 
LEXSY - Eukaryotic protein expression in Leishmania tarentolae:

The unicellular kinetoplast protozoan Leishmania tarentolae, isolated from the Moorish gecko Tarentola mauritanica, not pathogenic to mammalians (Biosafety level 1) – was turned into the protein-producing host of our eukaryotic protein expression system LEXSY:
· eukaryotic host as easy to handle as E. coli: no specific labware, no cell biology equipment required.

· fully eukaryotic protein expression machinery with post-translational modifications, including glycosylation and disulfide bond formation.

· shuttle vectors: cloning in E. coli, expression in LEXSY host.

· constitutive or inducible, intracellular or secretory expression of target proteins.

· stable expression strains for constant protein production.
Previously, biophysical features of LR have been reported to resemble those of archaeal pump HsBR with millisecond-length photocycle and similar active center organization. However, unlike archaeal rhodopsins, LR and other eukaryotic rhodopsins have elongated N- and C-terminal regions that could be involved in the adaptation of the protein to different lipid environment. Replacement of the LR N-terminal region did not impair the structural integrity and biochemical functionality of the protein, but the direct impact of modifications of the N-terminus has not been reported. Recently, a full-length LR has been shown to enable efficient neural silencing by blue light in mammalian cells.
Here we present the first high-resolution, at 2.2 Å, crystal structure of a light-driven H+ pump from fungi and elucidate the functional role of the N-terminal region. We further report the results of a structure-based comparison of LR with light-driven H+ pumps from all domains of life. This structural analysis revealed the archaeal ancestry of eukaryotic type 1 rhodopsins. Further structure-based phylogenetic analysis confirmed the archaeal affinity of eukaryotic proton-pumping rhodopsins, suggesting that the archaeal host of the proto-mitochondrial endosymbiont was capable of light-driven proton pumping.
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Ion pump and solar energy conversion process by bacteriorhodopsin.
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Chemiosmotic coupling between the sun energy and bacteriorhodopsin during photosysnthesis to produce chemical energy in archaea cell wall.

Rhodopsins are a family of photoreceptive membrane proteins that play a crucial role in vision and light detection across various organisms.
Rhodopsins consist of 7-transmembrane α-helices and a derivative of vitamin-A called retinal, which is covalently bound to a lysine #296 residue through a Schiff base linkage.
Convergent Evolution of rhodopsin: Initially, it was believed that rhodopsin-like proteins were expressed only in animal eyes (animal rhodopsins) and in archaea (bacteriorhodopsins). However, research has revealed a more complex picture.
Animal rhodopsins and microbial rhodopsins (bacteriorhodopsins) share common molecular properties, such as protein structure, retinal binding ability, color sensitivity, and photoreaction.
Despite these similarities, their molecular functions diverge significantly:
Animal Rhodopsins: Act as GPCRs and photoisomerases.
Microbial Rhodopsins: Function as ion transporters and phototaxis sensors.
Convergent evolution: Based on these similarities and differences, it is proposed that animal and microbial rhodopsins have convergently evolved from distinct origins. They both serve as multi-colored retinal-binding membrane proteins regulated by light and heat but have independently evolved for different molecular and physiological functions in their respective organisms.
Ongoing studies continue to uncover the intricacies of rhodopsin evolution. For instance, models of molecular evolution explore how different flatfish lineages’ light environments have shaped rhodopsin gene evolution.
Divergent evolution is the accumulation of differences between closely related populations within a species, sometimes leading to speciation. Divergent evolution is typically exhibited when two populations become separated by a geographic barrier and experience different selective pressures that cause adaptations. After many generations and continual evolution, the populations become less able to interbreed with one another.
The term can also be applied in molecular evolution, such as to proteins that derive from homologous genes. Both orthologous genes (resulting from a speciation event) and paralogous genes (resulting from gene duplication) can illustrate divergent evolution. Through gene duplication, it is possible for divergent evolution to occur between two genes within a species. Similarities between species that have diverged are due to their common origin, so such similarities are homologies.
Amino acid sequence of Human Rhodopsin
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High resolution LC-MS analysis of proteolytic fragments of rhodopsin results in 88% amino acid sequence coverage. (A) The primary sequence of rhodopsin with proteolytic peptides detected and confirmed by tandem MS analysis is indicated by bars below the amino acid sequence. Peptides detected following digestion with pepsin are underlined by dark gray bars, and those detected after cyanogen bromide digestion and LC-MS analysis are underlined by light gray bars. Residues that make up transmembrane domains of rhodopsin are colored red. (B) LC-MS/MS analysis reveals radiolytic modification of many residues (yellow sticks) found in the membrane embedded region of rhodopsin as shown in this crystallographic model. The shaded rectangle represents the membrane; regions detected by LC-MS/MS analysis are colored green and undetected regions are colored gray. The chromophore, 11-cisretinylidene, is shown as orange sticks [marked by a black arrow]. Ordered waters are shown as red spheres in the transmembrane domain.
LR (Mac) is a rhodopsin from the fungus Leptosphaeria maculans.
AR = Acetabularia rhodopsin from the marine alga Acetabularia acetabulum.
The ligand binding pocket of rhodopsin, with a volume of about 352 Å3, is located on the luminal side of the receptor. Prior to photoactivation, 11-cis-retinal in the ligand binding pocket is covalently bound to Lys296 of helix 7 [TMH7] through a Schiff base linkage.
All GPCR structures have a conserved transmembrane core domain followed by helix 8 on the cytoplasmic side. The root mean square deviation (RMSD) of the residues of the 7TM core structures between rhodopsin and other GPCRs whose structures have been solved are among 1.2 to 1.4 Å, indicating a close similarity and high level of conservation. The most significant structural differences between rhodopsin and other GPCRs are in the ligand binding pocket and the lid covering the pocket, the EL2 loop region. The EL2 of rhodopsin adopts a β-sheet fold, which tightly plugs into the entrance of the pocket, while the EL2 regions of other solved GPCR structures are loosely positioned above the ligand binding pocket and can be more easily opened for ligands to move in or out. This is consistent with the observation that rhodopsin is activated by the photon-triggered isomerization of retinal in the ligand binding pocket, which requires the ligand not only being bound but also being tightly hold in the pocket, while most other GPCRs are activated by simply binding to the ligands.
Amino acid sequence of Bovine & Mouse Rhodopsin
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Protein sequence alignment of bovine and mouse rhodopsin. (A) Amino acid sequence alignment of B. taurus and M. musculus rhodopsin (GenBank NP_001014890 and NP_663358, respectively) was conducted using ClustalX (2.0.10). Bovine and mouse rhodopsin consist of 348 residues. Most positions share the same amino acid residue (*). There are 23 amino acid residue differences: 13 are conserved (:), 4 are semi-conserved (.), and 6 are nonconserved (blank) substitutions. 
Amino acid #296 [K = Lysine] is marked by a black arrow.

(B, C) Conserved (green), semi-conserved (blue), and nonconserved (red) residue substitutions are highlighted on the crystal structure of rhodopsin (PDB: 1U19) inside view (B) or top view (C) with side chains shown in stick representation.
Amino acid sequence of mouse CB1 [421 aa] & CB2 [322 aa]
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The amino acid sequence alignment of mouse CB1 with the CB2 receptor (A) The identical amino acid sequences are highlighted with red boxes.
The putative conserved Lysine (K) #302 in CB1 is marked with a black arrowhead.

The Genetic Code
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AAA & AAG => Lysine [K]
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K = Lysine is a positively charged amino acid
Humam DOR [375 aa]
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Schematic representation of the hDOR, /291-300 chimera, and mutant derivatives. /291-300 chimera consists of the -opioid receptor into which 10 amino acids of the third extracellular loop (amino acids 291-300) were replaced by the corresponding amino acids of the receptor. Amino acid sequences derived from the or receptor or non-/non-amino acids are indicated for the chimera, or the mutant receptors. The single-letter amino acid code is used. Numbers next to mutated amino acids refer to their position within the hDOR sequence.
hDOR = 375 aa
hKOR = 386 aa

hMOR = 402 aa

hCB1R = 421 aa

hCB2R = 322 aa

hRhodopsin = 348 aa.
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Generation of GST fusion proteins of I3L and CT of opioid receptors. A) alignment of the amino acid sequences of the I3L and the CT of delta, kappa and mu-opioid receptors fused with GST. Gaps served to generate the alignment are represented by dashes. The black arrow points to the conserved Lysine [K] residue in both opioid receptors [#253 #266 #274 in DOR, KOR & MOR respectively]. 
Opioid receptors are GPCRs part of cell signaling paths of direct interest to treat pain. Pain may associate with inflamed tissue characterized by acidic pH. The potentially low pH at tissue targeted by opioid drugs in pain management could impact drug binding to the opioid receptor, because opioid drugs typically have a protonated amino group that contributes to receptor binding, and the functioning of GPCRs may involve protonation change. 
Opioid peptides bind to opioid receptors, which are GPCRs. These receptors are coupled to the Gi/o proteins, leading to inhibition of cAMP, inhibition of Ca2+ channels, activation of inwardly rectifying K+ channels and MAP kinase pathway, which ultimately inhibits neuronal activation and neurotransmitter [NT] release. Each receptor is encoded by separate genes, MOR: Oprm1, DOR: Oprd1, KOR: Oprk1, and ORL1: Oprl1. Canonically, it is believed that β-endorphin, met-/leu-enkephalin, and dynorphin preferentially bind to the mu opioid receptor (MOR), delta opioid receptor (DOR) and kappa opioid receptor (KOR), respectively. Enkephalins bind with high affinity to DOR and MOR [with slightly greater affinity (10-fold) for DOR than MOR, but more recently, all opioid peptides have been shown to bind to each of the opioid receptors to some extent. For example, β-endorphin, met-enkephalin, and dynorphin have been shown to be full agonists at MOR and partial agonists at DOR. Shorter forms of β-endorphin, generally thought to have limited activity at opioid receptors, are agonists at MOR. Therefore, focusing on enkephalin-DOR or enkephalin-MOR interactions in studies investigating SUDs may be overlooking important interactions of other endogenous opioid peptides and receptor types.
While acute and chronic administration of MOR agonists may increase enkephalin release and peptide levels, chronic opioid administration mainly leads to a reduction in proenkephalin [PENK] mRNA expression, potentially compensating for the replacement of endogenous opioid peptides by exogenous opioid receptor ligands.
Proenkephalin (PENK) is an endogenous opioid polypeptide hormone which, via proteolytic cleavage, produces the enkephalin peptides [Met]enkephalin. Upon cleavage, each proenkephalin peptide results in the generation of four copies of [Met]enkephalin. Contrarily, [Leu]enkephalin] is predominantly synthesized from prodynorphin, which produces three copies of it per cleavage, and no copies of [Met]enkephalin.
Endogenous cannabinoids and their central receptor (CB1) are present in many of the same brain regions as opioid receptors, indicating possible overlap and interaction between the two systems. Indeed, acute, moderate doses of THC increased enkephalin-like material in the nucleus accumbans [NAc] determined by RIA and increased met-enkephalin immunoreactivity in preoptic area and medial basal hypothalamus after repeated THC exposure.
The effects of cannabinoids on enkephalins may be greater in non-reward brain regions. Sub chronic THC increased PENK mRNA levels in rat hypothalamus and mammillary nucleus, with no change in the striatum or NAc. Repeated treatment of a synthetic cannabinoid receptor agonist, CP-55,940, also increased PENK mRNA in hypothalamus and additionally the striatum and NAc. Clearly, the effects of cannabinoids on endogenous opioids and PENK mRNA are largely unknown and should be investigated further.
Natural products are a robust source of unique structural scaffolds. The study of psychoactive natural products had a continuous influence on the understanding of their function in the CNS. 
Notable examples are the alkaloid morphine from Papaver somniferum and the terpenophenol Δ9-tetrahydrocannabinol (THC) from Cannabis sativa that led to the discovery of the endogenous opioid and ECS, respectively. 
Evidence on the neuropsychiatric effects of natural agonists to the KOR in humans comes from experience with salvinorin A, the main active psychotropic molecule in Salvia divinorum. 
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Salvia divinorum (Latin: "sage of the diviners") is a plant species with transient psychoactive properties when its leaves, or extracts made from the leaves, are administered by smoking, chewing, or drinking (as a tea). The leaves contain the potent compound salvinorin A and can induce a dissociative state and hallucinations.
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The known active constituent of Salvia divinorum is a trans-neoclerodane diterpenoid known as salvinorin A. This compound is present in the dried plant at about 0.18%. Salvinorin A is the first documented diterpene hallucinogen. This structurally unique diterpenoid is a potent & selective κ-opioid [KOR] agonist.
Like many psychoactive herbs, Salvia divinorum synthesizes and excretes its active constituent via trichomes, of the peltate-glandular morphology, located just beneath the cuticle (subcuticular) layer.
By mass, salvinorin A is the most potent naturally occurring hallucinogen. It is active at doses as low as 200 µg. Synthetic chemicals, such as LSD (active at 20–30 µg doses), can be much more potent. Research has shown that salvinorin A is a selective κ-opioid [KOR] receptor agonist. However, it is an even more potent D2 receptor partial agonist, and it is likely this action plays a significant role in its effects as well.  Salvinorin A has no actions at the 5-HT2A serotonin receptor, the principal molecular target responsible for the actions of 'classic' hallucinogens, such as psilocin, mescaline and LSD, nor is it known to have affinity for any other sites to date.
Review of recent studies describing the inter-relationships between the endocannabinoid and the opioid systems:

1. Both cannabinoid receptors and opioid receptors belong to CLASS A GPCR family.
The chemical structures of the endocannabinoid receptors and the opioid receptors are very similar. 
The ligand binding pockets are also similar.

The second messengers involved in intracellular effects are identical.
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Opioid receptors with bound agonist = morphine
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CB1R with bound agonist = THC
G-protein-coupled receptors (GPCRs), also known as seven transmembrane (7-TM) domain receptors or heptahelical receptors, form the largest protein superfamily in mammalian genomes. They share a common counter-clockwise bundle structure of seven TM helices and associate with heterotrimeric guanine nucleotide-binding proteins (G proteins). The conformational changes of GPCRs upon ligand binding activate the associated G protein to initiate a series of biochemical reactions within the cell. These intracellular reactions regulate a wide variety of physiological functions, such as smell, taste, vision, secretion, neurotransmission, metabolism, cellular differentiation and growth, inflammatory and immune response. Consequently, malfunction of GPCR signaling pathways can cause various diseases, including cancer, diabetes, obesity, inflammation, cardiac dysfunction, and central nervous system [CNS] disorders.
Class A GPCRs (Rhodopsin-type) are coupled to Gαi/o proteins and inhibit the activity of adenylate cyclase [AC] and potassium channels – inhibiting synaptic transmission. These types of GPCRs are involved in pain sensation and drug reward activities.
Class A GPCRs: Cannabinoid and Opioid Receptor Heteromers.
Salvador Sierra M.D., Ph.D., Ivone Gomes Ph.D. & Lakshmi A. Devi Ph.D. 
G-Protein-Coupled Receptor Dimers - Chapter 01 September 2017
Part of the book series: The Receptors (REC, volume 33).
https://link.springer.com/chapter/10.1007/978-3-319-60174-8_7
Cannabinoid and opioid receptors mediate a variety of physiological processes including pain and drug reward (addiction). Both receptors couple to Gαi/o proteins and their activation leads to inhibition of adenylyl cyclase [AC] and potassium [K+] channel activity ultimately leading to inhibition of synaptic transmission. Over the last decade increasing anatomical, biochemical and pharmacological evidence demonstrated interactions between the opioid and cannabinoid receptor systems that could modulate not only the physiological but also the pathophysiological roles of these receptors.
Growing evidence demonstrates that cannabinoid and opioid receptors, such as other GPCRs can physically interact with each other to form receptor heteromers. This interaction leads to a switch in signaling, trafficking, and pharmacological properties (i.e., allosteric modulation) of each functional receptor unit (i.e., monomer or protomer). This challenges the classic notion that GPCRs function solely as independent monomers and demonstrates their functional complexity. Allosteric modulation induced by the binding of a ligand to the orthosteric site of one receptor (e.g., CB1R) can modify the affinity and/or intrinsic efficacy of the ligand for the orthosteric site of the partner receptor (e.g., DOR), ultimately leading to a functional response, independently of its affinity for the receptor. Not surprisingly, a combination of low doses of drugs targeting cannabinoid and opioid receptors or the use of novel therapeutic approaches (e.g., use of bivalent drugs) that take advantage of this phenomenon have shown promising results in animal models. To explore the CB1R-DOR interaction we previously showed in heterologous cells that CB1R and DOR associate to form heteromers that exhibit distinct pharmacological properties. However, the main challenge in the field of GPCR heteromers is demonstrating their presence and functional significance not only in native tissues, and even more challenging in vivo but also the clinical consequences in human patients.
Both CB1R and DOR couple to Gαi/o proteins, and the activation of either receptor leads to the inhibition of AC activity, membrane depolarization, and NT release leading to physiological responses such as pain attenuation. In heterologous cells, co-expressing both receptors, the addition of HU-210 leads to a decrease in Gαi/o signaling engaging both PLC- and arrestin2-mediated pathways to phosphorylate ERK. Addition of SNC80 causes a decrease in DOR-mediated Gαi/o signaling when CB1R and DOR are co-expressed, suggesting that CB1R acts as a negative allosteric modulator for DOR signaling. 
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SNC-80 was the first non-peptide compound developed that was regarded as a highly selective agonist for the δ-opioid receptor [DOR]. It has been shown to produce useful analgesic, antidepressant and anxiolytic effects in animal studies, but its usefulness is limited by producing convulsions at high doses, and so SNC-80 is not used medically, although it is a useful compound in scientific research.
SNC-80 is an opioid analgesic compound that selectively activates μ–δ.
The coadministration of SNC-80 with a CB1R agonist (HU-210) or an antagonist (SR141716) disrupts the negative allosteric modulation of DOR signaling. This is blocked by the CB1R-DOR heteromer-selective antibody. These results would suggest that the CB1R-DOR heteromer is in a distinct conformation when both binding sites are simultaneously occupied; this could explain the differential ability of each receptor to allosterically modulate the partner receptor’s binding and intrinsic efficacy like what has been reported for the A2AR-D2R heteromer. Coadministration of low doses of SNC80 in combination with HU-210 can significantly attenuate neuropathic pain in paclitaxel-treated animals.
2.  Can Naloxone Be Used to Treat Synthetic Cannabinoid Overdose?
Jermaine D. Jones, Michelle L. Nolan, Roshni Daver, Sandra D. Comer, and Denise Paone.

Biol. Psychiatry. 2017 Apr 1; 81(7): e51–e52.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5846114/
Synthetic cannabinoids, commonly known as "K2", "Spice" or "Nice-Guy", have emerged as a recreational drug and an inexpensive alternative to cannabis. Currently, there is no antidote for synthetic cannabinoid overdose/ over intoxication, and clinical care typically only includes symptom management. However, naloxone, a drug used to treat opioid overdose, might prove beneficial (2,3). Naloxone is a nonselective opioid antagonist increasingly used by medical personnel and laypersons to reverse overdose due to the use of opioid analgesics and heroin.
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Naloxone

Why might an opioid receptor antagonist affect a drug that acts on the cannabinoid receptor? Studies show that opioid and cannabinoid receptors are colocalized in multiple brain regions where they may exist as heterodimeric systems. Both receptors also have cross-modulatory pharmacologic effects, including cross-agonism, -antagonism, -sensitization, and -tolerance (5,6). Accordingly, several studies suggest that opioid receptor antagonists might counter the effects of cannabinoid agonists. (2,7)  
In April 2015, synthetic cannabinoid-related emergency department visits increased dramatically in New York City. In response, the New York City Department of Health and Mental Hygiene conducted a public health investigation to gain a better understanding of the circumstances, presenting symptoms, and severity of synthetic cannabinoid overdose. Twenty-seven medical charts were identified from citywide emergency department records and reviewed; 15 met the eligibility criteria for inclusion: patient was admitted to the hospital April 10–20, 2015, and synthetic cannabinoid use was documented in the medical record. The medical chart review identified four cases with documentation of improved symptomology after the administration of naloxone. In each of these cases we found evidence of increased responsiveness and/or normalized vital signs after naloxone administration. These four cases were of particular interest because there was no evidence of recent opioid use (either by self-report or in drug toxicology) that would account for symptom improvement after naloxone administration.
Ref. 2, 3, 5, 6 & 7 in details:

Ref#2 
The opioid antagonist naltrexone reduces the reinforcing effects of Delta 9 tetrahydrocannabinol (THC) in squirrel monkeys.
Zuzana Justinova, Gianluigi Tanda, Patrik Munzar, Steven R Goldberg.
Psychopharmacology (Berl) 2004 Apr;173(1-2):186-94.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4253059/
Rationale: Experimental evidence from animal studies suggests reciprocal functional interactions between endogenous brain cannabinoid and opioid systems. There is recent evidence for a role of the opioid system in the modulation of the reinforcing effects of synthetic cannabinoid CB1 receptor agonists in rodents. Since Delta (9)-tetrahydrocannabinol (THC), the natural psychoactive ingredient in marijuana, is actively and persistently self-administered by squirrel monkeys, this provides an opportunity to directly study involvement of opioid systems in the reinforcing effects of THC in non-human primates.
Objectives: To study the effects of naltrexone, an opioid antagonist, on THC self-administration behavior in squirrel monkeys.
Methods: Monkeys pressed a lever for intravenous injections of THC under a ten-response, fixed-ratio (FR) schedule with a 60-s time-out after each injection. Effects of pre-session treatment with naltrexone (0.03-0.3 mg/kg intramuscularly, 15 min before session) for 5 consecutive days on self-administration of different doses of THC (2-8 microgram/kg per injection) were studied.
Results: Self-administration responding for THC was significantly reduced by pretreatment with 0.1 mg/kg naltrexone for five consecutive daily sessions. Naltrexone pretreatment had no significant effect on cocaine self-administration responding under identical conditions.
Conclusions: Self-administration behavior under a fixed-ratio schedule of intravenous THC injection was markedly reduced by daily pre-session treatment with naltrexone but remained above saline self-administration levels. These findings demonstrate for the first time the modulation of the reinforcing effects of THC by an opioid antagonist in a non-human primate model of marijuana abuse.
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Naltrexone 
Ref#3. 
Here today, gone tomorrow…and back again? A review of herbal marijuana alternatives (K2, Spice), synthetic cathinones (bath salts), kratom, Salvia divinorum, methoxetamine, and piperazines

Christopher D Rosenbaum, Stephanie P Carreiro, Kavita M Babu.
J. Med. Toxicol.2012  Mar 8 (1):15-32.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3550220/
Despite their widespread Internet availability and use, many of the new drugs of abuse remain unfamiliar to health care providers. The herbal marijuana alternatives, like K2 or Spice, are a group of herbal blends that contain a mixture of plant matter in addition to chemical grade synthetic cannabinoids. The synthetic cathinones, commonly called "bath salts," have resulted in nationwide emergency department visits for severe agitation, sympathomimetic toxicity, and death. Kratom, a plant product derived from Mitragyna speciosa Korth, has opioid-like effects, and has been used for the treatment of chronic pain and amelioration of opioid-withdrawal symptoms. Salvia divinorum is a hallucinogen with unique pharmacology that has therapeutic potential but has been banned in many states due to concerns regarding its psychiatric effects. Methoxetamine has recently become available via the Internet and is marked as "legal ketamine." Moreover, the piperazine derivatives, a class of amphetamine-like compounds that includes BZP and TMFPP, are making a resurgence as "legal Ecstasy." These psychoactive molecules are available via the Internet, frequently legal, and often perceived as safe by the public. Unfortunately, these drugs often have adverse effects, which range from minimal to life-threatening. Health care providers must be familiar with these important new classes of drugs.
Ref#5. 
Advances in the field of cannabinoid–opioid crosstalk.

Robledo P, Berrendero F, Ozaita A, Maldonado R.
Addict. Biol. 2008 Jun; 13(2):213-24.
https://pubmed.ncbi.nlm.nih.gov/18482431/
A remarkable amount of literature has been generated demonstrating the functional similarities between the endogenous opioid and cannabinoid systems. Anatomical, biochemical and molecular data support the existence of reciprocal interactions between these two systems related to several pharmacological responses including reward, cognitive effects, and the development of tolerance and dependence. However, the assessment of the bidirectionality of these effects has been difficult due to their variety and complexity. Reciprocal interactions have been well established for the development of physical dependence. Cross-tolerance and cross-sensitization, although not always bidirectional, are also supported by several evidence, while less data have been gathered regarding the relationship of these systems in cognition and emotion. Nevertheless, the most recent advances in cannabinoid-opioid cross-modulation have been made in drug craving and relapse processes. The present review is focused on the latest developments in the cannabinoid-opioid cross-modulation of their behavioral effects and the possible neurobiological substrates involved.

Ref#6. 
Cannabinoid and opioid interactions: Implications for opiate dependence and withdrawal. 
Scavone JL, Sterling RC, Van Bockstaele EJ.
Neuroscience. 2013; 248:637–654. 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3742578/
Opioid dependence and withdrawal are complex biological processes that appear to be subject to the influence of cannabinoids. The findings from basic and pre-clinical studies in rodent models highlight several potential mechanisms through which cannabinoids may modulate the phenomenon of opioid withdrawal, and call attention to the importance of cannabinoid-opioid interactions within noradrenergic [NA] brain circuits such as the coeruleo-cortical pathway. Preclinical studies that continue to explore the safest and most effective means of using cannabinoids to target disrupted noradrenergic circuits will be central to the progress within this field of research. Like many pharmacological therapeutics, the use of cannabinoids does not come without risk and will continue to require assessment of the impact of its use to treat conditions such as opioid withdrawal in humans. Determining whether cannabinoids have therapeutic efficacy in clinical populations like that reported in animal models will be extremely important. Ultimately, the knowledge gained from the preclinical and clinical research studies described within this review highlights important and exciting new avenues for future research that continue to investigate cannabinoid effects on noradrenergic [NA] circuit dysfunction during opioid dependence and withdrawal. Future studies may contribute to the development of novel cannabinoid-based therapeutics that provide clinicians an additional tool to support the recovery of opioid-dependent persons undergoing treatment.
Involvement of the adrenergic system in addiction

A wide range of commonly abused drugs have effects on the noradrenergic NT system, including alterations during acute intoxication and chronic use of these drugs. It is not established, however, that individual differences in NA signaling, which may be present prior to use of drugs, predispose certain persons to substance abuse. A novel hypothesis claims that elevated NA signaling, which may be raised largely due to genetics but also due to environmental factors, is an etiological factor in the abuse of a wide range of substances, including alcohol, nicotine, marijuana, heroin, cocaine, and caffeine. Data was reviewed for each of these drugs comprising their interaction with NA during acute intoxication, long-term use, subsequent withdrawal, and stress-induced relapse. In general, the data suggest that these drugs acutely boost NA signaling, whereas long-term use also affects this NT system, possibly suppressing it. During acute withdrawal after chronic drug use, NA signaling tends to be elevated, consistent with the observation that NA lowering drugs such as clonidine reduce withdrawal symptoms. Since psychological stress can promote relapse of drug seeking in susceptible individuals and stress produces elevated NA release, this suggests that these drugs may be suppressing NA signaling during chronic use or instead elevating it only in reward circuits of the brain. If elevated NA signaling is an etiological factor in the abuse of a broad range of substances, then chronic use of pharmacological agents that reduce NA signaling, such as clonidine, guanfacine, lofexidine, propranolol, or prazosin, may help prevent or treat drug abuse in general.
Ref#7. 
Naltrexone maintenance decreases cannabis self-administration and subjective effects in daily cannabis smokers. 
Haney M, Ramesh D, Glass A, Pavlicova M, Bedi G, Cooper ZD.
Neuropsychopharmacology. 2015; 40:2489–2498.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4569951/
This human laboratory study shows that maintenance on naltrexone significantly decreased the reinforcing effects of active cannabis relative to placebo capsule administration. After at least 1 week of naltrexone maintenance, the number of participants self-administering active cannabis was as low as the number self-administering inactive cannabis. Naltrexone also decreased ratings of ‘good effect' following active cannabis smoking.
This attenuation of reinforcing and positive subjective effects appeared to have influenced cannabis use in the natural ecology. Although the average number of marijuana cigarettes that participants smoked outside of the laboratory did not significantly vary as a function of time or naltrexone dose, we analyzed the day individual participants smoked the most cannabis during their study participation and observed that cannabis use peaked at about the time that naltrexone was attenuating cannabis' effects in the laboratory. This suggests that participants, who were explicitly not interested in reducing their cannabis use, may have smoked more cannabis in their natural environment to overcome naltrexone's effects. In the laboratory, surmounting a blunted effect was not possible, as only three puffs of cannabis were available for self-administration.
Whether patients in treatment would reduce their use in response to an attenuated cannabis effect is an empirical question, but this is the mechanism by which naltrexone reduces alcohol use clinically. Naltrexone reduced alcohol self-administration in alcohol-dependent, nontreatment-seeking research volunteers, like the present study, and decreased the likelihood that alcohol-dependent patients who lapsed after a period of abstinence would return to heavy drinking. Reducing drug use may, in fact, be a particularly relevant objective for cannabis treatment. Although abstinence is the goal of most treatment programs, the goal of many patients is to moderate their cannabis use rather than quit altogether. As with alcohol, naltrexone may reduce ongoing heavy cannabis use, relapse severity, or the likelihood that patients would return to pretreatment levels of heavy cannabis use.
These findings are largely consistent with preclinical data showing that opioid receptor antagonists reduce cannabinoid agonist self-administration. Our earlier findings in cannabis smokers showing that acute naltrexone administration (days 1 and 2 in the present design) enhanced cannabis intoxication were not replicated. One possible explanation for this lack of replication may involve cannabis strength: the earlier study tested less potent cannabis (3.27% THC), producing lower ratings of ‘High' and ‘Good Effect' than the higher strength cannabis tested herein (5.5%). The relationship between naltrexone and cannabinoids is complex and appears to be influenced by a variety of experimental parameters including route of administration (oral THC vs smoked cannabis), THC dose, naltrexone dose, outcome measure (reinforcement vs analgesia), and cannabis use patterns (daily vs infrequent). The underlying mechanism contributing to the variable effects observed across experimental parameters remains unknown.
In terms of other behavioral outcomes, naltrexone improved performance on one cognitive task following active relative to placebo cannabis administration. Naltrexone also decreased food intake, a well-known effect that occurred under both active and inactive cannabis conditions. Naltrexone's other intrinsic effects include decreasing ratings of ‘Friendly' and capsule liking and decreasing systolic blood pressure. In addition, participants maintained on naltrexone reported more frequent GI upset and headaches relative to the placebo group, symptoms that are also reported by patients treated with naltrexone for alcohol dependence. Importantly, participants in the naltrexone group did not drop out of the study more than the placebo group, suggesting that the side effects were not severe enough to affect study completion.
Compliance in taking the medications was high under these carefully controlled laboratory conditions, as confirmed by qualitative riboflavin assessments and plasma medication levels: trough levels of 6β−naltrexone (∼24 h after the last naltrexone administration) closely paralleled those reported in studies with confirmed medication administration. Compliance was prioritized in this laboratory study, with a level of oversight that would be difficult to maintain in clinical studies. Yet, naltrexone's side effects could affect study completion and compliance, and hence strategies to ensure compliance would need to be prioritized if naltrexone is tested clinically for cannabis use disorder [CUD]. Trials with depot formulations of naltrexone, obviating concerns of daily medication administration, may be particularly appropriate.
Given the widespread and increasing use of cannabis, the number of individuals developing CUD will only increase, furthering the need for pharmacotherapeutic treatment options. As with drugs such as alcohol, opioids, and amphetamines, naltrexone maintenance reduced the direct reinforcing and positive subjective effects of smoked cannabis. Of note, of the 11 medications tested in our human laboratory as potential treatments for CUD, few have reduced cannabis self-administration, even those exerting important effects, like improving sleep during cannabis withdrawal. Given that a medication's effects on drug self-administration in the laboratory is, to date, the best predictor of its effects on drug-taking among patients in the clinic, clinical studies testing the effects of naltrexone maintenance are warranted to determine naltrexone's efficacy as a treatment of cannabis dependence.
However, the 3-6 percent of THC in marijuana used in this study is almost non-psychoactive – therefore, the results are not relevant to modern cannabis flowers that contains about 20% of THC.

3.  Interacting Cannabinoid and Opioid Receptors in the Nucleus Accumbens Core - Control Adolescent Social Play
Antonia Manduca, Olivier Lassalle et al.
Front. Behav. Neurosci.  2016Nov 16:10:211
https://pubmed.ncbi.nlm.nih.gov/27899885/
Social play behavior is a highly rewarding, developmentally important form of social interaction in young mammals. However, its neurobiological underpinnings remain incompletely understood. Previous work has suggested that opioid and eCB neurotransmission interact in the modulation of social play. Therefore, we combined behavioral, pharmacological, electrophysiological, and genetic approaches to elucidate the role of 2-arachidonoylglycerol (2-AG) in social play, and how cannabinoid and opioid neurotransmission interact to control social behavior in adolescent rodents. Systemic administration of the 2-AG hydrolysis inhibitor JZL184 or the opioid receptor agonist morphine increased social play behavior in adolescent rats. These effects were blocked by systemic pretreatment with either CB1 cannabinoid receptor (CB1R) or mu-opioid receptor (MOR) antagonists. The social play-enhancing effects of systemic morphine or JZL184 treatment were also prevented by direct infusion of the CB1R antagonist SR141716 [Rimonabant] and the MOR antagonist naloxone into the nucleus accumbens core (NAcC). Searching for synaptic correlates of these effects in adolescent NAcC excitatory synapses, we observed that CB1R antagonism blocked the effect of the MOR agonist DAMGO and, conversely, that naloxone reduced the effect of a cannabinoid agonist. These results were recapitulated in mice, and completely abolished in CB1R and MOR knockout mice, suggesting that the functional interaction between CB1R and MOR in the NAcC in the modulation of social behavior is widespread in rodents. The data shed new light on the mechanism by which eCB lipids and opioid peptides interact to orchestrate rodent socioemotional behaviors.
THC, the primary psychoactive compound in cannabis, has been associated with alterations in brain regions, including the nucleus accumbens [NAc]. The NAc is a critical part of the brain’s reward system. It plays a central role in processing rewards, motivation, and pleasure.
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Activation of the NAc is associated with positive reinforcement, such as the anticipation of rewards or pleasurable experiences.
Research has shown that marijuana use can impact the NAc response during reward anticipation. A study published in JAMA Psychiatry investigated the association between marijuana use and NAc activation. 

Past-year marijuana use was linked to blunted NAc activation during reward anticipation. The study used cross-lagged analysis to examine the relationship between marijuana use and NAc activation at different time points. The results suggest that marijuana use may affect the brain’s reward system, particularly the NAc.
Another study highlighted that THC binds to endogenous cannabinoid (CB1) receptors in brain regions, including the NAc and amygdala. These regions are especially likely to be affected by THC.
While marijuana is commonly used for recreational and medicinal purposes, it’s essential to consider its potential effects on brain function.
Chronic cannabis use may lead to alterations in reward processing and motivation, potentially impacting mental health and behavior.
The NAc is a fascinating brain structure involved in reward-related behaviors. It plays a crucial role in motivation, pleasure, and reinforcement.

Nucleus Accumbens Core:
The core is the central portion of the NAc. It is associated with the motor system. Dopamine receptors in the core strongly influence incentive-cue responding. Neurons in the core respond more frequently and robustly to reward-predictive cues. Overall, the core contributes to goal-directed behaviors related to rewards.
Nucleus Accumbens Shell:
The shell is the outer portion of the NAc. It typically builds strong connections with the limbic system. Unlike the core, dopamine receptor blockade in the shell has minimal effects on incentive-cue responding.
Interestingly, selective inactivation of the shell increases responding to nonrewarded cues. Overall, the shell seems to play a role in inhibiting inappropriate actions and may be involved in
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The Bivalent Rewarding and Aversive properties of Δ9-tetrahydrocannabinol are Mediated Through Dissociable Opioid Receptor Substrates and Neuronal Modulation Mechanisms in Distinct Striatal Sub-Regions
Christopher Norris, Hanna J. Szkudlarek, Brian Pereira, Walter Rushlow & Steven R. Laviolette. 
Scientific Reports volume 9, Article number: 9760 (2019).

https://www.nature.com/articles/s41598-019-46215-7
The primary psychoactive compound in cannabis, Δ9-tetrahydrocannabinol (THC), can produce bivalent rewarding and aversive affective states through interactions with the mesolimbic system. However, the precise mechanisms underlying the dissociable effects of THC are not currently understood. In the present study, we identify anatomically dissociable effects of THC within the rat nucleus accumbens (NAc), using an integrative combination of behavioral pharmacology and in vivo neuronal electrophysiology. We report that the rewarding vs. aversive stimulus properties of THC is both anatomically and pharmacologically dissociable within distinct anterior vs. posterior sub-regions of the NAc. While the rewarding effects of THC were dependent upon local μ-opioid receptor [MOR] signaling, the aversive effects of THC were processed via a κ-opioid receptor [KOR] substrate. Behaviorally, THC in the posterior Nucleus Accumbans shell [NASh] induced deficits in social reward and cognition whereas THC in the anterior NAc, potentiated opioid-related reward salience. 
Salience = the fact of being important to or connected with what is happening or being discussed.
In vivo neuronal recordings demonstrated that THC decreased medium spiny neuron (MSN) activity in the anterior NAc and increased the power of gamma (γ) oscillations. In contrast, THC increased MSN activity states in the posterior NASh and decreased γ-oscillation power. These findings reveal critical new insights into the bi-directional neuronal and pharmacological mechanisms controlling the dissociable effects of THC in mesolimbic-mediated affective processing.
Cyprodime [Cyp]
Cyprodime is a selective opioid antagonist which blocks the μ-opioid receptor [MOR], but without affecting the δ-opioid or κ-opioid receptors. This makes it useful for scientific research as it allows the μ-opioid receptor to be selectively deactivated so that the actions of the δ and κ receptors can be studied separately, in contrast to better known opioid antagonists such as naloxone which block all three opioid receptor subtypes.
Norbinaltorphimine [Nor-BNI]
Nor-BNI is an opioid antagonist used in scientific research. It is one of the few opioid antagonists available that is highly selective for the κ-opioid receptor [KOR] and blocks this receptor without affecting the μ- or δ-opioid receptors, although it is less selective in vivo than in isolated tissues. nor-BNI blocks the effects of κ-opioid agonists in animal models and produces antidepressant and anxiolytic-like effects.
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Histological analysis of intra-NASh microinjection sites. (a) Microphotograph of representative injector placement within the anterior portion of the nucleus accumbens shell. (b) Schematic representation of select intra-anterior-NASh injector locations; ● = 100 ng THC group, ◆ = 100 ng THC + 1 µg CYP. (c) Microphotograph of representative intra-anterior-NASh bilateral cannula placements. (d) Microphotograph of representative injector placement within the posterior portion of the nucleus accumbens shell. (e) Schematic representation of select intra-posterior-NASh injector locations; ● = 100 ng THC group, ◆ = 100 ng THC + 1 µg CYP. (f) Microphotograph of representative intra-posterior-NASh bilateral cannula placements.
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Effects of intra-NASh THC and selective MOR antagonists on place conditioning behaviors. (a) Anterior NASh (+2.5 mm from bregma) micro-infusions of THC dose dependently increases preference for the drug paired side. Co-administration of cyprodime (Cyp), but not Nor-BNI, dose-dependently blocks this effect. (b) Difference scores of the data presented in (a) showing the effect of THC in the anterior NASh. (c) In contrast, posterior NASh (+1.5 mm from bregma) THC dose dependently produces a conditioned place aversion. Co-administration of Nor-BNI, but not cyprodime, dose-dependently blocks this effect. (d) Difference scores of the data presented in (c) showing the effect of THC in the posterior NASh. (e) Infusions of the effective doses of cyprodime (1 μg) or Nor-BNI (1 μg) vs. VEH produce neither reward nor aversion effects in the conditioned place preference [CPP] paradigm. (f) THC in the anterior (but not posterior) NASh (100 ng) selectively potentiates the rewarding effects of a sub-reward threshold CPP conditioning dose of morphine.
4. Blocking CB1 receptors also blocks Opioid receptors.
Research has revealed a cross-interaction between the opioid and cannabinoid systems. Acute administration of SR141716A (Rimonabant), a selective CB1 receptor antagonist, blocks heroin self-administration in rats and morphine-induced place preference in mice.
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Morphine-dependent animals injected with SR141716A exhibit a partial opiate-like withdrawal syndrome.
Additionally, the opioid antagonist naloxone precipitates a mild cannabinoid-like withdrawal syndrome in cannabinoid-dependent rats.
These findings suggest a complex interplay between opioid and cannabinoid systems in behavioral responses related to addiction and provide new avenues for treating opiate dependence.

In summary, the interaction between CB1 receptors and opioids influences drug self-administration and withdrawal, highlighting the intricate balance between these two systems in the context of addiction.
Functional Interaction between Opioid and Cannabinoid Receptors in Drug Self-Administration

M. Navarro, M. R. A. Carrera et al.
Journal of Neuroscience 15 July 2001, 21 (14) 5344-5350. 
https://www.jneurosci.org/content/21/14/5344
The present study was designed to explore the relationship between the cannabinoid and opioid receptors in animal models of opioid-induced reinforcement. The acute administration of SR141716A, a selective central cannabinoid CB1 receptor antagonist, blocked heroin self-administration in rats, as well as morphine-induced place preference and morphine self-administration in mice. Morphine-dependent animals injected with SR141716A exhibited a partial opiate-like withdrawal syndrome that had limited consequences on operant responses for food and induced place aversion. These effects were associated with morphine-induced changes in the expression of CB1 receptor mRNA in specific nuclei of the reward circuit, including dorsal caudate putamen, nucleus accumbens [NAc], and septum. Additionally, the opioid antagonist naloxone precipitated a mild cannabinoid-like withdrawal syndrome in cannabinoid-dependent rats and blocked cannabinoid self-administration in mice. Neither SR141716A nor naloxone produced any intrinsic effect on these behavioral models. The present results show the existence of a cross-interaction between opioid and cannabinoid systems in behavioral responses related to addiction and open new strategies for the treatment of opiate dependence.
Converging research findings have provided evidence for the existence of a functional interaction between the endogenous brain cannabinoid system and the endogenous opioid system (Hine et al., 1975; Vela et al., 1995; Pugh et al., 1997; Tanda et al., 1997; Manzanares et al., 1999; Valverde et al., 2000). The former is the pharmacological target of the psychoactive compounds of marijuana. It is composed by the cannabinoid CB1 receptor, several endogenous lipid transmitters, including anandamide and 2-archidonyl glycerol. The CB1 receptor has been proposed as the receptor responsible for the reinforcing properties of cannabinoids. On the other hand, the opioid system (which includes several families of related neuropeptides and the opioid receptors) is activated by the opiate morphine and several semisynthetic opioids (heroin, methadone) that act through specific interactions with μ, δ, and κ opioid receptors. Among them, the μ receptor [MOR] has been identified as the major contributor to opiate dependence. 
Opioid μ, δ, κ receptors and CB1 receptors exhibit overlapping neuroanatomical distribution, convergent neurochemical mechanisms, and comparable functional neurobiological properties: 
(1) opioid peptides and receptors have a similar neuroanatomical presence than cannabinoid receptors in the different structures of the reward circuitry, including dorsal caudate putamen, ventral striatum, septal nuclei, and the amygdaloid complex.

(2) opioid and cannabinoid receptors are members of the G-protein-coupled family of receptors for neurotransmitters, and they modulate similar transduction systems, including the cAMP–protein kinase A cascade, inward rectifier K+ channels, and inhibition of voltage-dependent Ca2+channels [VGCCs].

(3) Opioid and cannabinoid signaling systems are implicated in the regulation of common physiological processes such as nociception, motor behavior, or reward. The existence of a functional crosstalk between both systems is supported also by pharmacological analysis confirming the existence of a cooperation between opioids and cannabinoids in analgesia and tolerance–dependence phenomena. Theoretically, these functional interactions might be potentially useful for the development of therapeutic strategies for opiate and marijuana addiction, following the rationale that led to the use of opioid antagonists (i.e., naltrexone) for the treatment of ethanol abuse. The present study was designed to test this hypothesis in animal models (nongenetically modified rodents) by: 
(A) analyzing the effects of the CB1 cannabinoid receptor antagonist SR 141716A in opiate self-administration and opiate-induced place preference in rats and mice. 
(B) evaluating the actions of the opiate antagonist naloxone in both cannabinoid-dependent rats and in cannabinoid self-administration in mice.
Endocannabinoid system and opioid addiction: behavioral aspects.
Liana Fattore, Serena Deiana et al.
Pharmacol. Biochem. Behav. 2005  Jun;81(2):343-59.

https://pubmed.ncbi.nlm.nih.gov/15935459/
Cannabinoids produce a variety of pharmacological effects very similar to those elicited by opioids. Direct and indirect interactions with opioid system have been proposed to explain some cannabinoid effects such as analgesia and attenuation of opioid-withdrawal syndrome, and evidence has been provided in support to the notion that rewarding properties of cannabinoids and opioids might be functionally linked. A growing body of studies points to an important role of the endogenous cannabinoid system in the modulation of opioid rewarding and addictive effects. The current review examines progresses in the past few years in the elucidation of cannabinoid-opioid interactions in drug abuse and dependence, focusing on recent findings from behavioral studies using different animal models of addiction. Specifically, here we review data on the behavioral aspects (i.e., drug abuse, dependence, tolerance, sensitization, relapse and drug vulnerability) of the specific, often reciprocal, crosstalk between cannabinoids and opioids with reference to the role of the ECS in opioid addiction. The potential biochemical mechanisms involved in these pharmacological interactions are discussed together with possible therapeutic implications in the pharmacotherapy of opioid dependence. However, individuation of the precise anatomical substrates and molecular mechanisms of such interaction remains a complex and challenging field for future research.
5.  Signaling Mechanism of Cannabinoid Receptor-2 activation-Induced β-Endorphin Release.
Fang Gao, Ling-Hong Zhang et al.

Molecular Neurobiology Volume 53, pages 3616–3625(2016) .

https://link.springer.com/article/10.1007/s12035-015-9291-2
Activation of cannabinoid receptor-2 (CB2) results in β-endorphin release from keratinocytes, which then acts on primary afferent neurons to inhibit nociception. However, the underlying mechanism is still unknown. The CB2 receptor is generally thought to couple to Gi/o to inhibit cAMP production, which cannot explain the peripheral stimulatory effects of CB2 receptor activation. In this study, we found that in a keratinocyte cell line, the Gβγ subunits from Gi/o, but not Gαs, were involved in CB2 receptor activation-induced β-endorphin release. Inhibition of mitogen-activated protein kinase (MAPK), but not phospholipase C (PLC), abolished CB2 receptor activation-induced β-endorphin release. Also, CB2 receptor activation significantly increased intracellular Ca2+. Treatment with calcium chelator BAPTA-AM or thapsigargin blocked CB2 receptor activation-induced β-endorphin release. 
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Thapsigargin is a non-competitive inhibitor of the sarco/endoplasmic reticulum Ca2+ ATPase (SERCA). Structurally, thapsigargin is classified as a guaianolide, and is extracted from a plant, Thapsia garganica. It is a tumor promoter in mammalian cells.
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Thapsigargin raises cytosolic (intracellular) calcium concentration by blocking the ability of the cell to pump calcium into the sarcoplasmic and endoplasmic reticula [ER]. Store-depletion can secondarily activate plasma membrane calcium channels, allowing an influx of calcium into the cytosol. Depletion of ER calcium stores leads to ER stress and activation of the unfolded protein response [UPR]. Non-resolved ER stress can cumulatively lead to cell death. Prolonged store depletion can protect against ferroptosis via remodeling of ER-synthesized phospholipids. Thapsigargin treatment and the resulting ER calcium depletion inhibits autophagy independent of the UPR.

Thapsigargin is useful in experimentation examining the impacts of increasing cytosolic calcium concentrations and ER calcium depletion.
Using a rat model of inflammatory pain, we showed that the MAPK kinase inhibitor PD98059 abolished the peripheral effect of the CB2 receptor agonist on nociception. We thus present a novel mechanism of CB2 receptor activation-induced β-endorphin release through Gi/o-Gβγ-MAPK-Ca2+ signaling pathway. Our data also suggest that stimulation of MAPK contributes to the peripheral analgesic effect of CB2 receptor agonists.
A mitogen-activated protein kinase (MAPK) is a type of protein kinase that is specific to the amino acids - serine and threonine (i.e., a serine/threonine-specific protein kinase). MAPKs are involved in directing cellular responses to a diverse array of stimuli, such as mitogens, osmotic stress, heat shock and proinflammatory cytokines. They regulate cell functions including proliferation, gene expression, differentiation, mitosis, cell survival, and apoptosis.
MAP kinases are found in eukaryotes only, but they are diverse and encountered in all animals, fungi and plants, and even in an array of unicellular eukaryotes.
Protein phosphorylation is a reversible post-translational modification of proteins in which an amino acid residue is phosphorylated by a protein kinase by the addition of a covalently bound phosphate group. Phosphorylation alters the structural conformation of a protein, causing it to become activated, deactivated, or otherwise modifying its function. Approximately 13,000 human proteins have sites that are phosphorylated. 
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X-ray structure of the ERK2 MAP kinase in its active form. Phosphorylated residues are displayed in red. 
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ERK family evolved in Opisthokonts.
ERK 1/2 evolved in Vertebrates.
Keratinocytes are the primary type of cell found in the epidermis, the outermost layer of the skin. In humans, they constitute 90% of epidermal skin cells. Keratinocytes form a barrier against environmental damage by heat, UV radiation, water loss, pathogenic bacteria, fungi, parasites, and viruses. Several structural proteins, enzymes, lipids, and antimicrobial peptides contribute to maintain the barrier function of the skin.
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6.  Cannabis withdrawal symptoms resemble 
opioid withdrawal symptoms.
Cannabis withdrawal syndrome, an official diagnosis listed in the Diagnostic and Statistical Manual of Mental Disorders, fifth edition (DSM-5), may be experienced by individuals who stop using cannabis after heavy, long-term use. 
Marijuana withdrawal symptoms include:

Anger, irritability, anxiety, depression, aggression, nervousness, restlessness, decreased appetite & body weight.

Insomnia and experiencing strange or unsettling dreams (nightmares).
Headaches, nausea, vomiting, sweating, abdominal pain and Tremors.
The presence of 3 or more of these symptoms within one week of lowered marijuana use indicates cannabis withdrawal syndrome [CWS].
Morphine withdrawal symptoms include:
Anxiety, Sweating, Irritability, Nausea, Goosebumps, Yawning, Somnolence, Hot flashes, Cramping, Diarrhea, Lacrimation & Rhinorreha (running nose).
Opioid withdrawal syndrome is a life-threatening condition resulting from opioid dependence. Opioids are a group of drugs used for the management of severe pain. They are also commonly used as psychoactive substances around the world. Opioids include drugs such as morphine, heroin, oxycontin, codeine, methadone, and hydromorphone hydrochloride. They produce mental relaxation, pain relief, and euphoric feelings. Chronic use of opioids leads to the development of an incapacitating form of dependence in users. Opioid dependence impacts the drug user and imposes a significant economic burden on society by increasing healthcare costs, unemployment rates, absenteeism, and premature mortality.

Etiology:
There are three main types of opioid receptors: mu, delta, and kappa. They are G protein-coupled receptors that inhibit adenyl cyclase [AC] in various tissues and cause their pharmacologic actions by decreasing cyclic adenosine monophosphate [cAMP] levels. The mu receptor is crucial for reinforcing the actions of opioids.
Opioid withdrawal occurs when a patient who is dependent on opioids suddenly reduces or stops taking opioids. It can also be caused when a patient has an opioid in his/her system and is given an opioid partial agonist like buprenorphine or antagonists like naloxone or naltrexone. The etiology of opioid withdrawal is complex. Studies from various in vivo and in vitro animal models have indicated that symptoms of opioid withdrawal are closely related to pathways of AC super activation-based central excitation.

Pathophysiology:
The principal site in the brain that triggers the onset of opioid withdrawal syndrome is the locus coeruleus at the base of the brain. Neurons present in locus coeruleus are noradrenergic and have an increased number of opioid receptors. The locus coeruleus region is the main source of NAergic innervation of the limbic system and cerebral and cerebellar cortices. The NAergic activity in locus coeruleus neurons, an opioid receptor linked mechanism, is a prime causative site of opioid withdrawal symptoms. Furthermore, research has also shown that gray matter and nucleus raphe magnus is also involved in the presentation of opioid withdrawal syndrome.
According to the Diagnostic and Statistical Manual of Mental Disorders (DSM–5) criteria, signs and symptoms of opioid withdrawal include lacrimation or rhinorrhea, piloerection "goose flesh," myalgia, diarrhea, nausea/vomiting, pupillary dilation, photophobia, insomnia, autonomic hyperactivity (tachypnea, hyperreflexia, tachycardia, sweating, hypertension, hyperthermia), and yawning.
Treatment / Management

When opioid withdrawal signs are present, pharmacological management of opioid withdrawal is needed. Long-term opioid replacement is accomplished using methadone or buprenorphine.

Methadone is given in inpatient or outpatient treatment settings. The starting dose is 10 mg oral or intravenous (IV) methadone, which may be given every 4 to 6 hours if withdrawal persists. The total dose in 24 hours equals the dose for the next day. Rarely does a patient needs more than 40 mg in 24-hour period. On the second day, the determined dose can be given once or twice a day. Titration is begun on the third day to determine a maintenance dose.
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Methadone
Buprenorphine (sublingual) 4 to 12 mg initially can also be given instead of methadone. Buprenorphine can precipitate withdrawal symptoms in opiate dependent patients who do not have withdrawal signs. Thus, it must be started 12 to 18 hours after the last use of short-acting agonists like heroin or oxycodone and 24 to 48 hours after the last use of long-acting agonists such as methadone.
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Buprenorphine
Respiratory effects:
The most severe side effect associated with buprenorphine is respiratory depression (insufficient breathing). It occurs more often in those who are also taking benzodiazepines or alcohol or have underlying lung disease. The usual reversal agents for opioids, such as naloxone, may be only partially effective, and additional efforts to support breathing may be required. Respiratory depression may be less than with other opioids, particularly with chronic use. In the setting of acute pain management, though, buprenorphine appears to cause the same rate of respiratory depression as other opioids such as morphine. Central sleep apnea is possible with long-term use, possibly resolving with dose reduction.

Symptomatic treatment in opioid withdrawal includes loperamide for diarrhea, promethazine for nausea/vomiting, and ibuprofen for myalgia. Clonidine can be given to reduce blood pressure.
Anxiety, nausea, irritability, sweating and tremor are common symptoms in both THC & Morphine withdrawal syndromes.

However, the opioid withdrawal symptoms are much harder and involve many more physiological systems leading to severe tremor, frequent convulsions and severe pain from the whole body. 

Recently, many patients are using cannabis to replace anti-pain addictive & life-threatening opioids.

Many studies have shown that cannabis use has helped reduce opioid dependence and that cannabinoids could be the next big substitutes for them, facilitating the global burden of increasing opioid addiction and fatalities. A survey performed by Boehnke et al. revealed that the use of medical cannabis was associated with a 64% reduction in opioid use in 118 subjects, minimized side effects of medications, and improved quality of life (45%). Another study performed to analyze the effect of cannabis on pain and quality-of-life outcomes in chronic pain found that along with the improvement in the pain severity score (7.50 [95% CI 6.75–7.75] to 6.25 [95% CI 5.75–6.75], P < 0.001), opioid consumption at follow-up decreased by 44% (P < 0.001). In an extensive study from Israel encompassing 3619 participants, only 4.6% continued to experience severe pain (> 7/10) after 6 months of cannabinoid mixture administration compared to 52.6% at baseline. The use of opioids ceased in 36% of patients, a decrease in opioid doses was reported by 10% of patients, and an opioid increase was reported by only 1% of patients.
https://www.jpain.org/article/S1526-5900(16)00567-8/fulltext
Opioids are commonly used to treat patients with chronic pain (CP), though there is little evidence that they are effective for long term CP treatment. Previous studies reported strong associations between passage of medical cannabis laws and decrease in opioid overdose statewide. Our aim was to examine whether using medical cannabis for CP changed individual patterns of opioid use. Using an online questionnaire, we conducted a cross-sectional retrospective survey of 244 medical cannabis patients with CP who patronized a medical cannabis dispensary in Michigan between November 2013 and February 2015. Data collected included demographic information, changes in opioid use, quality of life, medication classes used, and medication side effects before and after initiation of cannabis usage. Among study participants, medical cannabis use was associated with a 64% decrease in opioid use, decreased number and side effects of medications, and an improved quality of life (45%). This study suggests that many CP patients are essentially substituting medical cannabis for opioids and other medications for CP treatment and finding the benefit and side effect profile of cannabis to be greater than these other classes of medications.
Opioids have adverse effects in much greater proportion than cannabinoids. Most patients experience gastrointestinal [GI] or central nervous system-related adverse events, most commonly constipation, nausea, and somnolence. Dependence and respiratory depression are effects of even more concern. On the other hand, cannabinoids usually have various temporary side effects, which eventually subside with the development of tolerance. Vomiting, urinary tract infection, or even relapse of multiple sclerosis [MS] has been reported in a systematic review by Wang et al. as some serious side effects.
The efficacy of cannabinoid medicines has been evaluated in randomized controlled trials. In addition, the use of cannabinoids as antiemetics has been systematically reviewed, and potential efficacy has been suggested. There has also been considerable interest in the use of cannabinoids as adjunctive therapy for pain management, and several small randomized controlled trials have been published recently. Dronabinol and oromucosal Δ-9-tetrahydrocannabinol–cannabidiol have been proven effective for central neuropathic pain associated with multiple sclerosis [MS]. Oro-mucosal Δ-9-tetrahydrocannabinol–cannabidiol ["Sativex"] reduced pain associated with rheumatoid arthritis [RA], and nabilone was effective for pain associated with fibromyalgia. A recent review supported further consideration of cannabinoids for chronic pain but was less encouraging for their use in acute pain conditions.
Tetrahydrocannabinol (THC) and opioids are both substances that have been studied for their effects on pain relief.

THC and opioids interaction:
A recent animal study suggests that CBD and THC, the active ingredients in marijuana, may be safe to use with opioids. In fact, they could potentially be an effective way to lower opioid doses while still providing pain relief. The study involved rhesus monkeys that were dependent on opioids. Researchers gave them various doses of CBD and THC, either alone or together. The monkeys were then given opportunities to choose between a food reward or an injection of fentanyl, a potent synthetic opioid. The findings indicated that CBD and THC did not increase or decrease the number of times the primates selected fentanyl over food. This suggests that cannabis does not enhance the rewarding effects of opioids or raise the risk of addiction, at least for rhesus monkeys.
Clinical implications:
While animal studies provide valuable insights, more research is needed to determine whether THC and CBD are safe to use with opioids in humans and if they work well together. A 2020 study involving patients prescribed opioids for chronic low back pain found that about half of the patients were able to stop using opioids after starting cannabis therapy. However, it took an average of six years to achieve this reduction. Some patients reduced their opioid use, while others maintained the same amount. Researchers are also exploring whether THC and CBD can help decrease symptoms of opioid withdrawal.
Balancing pain relief and risk:
The use of cannabis alongside opioids should be carefully considered, as individual responses can vary. While some patients may benefit from combining these substances, others may not.
Cannabis withdrawal symptoms:

Like opioids, chronic cannabis exposure induces the development of tolerance, physical dependence and withdrawal symptoms during abstinence. Patients commonly report that cannabis withdrawal symptoms, most commonly anger, aggression, irritability, anxiety, decreased appetite, weight loss, restlessness, and sleeping difficulties, are like those produced by nicotine withdrawal. 
Nicotine withdrawal symptoms
Nicotine withdrawal is a group of symptoms that occur in the first few weeks after stopping or decreasing use of nicotine. Symptoms include intense cravings for nicotine, anger, irritability, anxiety, depression, impatience, trouble sleeping, restlessness, hunger or weight gain, and difficulty concentrating. Withdrawal symptoms make it harder to quit nicotine products, and most methods for quitting smoking involve reducing nicotine withdrawal. Nicotine withdrawal is recognized in both the American Psychiatric Association Diagnostic and Statistical Manual and the WHO International Classification of Diseases.
Comparatively, the magnitude and severity of cannabis withdrawal are significantly and substantially more benign than opioid or nicotine withdrawal. Unlike opioids, cannabinoid withdrawal and subsequent relapse are nonlethal after periods of abstinence. The reduced intensity of cannabinoid withdrawal symptoms compared to opioids could at least partially be explained by the prolonged period of metabolization of cannabinoids in the body, contributing to the mounting support for cannabis as a harm-reduction tool to combat opioid use disorder [OUD].
The cholinergic system
The autonomic nervous system (ANS or visceral nervous system) is the part of the peripheral nervous system [PNS] that acts as a control system functioning largely below the level of consciousness, and controls visceral functions. The ANS affects heart rate, digestion, respiration rate, salivation, perspiration, dilation of the pupils, micturition (urination), and sexual arousal. It is classically divided into two subsystems: the parasympathetic nervous system (PSNS) and sympathetic nervous system (SNS). Recently, a third subsystem of neurons that have been named non-adrenergic and non-cholinergic neurons (because they use nitric oxide [NO] as a neurotransmitter [NT]) have been described and found to be integral in autonomic function, particularly in the gut and the lungs. ANS innervation is divided into SNS and PSNS divisions. The sympathetic division has thoracolumbar outflow, meaning that the neurons begin at the thoracic and lumbar (T1-L2) portions of the spinal cord. The parasympathetic division has craniosacral outflow, meaning that the neurons begin at the cranial nerves (CN 3, CN 7, CN 9, CN 10) and sacral (S2-S4) spinal cord. The ANS is unique in that it requires a sequential two-neuron efferent pathway; the preganglionic neuron must first synapse onto a postganglionic neuron before innervating the target organ. The preganglionic, or first, neuron will begin at the outflow and will synapse at the postganglionic, or second, neuron's cell body. The post ganglionic neuron will then synapse at the target organ.
Sympathetic division:
The sympathetic division (thoracolumbar outflow) consists of cell bodies in the lateral horn of spinal cord (intermediolateral cell columns) of the spinal cord from T1 to L2. These cell bodies are general visceral efferent (GVE) neurons and are the preganglionic neurons. There are several locations upon which preganglionic neurons can synapse for their postganglionic neurons:
▹ Paravertebral ganglia of the sympathetic chain (these run on either side of the vertebral bodies).
▹ Prevertebral ganglia (celiac ganglia, superior mesenteric ganglia, and inferior mesenteric ganglia).
▹ Chromaffin cells of adrenal medulla (this is the one exception to the two-neuron pathway rule: synapse is direct onto the target cell bodies).
These ganglia provide the postganglionic neurons from which innervation of target organs follows. Examples of splanchnic (visceral) nerves are:
▹ Cervical cardiac nerves and thoracic visceral nerves which synapse in the sympathetic chain.
▹ Thoracic splanchnic nerves (greater, lesser, least) which synapse in the prevertebral ganglion.
▹ Lumbar splanchnic nerves which synapse in the prevertebral ganglion.
▹ Sacral splanchnic nerves which synapse in the inferior hypogastric plexus.
These all contain afferent (sensory) nerves as well, known as GVA (general visceral afferent) neurons.
Parasympathetic division:
The parasympathetic division (craniosacral outflow) consists of cell bodies from one of two locations: brainstem (cranial nerves III, VII, IX, X) or sacral spinal cord (S2, S3, S4). These are the preganglionic neurons, which synapse with postganglionic neurons in these locations:
▹ Parasympathetic ganglia of the head [ciliary (CN III), submandibular (CN VII), pterygopalatine (CN VII), and otic (CN IX)].
▹ In or near wall of organ innervated by vagus (CN X), sacral nerves (S2, S3, S4).
These ganglia provide the postganglionic neurons from which innervations of target organs follows. Examples are:
▹ The preganglionic parasympathetic splanchnic (visceral) nerves.
▹ Vagus nerve, which wanders through the thorax and abdominal regions innervating, among other organs, the heart, lungs, liver and stomach.
Cholinergic receptors

The term cholinergic refers to those receptors which respond to the transmitter acetylcholine [ACh] and are mostly parasympathetic. There are two types of cholinergic receptors, classified according to whether they are stimulated by the drug nicotine or by the drug muscarine.
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ACh is an essential NT in our brain responsible for memory, thought, concentration and focus. A deficiency may lead to a decline in memory and cognitive functions. One can obtain ACh by consuming dietary sources of choline, which is converted to the NT in our body. Adult women need at least 425 milligrams of choline per day and men need at least 550 milligrams of choline per day to maintain adequate Ach levels, according to the Institute of Medicine.
Rich sources of choline are eggs, animal proteins (meat), seafood, dairy products, soy, peanuts, pistachios, pumpkin seeds & almonds.
An acetylcholine receptor (AChR) or a cholinergic receptor is an integral membrane protein that responds to the binding of ACh, NT. ACh receptors are related to GABA, glycine, and 5-HT3 receptors and their similar protein sequence and gene structure strongly suggest that they evolved from a common ancestral receptor. In fact, relatively minor mutations, such as a change in 3 amino acids in many of these receptors can convert a cation-selective channel to an anion-selective channel gated by ACh, showing that even fundamental properties can relatively easily change in evolution.
Muscarinic receptors [mAChRs]
The mAChRs are not ion channels. They belong instead to the superfamily of GPCRs that activate other ionic channels via a second messenger cascade. The muscarinic cholinergic receptor activates a G-protein when bound to extracellular ACh. The alpha subunit of the G-protein activates guanylate cyclase while the beta-gamma subunit activates the K-channels and therefore hyperpolarize the cell.
Muscarinic receptors are found at parasympathetic target organs and at certain sympathetic targets - the eccrine sweat glands (which produces copious secretion in thermoregulation to release heat), and blood vessels in skeletal muscles (which are dilated). Muscarinic ACh receptors in the PNS are found primarily on autonomic effector cells innervated by postganglionic parasympathetic nerves. Muscarinic receptors are also present in ganglia and on some cells, such as endothelial cells of blood vessels that receive little or no cholinergic innervation. Within the CNS, the hippocampus, cortex and thalamus have high densities of mAChRs. Muscarinic receptors were characterized initially by analysis of the responses of cells and tissues in the periphery and the CNS. Differential effects of two muscarinic agonists, bethanechol and McN-A-343, on the tone of the lower esophageal sphincter led to the initial designation of muscarinic receptors as M1 (ganglionic) and M2 (effector cell). The basis for the selectivity of these agonists is unclear, as there is limited evidence that agonists discriminate appreciably among the subtypes of muscarinic receptors. However, subsequent radioligand binding studies definitively revealed distinct populations of antagonist binding sites.
One region at the carboxyl-terminal end of the third intracellular loop [ICL3] of the receptor has been implicated in the specificity of G protein coupling and shows extensive homology within M1, M3, and M5 receptors and between M2 and M4 receptors. Conserved regions in the second intracellular loop [ICL2] also confer specificity for proper G protein recognition. Although selectivity is not absolute, stimulation of M1 or M3 receptors causes hydrolysis of polyphosphoinositides [PPIs] and mobilization of intracellular Ca2+ because of the activation of the Gq-phospolipase C [PLC] pathway; this effect in turn results in a variety of Ca2+-mediated events, either directly or because of the phosphorylation of target proteins. In contrast, M2 and M4 muscarinic receptors inhibit adenylyl cyclase [AC] and regulate specific ion channels (e.g., enhancement of K+ conductance in cardiac atrial tissue) through subunits released from pertussis toxin [PTX]-sensitive G proteins (Gi and G0) that are distinct from the G proteins used by M1 and M3 receptors. In particular, the muscarinic antagonist pirenzepine was shown to bind with high affinity to sites in cerebral cortex and sympathetic ganglia but to have lower affinity for sites in cardiac muscle, smooth muscle, and various glands. These data explain the ability of pirenzepine to block agonist-induced responses that are mediated by muscarinic receptors in sympathetic and myenteric ganglia at concentrations considerably lower than those required to block responses that result from the direct stimulation of receptors in various effector organs. Antagonists that can further discriminate among various subtypes of muscarinic receptors are now available. Tripitramine displays selectivity for cardiac M2 relative to M3 muscarinic receptors, while darifenacin is relatively selective for antagonizing glandular and smooth muscle M3 relative to M2 receptors.
The cloning of the cDNAs that encode muscarinic receptors identified five distinct gene products now designated as M1 through M5. All the known muscarinic receptor subtypes interact with members of a group of heterotrimeric guanine nucleotide-binding regulatory proteins that in turn are linked to various cellular effectors. Regions within the receptor responsible for the specificity of G protein coupling have been defined by receptor mutants and chimeras formed between receptor subtypes.
Muscarinic receptors also bind ACh to transduce signals in the CNS, autonomic ganglia, smooth muscles, and parasympathetic organs. The five closely related receptor subtypes (M1-M5) are members of the class A (rhodopsin-like) superfamily of GPCRs. These receptors possess seven membrane-spanning domains [7-TM] and specific sites for glycosylation, phosphorylation, lipid modification and interaction with heterotrimeric transducer G-proteins. M1, M3, and M5 receptors are efficiently coupled through Gq/11 proteins to phospholipase Cβ [PLC], producing the second messengers: diacylglycerol [DAG] and inositol triphosphate [IPP].

The effect of lesion of rat substantia innominata [SI] with kainate (1 µg/0.5 µL) on acetylcholine esterase (AChE) activity [the enzyme that degrades ACh] was recently examined. Muscarinic receptor number and subtypes in cerebral cortex at 1, 2 and 4 weeks was examined and M1- and M2-receptors mediating opposite effects on neuromuscular transmission in rabbit vas deferens was found. The twitch contractions of the rabbit vas deferens that elicited field stimulation was inhibited by tetrodotoxin, guanethidine, bretylium and α, β-methylene-ATP, but was unaffected by hexamethonium, physostigmine, 1,1-dimethyl-4-phenylpiperazinium and prazosin - therefore they resulted from ATP released by postganglionic sympathetic nerves. Muscarinic agonists were found to evoke a voltage dependent inward current in motoneurons of the lobster cardiac ganglion, and several drugs known to show muscarinic receptor subtype selectivity in mammals were used to determine the pharmacological profile of the muscarinic receptor on lobster motoneurons. 
Some of the differential regulation of muscarinic and nicotinic receptors by cholinergic stimulation in cultured avian retina cells proved that sustained cholinergic stimulation of retina cells grown in primary aggregate and monolayer cultures, regulated the concentration of muscarinic, but not nicotinic receptors.

The role of M2 muscarinic receptor subtypes in mediating contraction of the pig bladder base after cyclic adenosine monophosphate [cAMP] elevation and/or selective M3 inactivation finds that bladder body M2 muscarinic receptors predominate but a smaller population of M3 receptors mediates direct contraction.
Muscarine from Amanita muscaria mushroom is a potent agonist of the mAChR that can effectively treat THC withdrawal symptoms.
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Nicotinic receptors [nAChRs]
The nicotinic ACh receptor mediates neurotransmission post-synaptically at the neuromuscular junction and peripheral autonomic ganglia; in the CNS, it largely controls release of NTs from presynaptic sites. Distinct subtypes of nicotinic ACh receptors exist at the neuromuscular junction and the ganglia, and several pharmacological agents that act at these receptors discriminate between them. Classical studies of the actions of curare and nicotine made this the prototypical pharmacological receptor over a century ago. 
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Tubocurarine
By taking advantage of specialized structures that have evolved to mediate cholinergic neurotransmission and natural toxins that block motor activity, peripheral and then central nicotinic receptors were isolated and characterized. The electrical organs from the aquatic species of Electrophorus and, especially, Torpedo provide rich sources of nicotinic receptors. The electrical organ is derived embryologically from myoid tissue; however, in contrast to skeletal muscle, up to 40% of the surface of the membrane is excitable and contains cholinergic receptors. In vertebrate skeletal muscle, motor end plates occupy 0.1% or less of the cell surface. The discovery of seemingly irreversible antagonism of neuromuscular transmission by a toxin from venoms of the krait, Bungarus multicinctus, or varieties of the cobra, Naja naja, offered suitable markers for identification of the receptor. The toxins are peptides of about 7,000 Daltons. Radioisotope-labeled toxins were used in 1970 to assay the isolated cholinergic receptor in vitro. The toxins have extremely high affinities and slow rates of dissociation from the receptor, yet the interaction is noncovalent. In situ and in vitro, their behavior resembles that expected for a high-affinity antagonist. Since cholinergic neurotransmission mediates motor activity in marine vertebrates and mammals, many peptides, terpenoids, and alkaloid toxins that block the nicotinic receptors have evolved to protect plant and animal species from predation. Purification of the receptor from Torpedo ultimately led to isolation of complementary DNAs (cDNAs) that encode each of the subunits. These cDNAs, in turn, permitted the cloning of genes encoding the multiple receptor subunits from mammalian neurons and muscle.
The nAChRs are ligand-gated ion channels, and, like other members of the "cys-loop" ligand-gated ion channel superfamily, are composed of five protein subunits symmetrically arranged like staves around a barrel. The subunit composition is highly variable across different tissues. Each subunit contains four regions which span the membrane and consist of approximately 20 amino acids. Region II which sits closest to the pore lumen, forms the pore lining.
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Binding of ACh to the N termini of each of the two alpha subunits results in the 15° rotation of all M2 helices. The cytoplasm side of the nAChR has rings of high negative charge that determine the specific cation specificity of the receptor and remove the hydration shell often formed by ions in aqueous solution. In the intermediate region of the receptor, within the pore lumen, valine and leucine residues (Val 255 & Leu 251) define a hydrophobic region through which the dehydrated ion must pass.
The nAChR is found at the edges of junctional folds at the neuromuscular junction on the postsynaptic side; it is activated by ACh release across the synapse. The diffusion of Na+ and K+ across the receptor causes depolarization, the end-plate potential, that opens voltage-gated sodium channels, which allows for firing of the action potential and potentially muscular contraction.
Nicotinic ACh receptors can be blocked by curare, hexamethonium and toxins present in the venoms of snakes and shellfishes, like α-bungarotoxin. Drugs such as the neuromuscular blocking agents bind reversibly to the nAChRs in the neuromuscular junction and are used routinely in anesthesia. 
Nicotinic receptors are the primary mediator of the effects of nicotine from Tobacco. 
In myasthenia gravis [MG], the receptor at the neuromuscular junction is targeted by antibodies, leading to muscle weakness.
In contrast to nAChRs, mAChRs can be blocked by the drugs atropine, hyoscyamine and scopolamine.
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Congenital myasthenic syndrome (CMS) is an inherited neuromuscular disorder caused by defects of several types at the neuromuscular junction. Postsynaptic defects are the most frequent cause of CMS and often result in abnormalities in nAChRs. Most mutations causing CMS are found in the nAChR subunits genes.
Out of all mutations associated with CMS, more than half are mutations in one of the four genes encoding the adult ACh receptor subunits. Mutations of the AChR often result in endplate deficiency. Most of the mutations of the AChR are mutations of the CHRNA gene with mutations encoding for the Alpha5 nicotinic ACh receptor cause increased susceptibility to addiction. The CHRNA gene codes for the epsilon subunit of the AChR. Most mutations are autosomal recessive loss-of-function mutations and as a result there is endplate AChR deficiency. CHRNA is associated with changing the kinetic properties of the AChR. One type of mutation of the epsilon subunit of the nAChR introduces an Arg into the binding site at the α/ε subunit interface of the receptor. The addition of a cationic arginine [Arg] into the anionic environment of the nAChR binding site greatly reduces the kinetic properties of the receptor. The result of the newly introduced ARG is a 30-fold reduction of agonist affinity, 75-fold reduction of gating efficiency, and an extremely weakened channel opening probability. This type of mutation results in an extremely fatal form of CMS.
Mutations in nAChRs that lead to addictions:
nAChRs belong to the pentameric ligand-gated ion channel (pLGIC) superfamily. These receptors play a crucial role in brain development, physiology, and pathophysiology.
The nAChRs consist of various subunits (α1–α10, β1–β4, γ, ε, and δ) encoded by 17 genes in vertebrates. They typically assemble as hetero-pentameric structures, combining two pairs of αβ subunits and an accessory subunit. Dysfunction or mutations in nAChR genes can impact cognitive functions and contribute to various pathologies, including addiction, neuropsychiatric disorders, neurodegenerative diseases, and epilepsy.
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Role of nAChRs in THC addiction:
Consumption of Δ-9-tetrahydrocannabinol (THC), the main psychoactive component in Cannabis sativa, is associated with anxiogenic effects, working memory impairments, and ataxia.
Interestingly, nicotine administration appears to reduce some of these adverse effects of purified THC. 

Our ancestors always burned cannabis mixed with tobacco.
Genetic variants and addiction risk:
A specific single nucleotide polymorphism (SNP) in the CHRNA5 gene (rs16969968) increases the risk of tobacco dependence.
Carrying one copy of this variant raises the risk by approximately 30%, while having two risk alleles more than doubles the risk.
CHRNA5 SNPs have also been linked to psychiatric disorders such as schizophrenia, cocaine & THC addictions, and alcohol dependence.

Cannabis is among the most widely consumed psychoactive drugs around the world and cannabis use disorder (CUD) has no current approved pharmacological treatment. Nicotine and cannabis are commonly co-used which suggests there to be overlapping neurobiological actions supported primarily by the co-distribution of both receptor systems in the brain. There appears to be strong rationale to explore the role that nicotinic receptors play in THC dependence. Preclinical studies suggest that the ɑ7 nAChR subtype may play a role in modulating the reinforcing and discriminative stimulus effects of THC, while the ɑ4β2 * nAChR subtype may be involved in modulating the motor and sedative effects of cannabinoids. Preclinical and human genetic studies point towards a potential role of the ɑ5, ɑ3, and β4 nAChR subunits in CUD, while human genome-wide association study [GWAS] strongly implicate the ɑ2 subunit as playing a role in CUD susceptibility. Clinical studies suggest that current smoking cessation agents, such as varenicline and bupropion, may also be beneficial in treating CUD. Additional behavioral, molecular, and mechanistic studies investigating the role of nAChR in the modulation of the pharmacological effects of cannabinoids are needed.
https://www.sciencedirect.com/science/article/pii/S1043661823001020

Tobacco is in fact the "gateway drug" that leads to cannabis use disorder [CUD].
Caffeine Addiction
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Caffeine is a CNS stimulant of the methylxanthine class. It is mainly used as a eugeroic (wakefulness promoter) or as a mild cognitive enhancer to increase alertness and attentional performance. Caffeine acts by blocking binding of adenosine to the adenosine A1 receptor, which enhances release of the neurotransmitter acetylcholine. Caffeine has a three-dimensional structure like that of adenosine, which allows it to bind and block its receptors. Caffeine also increases cyclic AMP levels through nonselective inhibition of phosphodiesterase [PDE].
Caffeine is a bitter, white crystalline purine, a methylxanthine alkaloid, and is chemically related to the adenine and guanine bases of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). It is found in the seeds, fruits, nuts, or leaves of several plants native to Africa, East Asia and South America, and helps to protect them against herbivores and from competition by preventing the germination of nearby seeds. The best-known source of caffeine is the coffee bean, the seed of the Coffea plant. People may drink beverages containing caffeine to relieve or prevent drowsiness and to improve cognitive performance. To make these drinks, caffeine is extracted by steeping the plant product in water, a process called infusion. Caffeine-containing drinks, such as coffee, tea, and cola, are consumed globally in high volumes. In 2020, almost 10 million tons of coffee beans were consumed globally. Caffeine is the world's most widely consumed psychoactive drug. Unlike most other psychoactive substances, caffeine remains largely unregulated and legal in nearly all parts of the world. Caffeine is also an outlier as its use is seen as socially acceptable in most cultures.
Caffeine has both positive and negative health effects. It can treat and prevent the premature infant breathing disorders bronchopulmonary dysplasia of prematurity and apnea of prematurity. Caffeine citrate is on the WHO Model List of Essential Medicines. It may confer a modest protective effect against some diseases, including Parkinson's disease. Some people experience sleep disruption or anxiety if they consume caffeine, but others show little disturbance. Caffeine can produce a mild form of drug dependence – associated with withdrawal symptoms such as sleepiness, headache, and irritability – when an individual stops using caffeine after repeated daily intake. Tolerance to the autonomic effects of increased blood pressure and heart rate, and increased urine output, develops with chronic use.
Caffeine is classified by the US FDA as generally recognized as safe [GRAS]. Toxic doses, over 10 grams per day for an adult, are much higher than the typical dose of under 500 milligrams per day. The European Food Safety Authority reported that up to 400 mg of caffeine per day (around 5.7 mg/kg of body mass per day) does not raise safety concerns for non-pregnant adults, while intakes up to 200 mg per day for pregnant and lactating women do not raise safety concerns for the fetus or the breast-fed infants. A cup of coffee contains 80–175 mg of caffeine, depending on what "bean" (seed) is used, how it is roasted, and how it is prepared. Thus, it requires roughly 50–100 ordinary cups of coffee to reach the toxic dose. However, pure powdered caffeine, which is available as a dietary supplement, can be lethal in tablespoon-sized amounts.
Minor undesired symptoms from caffeine ingestion not sufficiently severe to warrant a psychiatric diagnosis are common and include mild anxiety, jitteriness, insomnia, increased sleep latency, and reduced coordination. Caffeine can have negative effects on anxiety disorders. Caffeine use may induce anxiety and panic disorders in people with Parkinson's disease.
In moderate doses, caffeine has been associated with reduced symptoms of depression and lower suicide risk.

Caffeine-induced anxiety disorder is a subclass of the DSM-5 diagnosis of substance/medication-induced anxiety disorder. Whether caffeine can result in an addictive disorder depends on how addiction is defined. Compulsive caffeine consumption under any circumstances has not been observed, and caffeine is therefore not generally considered addictive. However, some diagnostic models include a classification of caffeine addiction under a broader diagnostic model. Certain users can become addicted and therefore unable to decrease use even though they know there are negative health effects.

Caffeine does not appear to be a reinforcing stimulus, and some degree of aversion may occur, with people preferring placebo over caffeine in a study on drug abuse liability published in the national institute of drug abuse [NIDA] research monograph. Some scientists state that research does not provide support for an underlying biochemical mechanism for caffeine addiction. Other research states it can affect the reward system.
Dependence and withdrawal

Withdrawal can cause mild to clinically significant distress or impairment in daily functioning. The frequency at which this occurs is self-reported at 11%,. Moderately physical dependence and withdrawal symptoms may occur upon abstinence, with greater than 100 mg caffeine per day, although these symptoms last no longer than a day. Some symptoms associated with psychological dependence may also occur during withdrawal. Following 24 hours of a marked reduction in consumption, a minimum of 3 of these signs or symptoms is required to meet withdrawal criteria: difficulty concentrating, depressed mood/irritability, flu-like symptoms, headache, and fatigue.

Tolerance to the effects of caffeine occurs for caffeine-induced elevations in blood pressure and the subjective feelings of nervousness. Sensitization, the process whereby effects become more prominent with use, may occur for positive effects such as feelings of alertness and wellbeing. Tolerance varies for daily, regular caffeine users and high caffeine users. High doses of caffeine have been shown to produce complete tolerance to some, but not all the effects of caffeine. Individual genetic traits are involved in caffeine tolerance.
Caffeine is metabolized in the liver via a single demethylation, resulting in three primary metabolites, paraxanthine, theobromine, and theophylline, depending on which methyl group is removed.
Caffeine metabolism
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Adenosine Receptors
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Adenosine is an organic compound that occurs widely in nature in the form of diverse derivatives. The molecule consists of an adenine attached to a ribose via a β-N9-glycosidic bond. Adenosine is one of the four nucleoside building blocks of RNA (and its derivative deoxyadenosine is a building block of DNA), which are essential for all life on Earth. Its derivatives include the energy carriers: adenosine mono-, di-, and triphosphate, also known as AMP/ADP/ATP. Cyclic adenosine monophosphate (cAMP) is pervasive in signal transduction. Adenosine is used as an intravenous medication for some cardiac arrhythmias.
Adenosine is an endogenous purine nucleoside that modulates many physiological processes. Cellular signaling by adenosine occurs through four known adenosine receptor subtypes (A1, A2A, A2B, and A3).
Extracellular adenosine concentrations from normal cells are approximately 300 nM; however, in response to cellular damage (e.g., in inflammatory or ischemic tissue), these concentrations are quickly elevated (600–1,200 nM). Thus, regarding stress or injury, the function of adenosine is primarily that of cyto-protection preventing tissue damage during instances of hypoxia, ischemia, and seizure activity. Activation of A2A receptors produces a constellation of responses that in general can be classified as anti-inflammatory.
Adenosine receptor subtypes

All adenosine receptor subtypes are GPCRs. The four receptor subtypes are further classified based on their ability to either stimulate or inhibit adenylate cyclase [AC] activity. The A1 receptors couple to Gi/o and decrease cAMP levels, while the A2 adenosine receptors couple to Gs, which stimulate AC activity and increase intracellular cAMP levels. In addition, A1 receptors couple to Go, which has been reported to mediate adenosine inhibition of Ca2+ conductance, whereas A2B and A3 receptors also couple to Gq and stimulate phospholipase activity. Researchers at Cornell University have recently shown adenosine receptors to be key in opening the BBB.
Adenosine has an inhibitory effect in the CNS. Caffeine's stimulatory effects are credited primarily to its capacity to block adenosine receptors, thereby reducing the inhibitory tonus of adenosine in the CNS. This reduction in adenosine activity leads to increased activity of the NTs dopamine [DA] and glutamate [Glu] the main excitatory NT in the human brain. 
                                                                  Orthosteric binding site
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Adenosine 2A receptor
Experimental evidence suggests that adenosine can activate Trk receptor phosphorylation through a mechanism that requires the adenosine A2A receptor.
Trk receptors are a family of tyrosine kinases that regulates synaptic strength and plasticity in the mammalian nervous system. Trk receptors affect neuronal survival and differentiation through several signaling cascades. Trk receptors dimerize in response to ligand, as do other tyrosine kinase receptors. These dimers phosphorylate each other and enhance catalytic activity of the kinase. Trk receptors affect neuronal growth and differentiation through the activation of different signaling cascades. The three known pathways are PLC, Ras/MAPK (mitogen-activated protein kinase) and the PI3K (phosphatidylinositol 3-kinase) pathways. These pathways involve the interception of nuclear and mitochondrial cell-death programs. These signaling cascades eventually led to the activation of a transcription factor, CREB (cAMP response element-binding), which in turn activate the target genes.
Adenosine trasporter
THC and CBD, are both of considerable therapeutic interest for a variety of purposes, including to reduce pain and anxiety and increase sleep. In addition to their other pharmacological targets, both THC and CBD are competitive inhibitors of the equilibrative nucleoside transporter-1 (ENT-1), a primary inactivation mechanism for adenosine, and thereby increase adenosine signaling, treating sleep disorders.
CBD is a potent inhibitor of ENT1 with a reported Ki of < 250 nM.
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hENT-1 
Release of adenosine is an important endogenous mechanism of immunosuppression evoked during cellular stress and inflammation. Uptake of adenosine is a primary mechanism of terminating adenosine signaling; therefore, adenosine uptake inhibitors enhance endogenous activity at adenosine receptors. Adenosine receptor agonists and uptake inhibitors decrease serum TNFα in LPS-treated mice acting as an anti-inflammatory agent. In addition, THC and adenosine each can suppress the T helper 1 response while enhancing the T helper 2 response.
[image: image183.jpg]—e—THC
—=-CBD

=3 Q o o
8 8 8 & &
e

ayejdn auisouape |0J3U09 JO 9,

500 750 1000

nM drug

250

o




CBD and THC inhibit [3H]adenosine uptake in EOC-20 microglia. Cells were pretreated with cannabinoid for 30 min at 37°C, and uptake of 0.5 μCi [3H]adenosine over a period of 1 min was assayed. Nonspecific uptake, determined in the presence of 1 mM adenosine, was subtracted from each data point.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8434367/
THC and CBD are terpenophenolic molecules synthesized by the cannabis plant that can produce therapeutically important effects in humans. Evidence is accumulating that THC is an effective analgesic in humans, particularly in the treatment of chronic pain, while CBD is currently FDA-approved to treat severe childhood seizures. Human studies also indicate that both THC and CBD can promote sleep and reduce anxiety. Although THC and CBD are structurally very similar and share some therapeutic benefits, there is little overlap in the mammalian proteins with which they interact. THC is a partial agonist with moderate affinity (KDs between 40 and 100 nM) at both CB1 and CB2 cannabinoid receptors, and most of its pharmacological effects at moderate doses are the result of interactions with these GPCRs. 
A dissociation constant (KD) is a type of equilibrium constant that measures the propensity of a larger object to dissociate reversibly into smaller components. It can be also used as a measure of the affinity of a ligand to a receptor.
CBD, having greater molecular flexibility, can interact with multiple receptors, including the serotonin 1A receptor (5HT1A) and GPR55, as well as several members of the transient receptor potential family of inotropic receptors [TRPRs]. THC, by virtue of its activity as a CB1R agonist, interferes with complex tasks, such as driving, and has dependence liability.
Cellular studies have demonstrated that the ENT-1 is a molecular target that is shared by both THC and CBD. Both CBD and THC are competitive inhibitors of ENT-1 nucleoside binding sites with IC50 values less than 200 nM. ENT-1 is a major regulator of extracellular and signaling concentrations of adenosine, and ENT-1 inhibitors, act as indirect agonists of adenosine receptor signaling. Indeed, multiple studies have demonstrated that some effects of CBD are blocked by adenosine receptor antagonists, including its anti-inflammatory effects.
There are previous reports of interactions between THC and the adenosine system: antisense toward A1 receptors blocks THC-induced ataxia, and long-term treatment with THC is known to desensitize cerebellar A1 receptors. There is also some evidence of dependence on adenosine receptor signaling for cannabinoid effects; for instance, A2A receptors are required for physical dependence on THC, and THC-induced rewarding and aversive effects are significantly reduced in A2A-null mice.
The inter relationships between the ECS and the Adenosine system should be further explored.

Conclusions & Discussion

Our ancestors studied carefully the plants growing around them and experimented with different medicinal and mind-altering plants, establishing the foundation of modern pharmacology. They were also focused on growing, breeding, harvesting, curing, heating & burning different parts of various plants such as Cannabis sativa and Papaver somniferum.
Both, morphine and THC are very different structurally from their endogenous ligands – still they bind with high affinity the active pockets of the endocannabinoid & opioid receptors, respectively.

Morphine is a very hydrophobic molecule that becomes active upon glucuronidation by liver enzymes that turn it to water soluble form and enhances its passage in the blood-brain-barrier [BBB].

Acidic THCA from the cannabis plant must become heat decarboxylated (above 100 degrees Centigrade) to the neutral THC form to become psychoactive and enter the brain. THC's primary hepatic metabolite – THC-OH is more potent than THC itself, whereas the secondary metabolite – THC-COOH loose its activity and is than glucuronidated in order to become water-soluble and excreted from our body.
Natural morphine and THC are "opportunistic" agonists that hijack endogenous opioid and endocannabinoid systems, respectively by binding and activating the corresponding "promiscuous" receptors.

Binding of THC to ECS receptors and exogenous opioids to opioid receptors inhibits neurotransmitter [NT] release in the CNS. Still, both agonists induce euphoria, feeling "High" and relaxation in Humans.
Our brain consists of billions of interconnected nerve cells that interact through so-called synapses and process sensory stimuli such as sounds, touch, smell and sights. While excitatory neurons pass on the input signal, inhibitory neurons control the timing and intensity of the information flow. This internal control system ensures that the nervous system responds appropriately to stimuli.
A sensitive perception of the environment is crucial for guiding our behavior. However, an overly sensitive response of the brain's neural circuits to stimuli can lead to neurodevelopmental disorders such as epilepsy. An excessive sensitivity triggers an over-activation of nerve cells in response to a stimulus. Conversely, insufficient sensitivity results in a reduced ability to perceive and discriminate stimuli.
The development of G-protein coupled receptors [GPCRs] was crucial for the evolution of life on Earth. GPCRs sense changes in the environment such as: light, temperature, oxygen concentrations, smell & taste. 

GPCRs are crucial gatekeepers for eukaryotic signal transduction, which represent the largest protein family in the human proteome. They recognize an astounding variety of extracellular stimuli and initiate cascades of intracellular and physiological responses through coupling to various intracellular proteins.
The MSC [minimum span clustering] results of GPCRs can be well explained by estimating the selective pressure of GPCRs, as exemplified by investigating the largest two subfamilies, peptide receptors (PRs) and olfactory receptors (ORs), in class A GPCRs. PRs are decomposed into three groups due to a positive selective pressure, whilst ORs remain as a single group due to a negative selective pressure.
Evolutionary pressure is exerted by factors that reduce or increase reproductive success in a portion of a population, driving natural selection. It is a quantitative description of the amount of change occurring in processes investigated by evolutionary biology, but the formal concept is often extended to other areas of research. Selective pressures play a crucial role in shaping the evolution of organisms.

Positive selection favors beneficial traits that enhance an organism’s fitness in specific environments. These advantageous traits increase an individual’s chances of survival and successful reproduction.

Negative selection acts against detrimental traits that reduce an organism’s fitness. It removes genetic changes that may be harmful or lead to disease.

Competition within a population, where some genotypes are favored over others, results in the survival of certain individuals and the decline of others. Positive selection preserves advantageous traits, while negative selection eliminates harmful ones. Together, these selective pressures drive the process of evolution, shaping the genetic diversity within population. The same rules also applies to receptor evolution.
The hydrophobic groove binding pockets of both cannabinoid receptors and opioid receptors is composed of the highly conserved trans membrane Helixes TMH3, TMH5, TMH6 and TMH7. Interestingly, 11-cis-Retinal is bound covalently by Schiff base interactions to Lysine#296 of the TMH7 of Rhodopsin, the visual receptor.

The recognition of ligands by GPCRs is performed and stabilized by hydrogen bonds, salt bridges, Van der Walls interactions, C-H…π interactions of the ligand with certain amino acids of the alpha Helices inside the binding pockets. Oxygen of water molecules also help stabilizing the binding of ligands to the GPCRs. Some agonists are full agonists and others are partial agonists of the GPCRs.
A full agonist reaches the maximal response capability of the system. In other words, it draws the maximum response from the receptor site.
A partial agonist also binds to a receptor but only partially activates it. It has lower efficacy than a full agonist. Even at full receptor occupancy, a partial agonist does not achieve the maximal response capability of the system.

Several lines of evidence describe the inter relationships between the opioid and the endocannabinoid systems:
1. Both the ECS receptors and the opioid receptors belong to Class A GPCRs and they form CB1R-MOR & CB1R-DOR heterodimers.

2.  The opioid antagonist – naloxone can treat synthetic cannabinoid overdose.
3. The opioid antagonist – naltrexone reduces the reinforcing effect of THC.

4. Naltrexone decreases THC self-administration & dependance.

5. Cannabinoid-opioid crosstalk is a reciprocal interaction phenomenon.

6. Implication of cannabinoid-opioid combination is used for the treatment of opioid dependance & withdrawal.

7. Behavioral studies showed bivalent rewarding and aversive properties of THC according to CB1R and opioid receptors subtypes (MOR or KOR) in the shell & the core of the posterior & anterior nucleus accumbent in the brain.
8. Blocking CB1Rs also blocks all opioid receptors.

9. Activation of CB2R causes endorphin release from keratinocytes.

10.  Behavioral aspects of eCBs & pCBs treatments were studied to combat opioid addiction.

11.  Some symptoms of THC withdrawal in humans resemble to those of morphine and nicotine withdrawal symptoms. 
Opioid and cannabinoid neurotransmission interact in the modulation of the highly rewarding social play in mammals.

The rewarding vs. aversive stimulus properties of THC is both anatomically and pharmacologically dissociable within distinct anterior vs. posterior sub-regions of the nucleus accumbans [NAc]. While the rewarding effects of THC were dependent upon local μ-opioid [MOR] receptor signaling, the aversive effects of THC were processed via a κ-opioid [KOR] receptor. Behaviorally, THC in the posterior NAc shell [NASh] induced deficits in social reward and cognition whereas THC in the anterior NAc, potentiated opioid-related reward salience. In vivo neuronal recordings demonstrated that THC decreased medium spiny neuron (MSN) activity in the anterior NAc and increased the power of gamma (γ) oscillations. In contrast, THC increased MSN activity states in the posterior NASh and decreased γ-oscillation power. These findings reveal critical insights into the bi-directional neuronal and pharmacological mechanisms controlling the dissociable effects of THC in mesolimbic-mediated affective processing.
Inhibition of eCBs hydrolysis or treatment with morphine was found to increase social play in rodents. Injection of CB1R antagonist or MOR antagonist to the NAc core blocks the effects of eCBs & morphine.
Injecting THC to the anterior NASh was found to potentiate the rewarding effect of low doses of morphine.

The crosstalk between the ECS and the opioid system is based on anatomical, molecular & biochemical traits. The functional similarity between the two systems is observed by cross tolerance, cross sensitization, drug craving & relapse processes.
The effects of THC & morphine in humans are controlled by numerous individual genetic traits.

Due to the increased incidence of painful diseases and due to the rise in opioid overdoses - novel, safer painkillers for treating moderate and severe pain are urgently needed. However, such attempts have encountered various obstacles, highlighting the need to understand better the molecular mechanisms behind opioid binding and opioid receptor activation.
Whereas the analgesic effects of opioids often diminish upon continuous use, leading to tolerance, the side effects they cause remain, such that controlling pain requires higher and higher opioid doses - which, combined with the high addiction potential of opioids, can become life-threatening. Only in 2017, opioid overdoses were linked to over 70,000 deaths in the USA, and 81% of fatal drug overdoses in Europe. This makes the design of safer analgesics a major research topic.
The opioid overdose epidemic is arguably the worst public health crisis in U.S. history. More people are dying than at the peak of the AIDS epidemic, and for the first time, drug overdoses outnumber automobile and handgun deaths. A continental crisis of this magnitude warrants the immediate implementation of novel strategies that prevent opioid misuse, overdose, and death.  Growing pre-clinical and clinical evidence appears to support the use of cannabis for these purposes. The evidence demonstrates the potential of cannabis in easing opioid withdrawal symptoms, reducing opioid consumption, ameliorating opioid cravings, preventing opioid relapse, improving treatment retention, and reducing overdose deaths. Cannabis' greatest potential to positively impact the opioid epidemic may be due to its promising role as a first line analgesic in lieu of or in addition to opioids.
Israel is also facing a serious opioid addiction problem, and it has become the world’s number one consumer of opioids per capita!
Opioid consumption ranking: In 2020, Israel surpassed the United States in opioid consumption, making it the global leader in the use of potent and addictive pain narcotics. This includes drugs like fentanyl, which is 50 times stronger than heroin.
Fentanyl abuse: Fentanyl, a highly addictive synthetic opioid, plays a significant role in Israel’s public health predicament. It is often prescribed for pain management but can lead to dependency and addiction.
Overprescription and lack of understanding: Like in other countries, drug companies heavily marketed opioids in Israel. Many physicians saw them as a quick solution for pain relief without fully understanding the risks of abuse and addiction.
Health system challenges: The increase in opioid use caught the attention of Israel’s Health Ministry and other governmental bodies few years ago. They now recognize the urgency of addressing this issue. The challenge lies in balancing pain management needs with the risks associated with opioids.
Coordinated efforts: Public health and addiction experts are collaborating with various government agencies, physicians, drug companies, patients’ organizations, law enforcement, and mental health providers. They are working on a three-year plan to tackle the opioid epidemic in a coordinated and integrated manner.
Advantages for intervention: Israel’s nationalized health system and fully electronic patient health records provide an advantage in addressing the problem compared to other countries.
Israeli Medical Cannabis Project: 
 Marijuana for medical use has been permitted in Israel since the early 1990s for cancer patients and those with pain-related illnesses such as Parkinson's, multiple sclerosis, Crohn's disease, other chronic pain and post-traumatic stress disorder [PTSD]. Patients can smoke cannabis or ingest it sublingually via oil.
In 2004, the Israeli military began using THC, one of the active ingredients in cannabis, for experimental treatment of PTSD of soldiers.
In 2012, the number of registered patients using medical cannabis was about 10,000. There are few government-sanctioned cannabis growing operations in Israel, which distribute it for medical purposes to patients who have a license from the Ministry of Health and a prescription from an authorized doctor, via either a company's store, or in a medical center. Medical cannabis is also imported to Israel from various countries. Cannabis use is prohibited in the Israel Defense Forces (IDF). The IDF conducts random and non-random urine drug testing on members. In December 2016, penalties for use by off-duty soldiers were relaxed; use would no longer automatically result in a court-martial.
Since 2014, IDF members in reserve status are authorized to use medical cannabis. Some soldiers have received prescriptions for cannabis to treat PTSD, with the authorization and support of the Health Ministry and the Ministry of Defense.
However, after the disaster of the 7/10/2023, the IDF becomes very concerned about medicalization of cannabis that will eventually lead to legalization. Israel becomes a militant "Sparta" and is no longer a spiritual "Athens". Nowadays it is very easy for youngsters to buy cannabis (and other drugs of abuse) from the internet.
Education of youngsters in "the eye level" will explain the dangers of starting to use cannabis before the age of 21 or during pregnancy.
Moreover, physicians of the public medical establishments in Israel are afraid to prescribe cannabis to their patients because there is no financial fund [insurance] to compensate those who suffer from severe side effects after consuming cannabis. Other medications produced by the big pharmaceutical companies are backed financially by medical insurance and they compensate those that suffer from harm done to patients that consume their patented medications.
I call the Israeli Health Ministry to establish "Green Medical Insurance" that will compensate patients that suffer sever side effects after using medical cannabis. Such insurance will allow more physicians to prescribe medical cannabis in Israel.
About 85% of the approved indications for medical cannabis in Israel are given for the treatment of various forms of pain and PTSD symptoms. Still, cannabis is approved only as a second line of treatment after other "conventional" options had failed. 
Cannabis is still regarded as "a dangerous drug" in Israel and at the same time it serves for medical purposes – a kind of oxymoron. Using full spectrum cannabis [THC & CBD] together with full spectrum opium botanical extract (morphine, codeine & thebaine [such as LAUNDANUM without the toxic molecule - noscapine) can effectively treat pain without the severe side effects & fatality caused by synthetic opioids.

Research & Development Proposals
I recently developed a genetic test in DNA obtained from saliva samples [mouth swab] that will confirm the individual susceptibility to THC. Personalized medicine is the future of modern medicine.
I identified the proteins [receptors, transporters, enzymes, fatty acid binding proteins & kinases] that may be involved in the individual response to pCBs.

FAAH is the enzyme that metabolizes AEA & 2-AG and its activity is modulated by eCBs.

CB1R is the central ECS receptor the main target of THC.

FABP 3,5,7 are fatty acid binding proteins that carry hydrophobic eCBs in the cytoplasm to the FAAH enzyme located in the endoplasmic reticulum.

DRD2 receptor is part of the dopaminergic system.

DAT is a dopamine transporter.

5-HTT is a serotonin transporter.

COMT is an enzyme that degrades catechol amines.

MOR is the mu opioid receptor.

CHRNA2&5 are the alpha subunits of the nicotinic acetylcholine receptor.

AKT is a protein kinase that phosphorylates serine or threonine amino acids in some proteins.

I still need some help from molecular biologists to identify (by PCR or CISPR methods) the mutations that are described in the table herein.
The test will be used in psychiatric centers & addiction treatment centers to evaluate its accuracy before releasing it to the public.

Rs# = reference SNP.  FAAH = fatty acid amide hydrolase. FABP = fatty acid binding protein. DRD2 = D2 dopamine receptor. DAT = dopamine transporter. 5-HTT = serotonin transporter. COMT = Catechol-O-methyltransferase (enzyme that degrades catechol amines). DAR = dopamine receptor. AKT = Protein kinase B (the collective name of a set of three serine/threonine-specific protein kinases). CHRNA = nAChR alpha subunit. CB1R = central cannabinoid receptor. MOR = mu opioid receptor.
Molecular biology method for the identification of SNPs:

Amplification Refractory Mutation System (ARMS) polymerase chain reaction [PCR]: ARMS PCR is a rapid and reliable method for detecting known SNPs in genomic samples such as DNA from mouth swab.
The primers for a single PCR reaction are designed: two forward primers (one specific to the normal allele and one specific to the mutant allele) and two common reverse primers. The 3’ end of each allele-specific primer is complementary to the target allele, ensuring that only the desired allele is amplified. Additionally, a mismatch is introduced at the 3’ penultimate base of the primer to prevent PCR extension when the template contains a non-target allele. After PCR, agarose gel electrophoresis is used to detect the allele-specific amplicons. ARMS PCR can distinguish heterozygotes from homozygotes for a specific allele.
Real-Time PCR High-Resolution Melting Assays:
This method involves amplifying a short DNA fragment using specific primers flanking a target SNP. During amplification, a high-resolution melting dye is added. As the DNA melts, the dye fluoresces differently depending on the SNP present. By analyzing the melting curve, you can identify the SNP allele.

CRISPR is a software program to detect SNPs from pooled sequencing data. CRISPR is designed to detect both rare and common variants by utilizing sequence reads from next-generation sequencing of multiple DNA pools. CRISPR uses a cross-pool comparison approach to distinguish sequencing errors such as SNPs from rare variants. In principle, it should work for sequence data from other sequencing platforms. The method requires each pool to be sequenced using the same sequencing platform.
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Intake from past disasters caused by treating humans with synthetic cannabinoids and opioids – agonists & antagonists:
CB1R antagonist

Activation of CB1R by THC increases appetite causing "munching" effects therefore, drug companies developed a CB1R antagonist to suppress appetite and treat obesity. 
Obesity is common in the United States and is a major health issue associated with numerous diseases, specifically an increased risk of certain types of cancer, coronary artery disease, type 2 diabetes, stroke, and cardiovascular disease, as well as significant increases in early mortality and economic costs.
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Rimonabant (also known as SR141716; trade names Acomplia, Zimulti) is an anorectic anti-obesity drug approved in Europe in 2006 but was withdrawn worldwide in 2008 due to serious psychiatric side effects; it was never approved in the United States. Rimonabant is an inverse agonist (antagonist) for the cannabinoid receptor CB1 and was first-in-class for clinical development. Rimonabant is a selective CB1 receptor blocker and was discovered and developed by Sanofi-Aventis. On 21 June 2006, the European Commission approved the sale of rimonabant in the European Union as a prescription drug for use in conjunction with diet & exercise for patients with a body mass index (BMI) greater than 30 kg/m2, or patients with a BMI greater than 27 kg/m2 with associated risk factors, such as type 2 diabetes or dyslipidemia.

Rimonabant was submitted to the FDA for approval in the United States in 2005; in 2007, the FDA's Endocrine and Metabolic Drugs Advisory Committee concluded that Sanofi-Aventis failed to demonstrate the safety of rimonabant and voted against recommending the anti-obesity treatment for approval. The application was deemed not approvable by FDA, and the company cancelled plans for a re-submission. The drug was approved in Brazil in April 2007. In October 2008, the European Medicines Agency [EMA] recommended the suspension of Acomplia after the Committee for Medicinal Products for Human Use had determined that the risks of Acomplia outweighed its benefits due to the risk of serious psychiatric problems, including suicide! 
In November 2008 an advisory committee in Brazil recommended suspension as well, and that month Sanofi-Aventis suspended sale of the drug worldwide. The EMA approval was withdrawn in January 2009.
Rimonabant is an inverse agonist of the cannabinoid CB1 receptor. Originally thought to be selective for the CB1 receptor, rimonabant was subsequently also found to act as an antagonist of the μ-opioid receptor.
Data from clinical trials submitted to regulatory authorities showed that rimonabant caused depressive disorders or mood alterations in up to 10% of subjects and suicidal ideation in around 1%, and in Europe it was contraindicated for people with any psychiatric disorder, including depressed or suicidal individuals. Data from a large, randomized, clinical trial with > 9000 patients receiving rimonabant treatment demonstrated a rate of psychiatric adverse events (anxiety, depression, depressed mood, or insomnia) of greater than 30%.
Additionally, nausea and upper respiratory tract infections were very common adverse effects (occurring in more than 10% of people); common adverse effects (occurring in between 1% and 10% of people) included gastroenteritis, anxiety, irritability, insomnia and other sleep disorders, hot flushes, diarrhea, vomiting, dry or itchy skin, tendonitis, muscle cramps and spasms, fatigue, flu-like symptoms, and increased risk of falling. The FDA's advisory committee concurred with concerns raised by the review divisions. Based on human and on animal data, it appeared that the therapeutic window regarding CNS toxicity, and specifically seizures was narrow. EMA post marketing surveillance data suggested that the risk of psychiatric disorders in people taking rimonabant was doubled. 
The scientists that developed rimonabant were fully aware of the effects of the CB1 receptor on many systems in the human body but they focus only on the appetite inhibition of CB1 receptor antagonism.  

CB1R Agonists

HU-210 is a synthetic cannabinoid that was first synthesized in 1988 from (1R,5S)-myrtenol by a group led by the late Prof. Raphael Mechoulam at the Hebrew University. HU-210 is 100 to 800 times more potent than natural THC from cannabis and has an extended duration of action. HU-210 has a binding affinity of 0.061 nM at CB1 and 0.52 nM at CB2 in cloned human cannabinoid receptors compared to delta-9-THC of 40.7 nM at CB1. HU-210 is the (–)-1,1-dimethylheptyl analog of 11-hydroxy- Δ8-THC; in some references it is called 1,1-dimethylheptyl- 11-hydroxytetrahydrocannabinol. The abbreviation "HU" stands for Hebrew University. HU-210 has an oral LD50 of 5,000 mg/kg in rats and 14,200 mg/kg in rabbits. HU-210 has an LDLO (Lowest Lethal Dose amount) of 143 mg/kg in humans. In a 1973 study, monkeys and dogs given 9,000 mg/kg of delta-8-THC was nonlethal. HU-210, the (–) enantiomer of 11-OH-D8-THC-DMH, has almost all the cannabinoid activity, while the (+) enantiomer, known as HU-211, is inactive as a cannabinoid and instead acts as an NMDA antagonist having neuroprotective effects.
[image: image186.jpg](6aR,10aR)-9-(hydroxymethyl)-6,6-dimethyl-3-(2-methyloctan-2-yl)-6a,7,10,10a-tetrahydrobenzo[c]chromen-
1-ol

HU-210

(6aS,10a8)-9-(hydroxymethy1)-6,6-dimethyl-3-(2-methyloctan-2-y1)-6a,7,10,10a-tetrahydrobenzo[c]chromen-
1-ol

HU-211




Dexanabinol (HU-211 or ETS2101) is a synthetic cannabinoid derivative in development by e-Therapeutics plc. It is the "unnatural" enantiomer of the potent cannabinoid agonist HU-210. Unlike other cannabinoid derivatives, HU-211 does not act as a cannabinoid receptor agonist, but instead as an NMDA antagonist. It therefore does not produce cannabis-like effects, but is anticonvulsant and neuroprotective, and is widely used in scientific research as well as currently being studied for applications such as treating head injury, stroke, or cancer. 
https://pubmed.ncbi.nlm.nih.gov/8411215/
Dexanabinol was shown to be safe in clinical trials and is currently undergoing Phase I trials for the treatment of brain cancer and advanced solid tumors. It has been studied in IV administration and oral dosing. E-Therapeutics is evaluating the compound in clinical trials for brain and solid cancers. Based on the results of the current trials, Phase II studies are planned.
Unfortunately, HU-210 was added to "Herbal Cannabis" preparations together with other potent synthetic CB1 receptor agonists and caused severe addiction, mental disorders, whole body inflammation, inactivation of the immune system, movement disorders and many more adverse effects leading to premature death.

The semi-synthetic opioid agonist - Oxycodone

Oxycodone, sold under various brand names such as Roxicodone and OxyContin (which is the extended-release form), is a semi-synthetic opioid used medically for the treatment of moderate to severe pain. It is highly addictive and is a commonly abused drug.
Oxycodone is a highly selective full agonist of the μ-opioid receptor (MOR) that is the main biological target of the endogenous opioid neuropeptide β-endorphin. Oxycodone has low affinity for the δ-opioid receptor (DOR) and the κ-opioid receptor (KOR). After oxycodone binds to the MOR, a G protein-complex is released, which inhibits the release of neurotransmitters [NTs] by the cell by decreasing the amount of cAMP produced, closing calcium channels, and opening potassium channels. Opioids like oxycodone are thought to produce their analgesic effects via activation of the MOR in the midbrain periaqueductal gray (PAG) and rostral ventromedial medulla (RVM). Conversely, they are thought to produce reward and addiction via activation of the MOR in the mesolimbic reward pathway, including in the ventral tegmental area, nucleus accumbens, and ventral pallidum. Tolerance to the analgesic and rewarding effects of opioids is complex. It occurs due to receptor-level tolerance (MOR downregulation), cellular-level tolerance (cAMP upregulation), and system-level tolerance (neural adaptation due to induction of ΔFosB expression).
When taken by mouth, oxycodone has roughly 1.5 times the effect of the equivalent amount of morphine.
Oxycodone was originally produced from the opium poppy opiate alkaloid thebaine in 1916. It was first used medically in Germany in 1917. It is on the World Health Organization's List of Essential Medicines. It is available as a generic medication. In 2021, it was the 59th most prescribed medication in the United States, with more than 11 million prescriptions. Several abuse-deterrent formulations are available, such as in combination with naloxone or naltrexone.
Common side effects include euphoria, constipation, nausea, vomiting, loss of appetite, drowsiness, dizziness, itching, dry mouth, and sweating. Side effects may also include addiction and dependence, substance abuse, irritability, depression or mania, delirium, hallucinations, hypoventilation, gastroparesis, bradycardia, and hypotension. Those allergic to codeine may also be allergic to oxycodone. Opioid withdrawal may occur if rapidly stopped.

The risk of experiencing severe withdrawal symptoms is high if a patient has become physically dependent and discontinues oxycodone abruptly. People who regularly use oxycodone recreationally or at higher than prescribed doses are at even higher risk of severe withdrawal symptoms. The symptoms of oxycodone withdrawal, as with other opioids, may include anxiety, panic attack, nausea, insomnia, muscle pain, muscle weakness, fevers, and other flu-like symptoms.

Martin Freund and Edmund Speyer of the University of Frankfurt in Germany published the first synthesis of oxycodone from thebaine in 1916. When Freund died, in 1920, Speyer wrote his obituary for the German Chemical Society. Speyer, born to a Jewish family in Frankfurt am Main in 1878, became a victim of the Holocaust. He died on 5 May 1942, the second day of deportations from the Lodz Ghetto.
The first clinical use of the drug was documented in 1917, the year after it was first developed. It was first introduced to the U.S. market in May 1939. In early 1928, Merck introduced a combination product containing scopolamine, oxycodone, and ephedrine under the German initials for the ingredients SEE, which was later renamed Scophedal (SCOpolamine, ePHEDrine, and eukodAL). This combination is essentially an oxycodone analogue of the morphine-based "twilight sleep", with ephedrine added to reduce circulatory and respiratory effects. The drug became known as the "Miracle Drug of the 1930s" in Continental Europe and elsewhere and it was the Wehrmacht's choice for a battlefield analgesic for a time. The drug was expressly designed to provide what the patent application and package insert referred to as "very deep analgesia and profound and intense euphoria" as well as tranquillization and anterograde amnesia useful for surgery and battlefield wounding cases. Oxycodone was allegedly chosen over other common opioids because it had been shown to produce less sedation at equianalgesic doses compared to morphine, hydromorphone (Dilaudid), and hydrocodone (Dicodid).
The personal notes of Adolf Hitler's physician, Dr. Theodor Morell, indicate Hitler received repeated injections of "Eukodal" (oxycodone) and Scophedal, as well as Dolantin (pethidine) codeine, and morphine less frequently. Hitler also received daily met-amphetamine injections.
In the United States, the Controlled Substances Act (CSA) was passed by the Congress and signed into law by President Richard Nixon on 27 October 1970. The passing of the CSA resulted in all products containing oxycodone to be classified as a Schedule II controlled substance.
Purdue Pharma, a privately held company based in Stamford, Connecticut, developed the prescription painkiller OxyContin. It was approved by the FDA in 1995 after no long-term studies and no assessment of its addictive capabilities. David Kessler, FDA commissioner at the time, later said of the approval of OxyContin: "No doubt it was a mistake. It was certainly one of the worst medical mistakes". Upon its release in 1995, OxyContin was hailed as a medical breakthrough, a long-lasting narcotic that could help patients with severe pain. The drug has reportedly generated some US$35 billion in revenue for Purdue.
Synthetic opioids epidemic:
Oxycodone tends to induce feelings of euphoria, relaxation and reduced anxiety in those who are occasional users. These effects make it one of the most abused pharmaceutical drugs in the United States. The abuse of Oxycodone, as well as related opioids more broadly, is not unique to the United States and is a common drug of abuse globally.
In October 2017, The New Yorker published a story on Mortimer Sackler and Purdue Pharma regarding their ties to the production and manipulation of the oxycodone markets. The article links Raymond and Arthur Sackler's business practices with the rise of direct pharmaceutical marketing and eventually to the rise of addiction to oxycodone in the United States. The article implies that the Sackler family bears some responsibility for the opioid epidemic in the United States. In 2019, The "New York Times" ran a piece confirming that Richard Sackler, the son of Raymond Sackler, told company officials in 2008 to "measure our performance by strength, giving higher measures to higher strengths". This was verified with documents tied to a lawsuit – which was filed by the Massachusetts attorney general, Maura Healey – claiming that Purdue Pharma and members of the Sackler family knew that high doses of OxyContin over long periods would increase the risk of serious side effects, including addiction. Despite Purdue Pharma's proposal for a US$12 billion settlement of the lawsuit, the attorneys general of 23 states, rejected the settlement offer in 2019. In 2010, Purdue Pharma reformulated their long-acting oxycodone line, marketed as OxyContin, using a polymer to make the pills more difficult to crush or dissolve in water to reduce non-medical use of OxyContin. The FDA approved relabeling the reformulated version as abuse-resistant in 2013. 
Pfizer company manufactures a preparation of short-acting oxycodone, marketed as Oxecta, which contains inactive ingredients, referred to as tamper-resistant Aversion Technology. Approved by the FDA in the U.S. in June 2011, the new formulation, while not being able to deter oral recreational use, makes crushing, chewing, snorting, or injecting the opioid impractical because of a change in its chemical properties. However, reducing the illegal abuse potential of oxycodone tablets is important but it will not end the synthetic opioid epidemic.
In countries that legalized cannabis – the use of synthetic opioids is gradually declining. Combined treatment with medical cannabis and full spectrum opium extract to treat pain, is well tolerated in humans and is much less harmful compared to synthetic opioids treatment.
Other Scientific dissertations that I wrote and are somehow related to the subject of this Review:

1. Growing Hemp that contains a lot of CBDA and no THCA.

2. Protocol for growing organic medical cannabis in Isrrael.

3. The pros & cons of the Israeli medical cannabis project.
4. Assay of the individual genetic susceptibility to develop cannabis use disorder [CUD] - by mouth swab.
5. The individual genetic response to cannabidiol treatments.

6. The genetic traits that cause endocannabinoid system [ECS] deficiency syndrome. Ways to diagnose this disorder.
7. Natural treatments to reduce cannabis withdrawal symptoms.

8. Medical Mescaline & Pellotine from Lophophora williamsii cactus.

9. Growing cacti Callus cells in tissue culture and in bioreactor to produce full spectrum botanical extract of Peyote's alkaloids. 

10.  Medical Psilocin and other alkaloids from fungi (entourage effect).

11.  Individual genetic susceptibility to psychedelic molecules.

12.  Canna-Honey – glucuronidation of phytocannabinoids [pCBs] in vivo & in vitro in order to make them water-soluble.

13.  Post-harvest treatment of cannabis flowers by UV-B radiation.
14.  Production of Canna-Sunscreen using natural pCBs that absorb UV-B radiation, protecting the DNA of human skin cells.
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Peyote seedling producing Callus cells in tissue culture.
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