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Editorial on the Research Topic
 Cannabinoids as potential treatment for neurological diseases




Due to the wide distribution of the endocannabinoid system (ECS) throughout the organism and its role on the maintenance of the homeostatic balance in the body, the modulation of this system has been proposed as a therapeutic strategy for the treatment of several diseases (Lowe et al., 2021). The relevant role of the ECS in the central nervous system (Croxford, 2003) and the neuroprotective potential of cannabinoids (Aymerich et al., 2018) has focused the interest of numerous researchers. Indeed, an increasing number of studies are validating the role of this system in different neurological and neurodegenerative diseases, as well as the therapeutic effects that cannabinoids-based drugs have over these pathologies (Kaur et al., 2016; Fraguas-Sánchez and Torres-Suárez, 2018).

Although much progress has already been made in this field, its complex pharmacology evidences that many aspects still remain to be unraveled. The synergistic effects of cannabinoids with other systems, their interactions with diverse receptors or further understanding of its signaling pathways need to be further addressed (Kilaru and Chapman, 2020).

This Research Topic provides insights into new pathways of action of the cannabinoid system, promising new molecules for the treatment of neurological diseases, and proposals of the ECS as a tool for the detection of these diseases.

In this regard, Liu L. et al. presents an interesting study which reveals the hot spots and frontiers of cannabidiol (CBD) research using bibliometric and data visualization methods. They attached a great importance of CBD, especially in the treatment of neuropsychiatric disorders, such as epilepsy, anxiety, and schizophrenia. Besides, they explain its interest on a variety of receptors including CB1 and CB2 receptors 5-HT1A, and GPR55 which are involved in the pharmacology of CBD.

Continuing with this promising molecule in the treatment of neurological diseases, Shen et al. propose CBD as a neuroprotective agent against the neurotoxicity caused by drugs of abuse such as methamphetamine. These authors show that CBD have anti-apoptotic effects by reducing the neurotoxicity caused by methamphetamine which is mediated by dopamine D1 receptor-mediated phosphorylation of the Methyl-CpG-binding protein.

This Research Topic also includes several articles reflecting on the role of ECS in different neurological diseases on the different processes involved in these pathologies. This is the case of an interesting article that provides a comprehensive review of the potential for pharmacological manipulation of the endocannabinoid system in glial cells, including microglia, astrocytes, and oligodendrocytes, in ischemic stroke. In this review Vicente-Acosta et al. highlight the interest in modulating the ECS to slow down the damage associated with this pathology.

Li et al. reflect on their study about how sleep deprivation is a common feature of modern society and, when chronic, can negatively impact on brain function, resulting in significant decreases in cognitive function. Moreover, the authors demonstrate that tanshinone IIA (an important lipid-soluble component of Salvia miltiorrhiza), could exert neuroprotective effects by regulating the CNR1/PI3K/AKT signaling pathway and improve sleep deprivation-induced spatial recognition and learning memory dysfunction.

Hu et al. introduce new strategies to treat anxiety and pain through the activation of the ECS. Authors focused their study on the possible electroacupuncture's (EA) ability to attenuate inflammatory bowel disease (IBD) induced visceral pain and anxiety via the ventral hippocampus (vHPC). They demonstrated that EA may exert anxiolytic effect via downregulating CB1R in GABAergic neurons and activating CB1R in glutamatergic neurons in the vHPC, thus reducing the release of glutamate and inhibiting the anxiogenic neuronal circuits related to vHPC. This technique does not only activate CB1R, Zhang, He, et al. suggest that EA reduces visceral pain via CB2R in a mouse model of inflammatory bowel disease. They explain that EA attenuates mechanical allodynia and visceral hypersensitivity associated with IBD by activating CB2 receptors and subsequent inhibition of macrophage activation and expression of IL-1β and iNOS.

In fact, on numerous occasions, the benefits found in the symptomatology of some pathologies in which patients are treated with cannabinoids are attributed to the activation of both receptors and/or to the interaction of both. The study of Liu Y. et al., demonstrated CB1R in primary sensory neurons functions as an endogenous analgesic mediator, but also that suppression of the CB1R in peripheral sensory neurons produces changes in downstream transcriptome expression. In this sense, the authors expose that CB2 is the downstream gene of CB1R in peripheral sensory neurons and CB2R mediates the development of neuropathic pain. Therefore, by antagonizing CB2R the excessive activation of astrocytes could be inhibited and neuroinflammation improving neuropathic pain. This complexity derived from the activation of cannabinoid receptors can also be observed in the findings obtained by Kim et al. In this case it is not an interaction between the cannabinoid receptors themselves, but between cannabinoid and orexin receptors. In this study, the authors demonstrate that physical or molecular interactions between cannabinoid and orexin systems (that are not only expressed in the same brain regions modulating these functions, but physically interact as heterodimers) may provide valuable insight into drug-drug interactions between cannabinoid and orexin drugs for the treatment of insomnia, pain, and other disorders. However, the complexity of the ECS is not limited to cannabinoid receptors and their interactions with each other or with other receptors, but to the whole enzymatic machinery involved in the regulation of endocannabinoid levels or ligand-receptor interaction, among others. Therefore, Zhang, Li, et al. have contributed to this Research Topic, providing an interesting overview about the α/β-Hydrolase domain-containing 6 (ABHD6), a transmembrane serine hydrolase that hydrolyzes monoacylglycerol (MAG) lipids such as endocannabinoid 2-arachidonoyl glycerol (2-AG). This study recapitulates the molecular machinery of ABHD6, particularly its involvement in the pathogenesis of neurological diseases, contributing to establish supplemental basis for new pharmacological interventions via targeting of ABHD6.

In line with the complexity of ECS signaling, currently, one of the most promising areas of study is the development of new modulators with potential for the treatment of neurological diseases. The identification of these novel molecules along with their pharmacological profile and interaction with receptors is of great interest in the cannabinoid community. In this sense, two research articles by Lapraire and colleages are included in this Research Topic. They present the pharmacological evaluation of phytogenic, cannabis by-products and non-cannabis phytomolecules (Zagzoog et al.) and new synthetic compounds (Brandt et al.). Zagzoog et al. demonstrated that minor phytocannabinoids such as Δ6a, 10a-THC, 11-OH-Δ9-THC or CBN partially activate CB1R, whereas the non-cannabis molecules tested were inactive. Brandt et al. exhaustively studied the molecular pharmacology of the enantiomerically separated CB1 PAMs, GAT591, and GAT593. In vitro and in vivo assays showed that the R-enantiomers displayed mixed allosteric agonist-PAM activity at CB1R while the S-enantiomers showed moderate activity. Molecular modeling studies provided structural insights into their distinct binding sites.

The importance of the ECS in the regulation of different processes involved in neurological diseases is clear, but unfortunately human neurodegenerative disease diagnosis may only be possible when the first symptoms are present. At this point, irreversible damage to the central nervous system has already occurred and will spread over time. The findings obtained by Vidal-Palencia et al. indicated that the ECS is already altered in APP/PS1 mice at the pre-symptomatic stage, suggesting that it could be an early event contributing to the pathophysiology of AD or being a potential predictive biomarker.

The preclinical potential of the ECS as a therapeutic strategy for the treatment of neurological diseases was already more than demonstrated before this Research Topic (Lowe et al., 2021), however, the contribution of the articles included in this special issue, provide new findings that strengthen this hypothesis. Although the ultimate aim of this research field is to translate the results achieved to the clinical level, unfortunately in most cases it has not yet been possible. So far, most clinical trials that have been developed with cannabinoid molecules have tested their potential for the treatment of symptoms of some neurodegenerative diseases but did not show the effects observed in animal models or present inconsistencies among them (Ball et al., 2015; Herrmann et al., 2019; Timler et al., 2020). On the one hand, the psychoactivity related to CB1 activation, is delaying the development of cannabinoids as medicines, on the other hand, the clinical trials are still in early stages in order to ensure the safety of the potential drug. In this regard, many researchers are focusing their efforts on developing therapeutic strategies with CB2R ligands, which lack these harmful effects. However, the clinical results using CB2R ligands have been ineffective (Morales et al., 2016; An et al., 2020). Also in this sense, the use of CBD is having a lot of success. A drug based on this cannabinoid called Epidiolex has been developed and has recently been approved by the Food and Drug Administration (FDA) and several clinical trials have developed with it. But again, the results between clinical trials are inconsistent (Pauli et al., 2020). In this aspect, it is worth thinking that perhaps the doses should be readjusted or the pharmacokinetic properties in humans should be determined. However, it is also true that the complexity of this system has become apparent and it is necessary to work to clarify the increasingly complicated signaling of the ECS, the interactions with other receptors or systems, as well as the mechanisms of action that ligands exert on this system. But it is also of vital importance to develop future drugs with selectivity and suitable pharmacokinetic properties to obtain the desired effects in the treatments, as well as to know the state of the target (ECS) for treatment in pre- and post-symptomatic stages of the pathologies, or the auto-regulation of the ECS after its modulation.

In summary, ECS modulation is a great therapeutic strategy for the treatment of neurological and neurodegenerative diseases, and although every day we are one step closer, there is still a long way to go to achieve optimal results in the development of new drugs for the treatment of patients suffering from these pathologies.
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Endocannabinoid (eCB) signaling plays an important role in the central nervous system (CNS). α/β-Hydrolase domain-containing 6 (ABHD6) is a transmembrane serine hydrolase that hydrolyzes monoacylglycerol (MAG) lipids such as endocannabinoid 2-arachidonoyl glycerol (2-AG). ABHD6 participates in neurotransmission, inflammation, brain energy metabolism, tumorigenesis and other biological processes and is a potential therapeutic target for various neurological diseases, such as traumatic brain injury (TBI), multiple sclerosis (MS), epilepsy, mental illness, and pain. This review summarizes the molecular mechanisms of action and biological functions of ABHD6, particularly its mechanism of action in the pathogenesis of neurological diseases, and provides a theoretical basis for new pharmacological interventions via targeting of ABHD6.
Keywords: ABHD6, endocannabinoid system, CPT1C, AMPA receptor, neurological diseases
INTRODUCTION
The endocannabinoid system (ECS) is a lipid signal transduction system that includes endogenous cannabinoids (eCBs), cannabinoid receptors and enzymes responsible for the synthesis and hydrolyzation of eCBs, with an important role in the regulation of central nervous system (CNS) function (Jung et al., 2021; Lu and Mackie, 2021). α/β-Hydrolase domain-containing 6 (ABHD6) is an integral membrane protein with recently discovered serine hydrolase activity that is, mainly expressed in immune cell-enriched tissues and the CNS(Poursharifi et al., 2017). The hydrolytic substrates of ABHD6 are mainly monoacylglycerols (MAGs) (Poursharifi et al., 2020), such as endogenous cannabinoid 2-arachidonoylglycerol (2-AG) and arachidonic acid (Noguchi et al., 2021), which are precursors of prostaglandins and other inflammatory mediators (Ghosh et al., 2020; Larsson et al., 2021; Trostchansky et al., 2021). As the main hydrolase of postsynaptic eCBs, ABHD6 is involved in regulating neuronal ECS function (Cao et al., 2019). In addition, ABHD6 is an important component of the α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptor (AMPAR) complex (Schwenk et al., 2019), which inhibits translocation of AMPAR to the postsynaptic membrane and the excitability of AMPAR (Wei et al., 2017). ABHD6 plays a potential regulatory role in the neuroinflammatory pathway (Tanaka et al., 2017; Wen et al., 2018) and autoimmunity (Manterola et al., 2018b; Rahaman et al., 2019) and is expected to become a new target for intervention in nervous system diseases (Kind and Kursula, 2019). Inhibitors of ABHD6 have been explored within analgesia, anti-anxiety, anti-inflammatory contexts, as well as other areas, and are therefore promising in the treatment of inflammatory and degenerative diseases of the CNS (Deng and Li, 2020b). In this review, the latest research progress on ABHD6 for the treatment of nervous system diseases is reviewed in terms of its molecular structure, expression, and mechanism of action in the CNS.
THE ENDOCANNABINOID SYSTEM AND IDENTIFICATION OF ABHD6
The Endocannabinoid System
The canonical endogenous cannabinoid system consists of cannabinoid receptors, signaling lipids called eCBs, and enzymes that produce and inactivate eCBs. Some atypical receptors, including several transient receptor potential (TRP) channels, G protein-coupled receptor 55 (GPR55), and glycine receptors, have also been discovered. The concept of this signaling system originated from study of the biological activity of Δ-9-tetrahydrocannabinol (THC) (Cao et al., 2019). Three decades ago, researchers discovered the ECS when seeking to identify a cannabinoid receptor that interacts with the psychoactive compounds in cannabis. Since then, research on eCBs has exploded, and more receptors, their lipid mediators and signaling pathways have been revealed (Kilaru and Chapman, 2020). Evidence-based studies have shown that eCBs regulate various aspects of human physiological and pathophysiological functions in the CNS and immune system, which has become a hot research topic (Joshi and Onaivi, 2019). The biological effects of eCBs are mediated mainly by two members of the G protein-coupled receptor family: CB1R and CB2R. CB1R is widely considered a potential therapeutic target in neuropsychological and neurodegenerative diseases; CB2R selectively regulates the function of immune cells. In addition, cannabinoids regulate signal transduction pathways and have profound roles in peripheral regions. Although cannabinoids possess therapeutic potential, their psychoactive effect limits their clinical application to a great extent (Zou and Kumar, 2018). In particular, activation of CB1R may cause CNS effects. Nevertheless, the discovery of CB2R and endogenous cannabinoid receptor ligands (namely, eCBs) provides new possibilities for safely targeting the ECS (Cristino et al., 2020). Notably, 2-AG is one of the ligands that can be metabolized by several hydrolytic enzymes. In this review, we focus particular attention to the hydrolase ABHD6.
Identification of ABHD6
A vital component of the ECS, ABHD6 is an enzyme that regulates hydrolysis of 2-AG, which is an endogenous signaling lipid that activates CB1R and CB2R and is an important lipid precursor of the eicosanoic acid signaling pathway (Sugiura et al., 1995). 2-AG is generally believed to be metabolized to arachidonic acid (AA) and glycerol by monoacylglycerol lipase (MAGL); recent evidence suggests that other lipases, such as ABHD6 and ABHD12, are also involved in 2-AG degradation in many tissues. Among these lipases, MAGL is responsible for approximately 85% of the 2-AG degradation occurring in the CNS, whereas ABHD6 and ABHD12 account for approximately 4 and 9% of 2-AG hydrolysis, respectively (Savinainen et al., 2012). As MAGL, ABHD6, and ABHD12 are distributed is different manners and have different subcellular localizations, they regulate 2-AG hydrolysis at different times and sites. ABHD6 is an important cell signaling regulator not only in the CNS but also in peripheral tissues, with an important role in the pathogenesis of many diseases, such as metabolic syndrome (Thomas et al., 2013), obesity (Zhao et al., 2016), and autoimmune diseases and cancer (Yu et al., 2016). Genetic and pharmacological studies have revealed the therapeutic potential of ABHD6, making it an attractive target for the treatment of various diseases (Naydenov et al., 2014).
BIOCHEMICAL CHARACTERIZATION AND EXPRESSION PROFILE OF ABHD6
Biochemical Characterization of ABHD6
The ABHD6 gene is located on chromosome 3 p14.3 and consists of 10 exons. Its open reading frame encodes a protein with 337 amino acids and a molecular weight of 38 kDa (Poursharifi et al., 2017). Based on amino acid sequence, ABHD6 is a cytoplasmic type II integrated membrane protein belonging to the serine hydrolase family (Long and Cravatt, 2011). ABHD6 includes an eight-stranded parallel α/β-structure with a second antiparallel structure. The hydrolytic activity of ABHD6 derives from the catalytic triad Ser148-Asp278-His306 (Lord et al., 2013) located on the cytoplasmic side of the cell membrane (Figure 1) (Kind and Kursula, 2019). To confirm the accuracy of the predicted structure, researchers have assessed the activity of the enzyme and invoked a multidimensional protein identification platform known as activity-based protein profiling (ABPP). Site-directed mutation of the catalytic residues leads to loss of hydrolytic activity (Figure 1) (Thomas et al., 2013). Although the crystal structure of ABHD6 remains unclear, the primary structure is well conserved among species, with 94% sequence homology between human and mouse orthologs (Long and Cravatt, 2011).
[image: Figure 1]FIGURE 1 | Spatial structure model of ABHD6 and its functional sites. (A) ABHD6 consists of an eight chain β-sheet with surrounding α-helices. The catalytic triad is composed of a nucleophilic residue (Ser148), an acidic residue (Asp278) and a histidine (His306). (B) Mutation or natural variation may occur at some sites of ABHD6, resulting in the decrease or loss of partial hydrolytic function of the enzyme. There is no document report that ABHD6 has modification sites on protein structures.
The order of hydrolytic activity of ABHD6 is 1-arachidonoylglycerol (1-AG) > 2-AG > 2-LG, as measured in vitro using homogenate from an overexpression system (Navia-Paldanius et al., 2012). 1-AG is a similarly bioactive isomer of 2-AG that may have a role in stabilizing the strength of the cannabinoid signal (Docs et al., 2017). In primary neuronal cell culture, chemical inhibition of ABHD6 reduces 2-AG degradation by 50% and leads to 2-AG accumulation. In addition to its established MAG lipase activity, ABDH6 exhibits significant diacylglycerol lipase (DGL) activity in Neuro2A cells (van Esbroeck et al., 2019). DGLs mainly catalyze “on-demand” biosynthesis of bioactive MAGs, including 2-AG,2-linoleoylglycerol (2-LG) (Yuan et al., 2016). Because hydrolysis of 2-AG leads to release of AA, the precursor of prostaglandins, ABHD6 may be related to the inflammatory process and autoimmune diseases. Indeed, blocking ABHD6 in macrophages has anti-inflammatory effects, such as increasing the anti-inflammatory agent prostaglandin-d2-glycerol ester (PGD2-GE) (Alhouayek et al., 2013). Furthermore, ABHD6 regulates glucose-stimulated insulin secretion (GSIS), which is essential for glucose homeostasis in different tissues. A variety of different ABHD6 inhibitors have been developed through clinical disease treatment research. However, mutation of the gene encoding ABHD6 is not related to human diseases (Lord et al., 2013).
Expression Profile of ABHD6
ABHD6 is widely expressed, especially in the CNS; enzymatic activity measured using ABPP in the mouse brain showed particular expression in the cerebral cortex (Moreno-Luna et al., 2021), pituitary (Cao et al., 2019), and hippocampus (Longaretti et al., 2020a), as well as in the spleen and small intestine and the liver, kidney, and ovary (Drehmer et al., 2019; Deng and Li, 2020b). In the CNS, ABHD6 has been identified as the key regulatory point of the ECS (Gokce et al., 2016; Cao et al., 2019). Expression of ABHD6 is regulated by estrogen and other hormones, suggesting sex differences (Drehmer et al., 2019). The distribution of ABHD6 differs in various brain regions and neural cell subtypes. Studies have shown the highest enzyme activity of ABHD6 in the frontal cortex, hippocampus, striatum, and cerebellum (Baggelaar et al., 2017). ABHD6 activity in these regions is much higher than that of ABHD12 and even that of MAGL. Although MAGL is the main enzyme related to 2-AG degradation in the brain, the role of ABHD6 is independent of MAGL and controls accumulation of 2-AG in intact neurons (Marrs et al., 2010; Owens et al., 2017). Moreover, results of single-cell sequencing showed that ABHD6 is mainly distributed in progenitor cells and astrocytes in young mice; in adult mice, it is mainly expressed in specific types of neurons (such as GABAergic neurons) and astrocytes (Marrs et al., 2010; Gokce et al., 2016). At the subcellular level, ABHD6 is mainly expressed in the cytoplasm of glutamatergic neuron dendrites and colocalizes with microtubule-associated protein 2 (MAP2), suggesting that ABHD6 plays an important role in the regulation of postsynaptic nerve function (Marrs et al., 2010). In addition, ABHD6 is significantly expressed in dendrites and postsynapses, which complements the presynaptic expression of MAGL (Straiker and Mackie, 2007), and the observed localization of ABHD6 and MAGL suggests that each enzyme controls a subcellular pool of 2-AG.
MOLECULAR MECHANISM OF ABHD6-SPECIFIC SIGNALING
ABHD6 and ECS
As an important hydrolase of 2-AG, ABHD6 is directly involved in regulating the ECS. In turn, ECS regulation by ABHD6 can affect the synaptic plasticity of neurons and play a role in CNS-injuring diseases such as epilepsy and brain injury (Deng and Li, 2020b). Muccioli et al. found that BV-2 cells do not express MAGL but can effectively hydrolyze 2-AG (Muccioli et al., 2007), proving for the first time that an enzyme other than MAGL can hydrolyze 2-AG. Further studies revealed that ABHD6 acts as a 2-AG hydrolase in BV-2 cells and is a novel type of 2-AG hydrolase (Marrs et al., 2010). In addition to its expression in the BV-2 cell line, ABHD6 is expressed in neurons and astrocytes (Figure 2). Inhibition of its expression or activity enhances activation of CB1R and CB2R upon 2-AG accumulation (Marrs et al., 2010). Marrs, W.R. and others first proposed that ABHD6 participates in long-term synaptic depression (Ltd.). Their study revealed that WWL-70, an ABHD6 inhibitor, reduces the Ltd. threshold of glutamate synapses, lasting for at least 40 min after induction (Marrs et al., 2010; Marrs et al., 2011). In contrast, WWL-70 has no effect on short-term synaptic plasticity, such as depolarization-induced suppression of inhibition (DSI) or depolarization-induced suppression of excitation (DSE) (Straiker et al., 2009; Colmers and Bains, 2018). In vitro recordings of neurons have shown that MAGL and cyclooxygenase-2 (COX-2), but not ABHD6, mediate this process (Straiker et al., 2009; Colmers and Bains, 2018; Lopez and Ballaz, 2020). These studies distinguish the biological roles of ABHD6, MAGL, and COX-2 by emphasizing their involvement in short-term and long-term synaptic plasticity.
[image: Figure 2]FIGURE 2 | The proposed molecular mechanism of ABHD6 in neurons and neurological diseases. Stimulation of excitatory neurons to release glutamate activates metabotropic glutamate receptor 1/5 (mGluR1/5) on postsynaptic neurons, which couples to a G protein, activates phospholipase C (PLC), and leads to diacylglycerol (DAG) production from inositol diphosphate (PIP2). DAG is cleaved by DAG lipase (DGL) to produce 2-arachidonic acid glycerol (2-AG). Its functions are as follows: (I) acting as a paracrine agonist of the CB1 receptor (CB1R) expressed at the excitatory end, releasing glutamate to activate mGluR1/5 and α-amino-3-hydroxy-5-methyl-4-isoxazolpropionic acid (AMPA) receptors; (II) CB1R paracrine agonists release GABA and activate GABAA receptor (GABAAR) on postsynaptic neurons through inhibitory terminal expression; and (III) autocrine positive allosteric regulators of GABAA receptors in postsynaptic neurons. Monoacylglycerol lipase (MGL) in presynaptic neurons or α/β-hydrolase domain-containing 6 (ABHD6) in postsynaptic neurons hydrolyzes excess 2-AG to arachidonic acid (AA) and glycerol (not shown). ABHD6 interacts with the AMPA receptor and controls its transport to the postsynaptic compartment membrane. Bioinformatic analysis indicates the presence of amino acid sites of palmitoylation/depalmitoylation modification in ABHD6. Protein interaction between CPT1c and ABHD6 depends on the presence of malonyl-COA; when malonyl-COA is absent, the inhibitory effect of CPT1c on ABHD6 enzyme activity is lost.
ABHD6 and AMPAR
AMPAR is the major postsynaptic glutamate receptor that mediates synaptic transmission. ABHD6 specifically reduces surface expression of postsynaptic AMPARs through a hydrolase-independent mechanism (Figure 2). By using high-resolution proteomics, one study revealed that ABHD6 is a component of the AMPAR macromolecular complex (Wei et al., 2016; Chen and Gouaux, 2019). Decreased surface expression of AMPAR is due to a reduction in surface expression of GluA1, a subunit of AMPAR. Binding of ABHD6 to AMPAR subunits (GluA1, GluA2, and GluA3) is mediated by the C-terminus of subunit GluA1 (Wei et al., 2017). However evidence shows that mutation of the Ser148 site, which is crucial for the serine hydrolytic activity of ABHD6, does not affect the ability of ABHD6 to regulate postsynaptic membrane expression of AMPAR in either neurons or transfected HEK293T cells, indicating that the ABHD6-AMPAR association is endocannabinoid independent (Wei et al., 2016). ABHD6 downregulates glutamate signaling by regulating functional expression of AMPAR, which differs from its eCB-dependent effect of enhancing sensitivity to Ltd. (Wei et al., 2016). Therefore, the effects of ABHD6 on the long-term plasticity of excitatory synapses might be mediated by two distinct mechanisms: an eCB-dependent and an eCB-independent mechanism (Cao et al., 2019).
ABHD6 and CPT1C
Carnitine palmitoyl transferase 1c (CPT1c) is a member of the carnitine palmitoyl transferase 1 family (which includes CPT1a and CPT1b), participating in the regulation of physiological functions such as energy metabolism and feeding (Obici et al., 2003). Proteomic studies have revealed that CPT1c and ABHD6 may interact (Brechet et al., 2017; Schwenk et al., 2019), and Miralpeix et al. confirmed this through coimmunoprecipitation (co-IP) and fluorescence resonance energy transfer (FRET) analyses (Miralpeix et al., 2021). Furthermore, the content of eCB in CPT1c-knockout (KO) mice is decreased (Lee and Wolfgang, 2012), indicating that interaction between CPT1c and ABHD6 may be involved in eCB hydrolysis. Further studies have confirmed that CPT1c has a significant effect on the enzymatic activity of ABHD6. Upon CPT1c overexpression, ABHD6 enzyme activity is decreased by approximately 60%, whereas activity increases significantly in CPT1c-KO mice (Miralpeix et al., 2021). Protein interaction between CPT1c and ABHD6 depends on malonyl-CoA (Figure 2). When the malonyl-CoA level is deficient, inhibition of ABHD6 enzyme activity by CPT1c disappears, indicating that cell energy metabolism can affect ABHD6 enzyme activity through the malonyl-CoA/CPT1c axis (Miralpeix et al., 2021). Overall, expression of CPT1c in tumor cells increases significantly. Moreover, the tolerance of tumor cells with high expression of CPT1c to ischemia and hypoxia is significantly enhanced (Zaugg et al., 2011; Reilly and Mak, 2012), and inhibiting expression of CPT1c has the opposite effect (Sanchez-Macedo et al., 2013). High CPT1c expression is related to enhanced cell viability under energy-deficient conditions.
BIOLOGICAL FUNCTION OF ABHD6
ABHD6 and Neurotransmission
As a bona fide member of the ECS, ABHD6 regulates neuronal function through different mechanisms. DSI and DSE are mainly regulated by 2-AG degradation. Therefore, blocking hydrolysis of 2-AG may help to prolong the time course of DSI and DSE (Chevaleyre et al., 2006). Regardless, it is noteworthy that inactivation of MAGL induces DSE prolongation at Purkinje cell synapses in granule cells and olivary nuclei (Zhong et al., 2011) but that inhibition of ABHD6 has no effect on DSI or DSE in autapse preparations (Straiker et al., 2009; Straiker and Mackie, 2009). In addition, overexpression of ABHD6 or ABHD12 does not affect DSEs (Straiker and Mackie, 2009). Conversely, pharmacological inhibition of ABHD6 reduces the threshold of CB1-dependent Ltd. at glutamatergic synapses in murine cortical slices (Marrs et al., 2011). ABHD6 negatively regulates the surface transmission and synaptic function of AMPAR in neurons (Wei et al., 2016), and the physiological function of ABHD6 binding to AMPAR is considered to be independent of eCBs. These findings provide a deeper understanding of the molecular mechanism by which ABHD6 regulates synaptic AMPAR trafficking.
ABHD6 and Neuroinflammation
Neuroinflammation is related to many neurological diseases, such as epilepsy and neurodegenerative diseases (including multiple sclerosis, Alzheimer’s disease and Parkinson’s disease), and is also linked to traumatic brain injury and ischemia-induced nerve injury. The ECS is thought to be associated with the inflammatory process and the immune system, as CB2R overexpression has been detected in immune cells (Hubler and Kennedy, 2016). In fact, in mouse models of experimental autoimmune encephalomyelitis and traumatic brain injury, ABHD6 inhibition reduces microglial reactivity and COX-2 expression (Martinez-Torres et al., 2019). Pharmacological blockade of ABHD6 raises the level of 2-AG, especially in microglia and macrophages (Wen et al., 2018); 2-AG inhibits infiltration of immune cells into the CNS, resulting in long-term beneficial effects in the chronic phase of autoimmune encephalomyelitis (Mecha et al., 2018). Arachidonic acid (AA), the product of 2-AG hydrolysis, is the main precursor in proinflammatory prostaglandin synthesis (Ricciotti and FitzGerald, 2011). Compared with inhibition of MAGL, also a potential target for inflammatory disease (Deng and Li, 2020a), ABHD6 inhibition has fewer side effects (detailed in subsection 5, ABHD6 and Neurological Diseases). Therefore, ABHD6 regulates hydrolysis of 2-AG, rendering ABHD6 a promising anti-inflammatory therapeutic target in the CNS.
ABHD6 and Energy Homeostasis
Energy homeostasis is achieved through complex brain circuits that strictly maintain energy levels by affecting food intake and energy consumption. In general, interactions between the brain and different adipose depots play a key role in maintaining energy balance, facilitating survival, and coping with metabolic challenges such as cold exposure and starvation. The brain regulates the metabolism of brown adipose tissue (BAT), white adipose tissue (WAT), and beige adipose tissue (BeAT) through efferent pathways, and in turn, these tissues transmit information about energy storage status to the brain through sensory innervation and hormone secretion (Caron et al., 2018). It is well known that eCBs are endogenous agonists of cannabinoid receptors that regulate various physiological processes, including metabolism and food intake (Nicholson et al., 2015). The ECS is expected to regulate feed and energy consumption through ventromedial hypothalamic neurons (Busquets-Garcia et al., 2015). For example, Fisette et al. reported that mice lacking ABHD6 in neurons of the ventromedial hypothalamus (VMH) with higher VMH 2-AG levels under conditions of eCB recruitment were physiologically unable to adapt to critical metabolic challenges, suggesting that ABHD6 in the VMH is very important for flexible regulation of energy metabolism (Fisette et al., 2016). Additionally, some studies have shown that ABHD6 is a negative regulator of WAT thermogenesis (Poursharifi et al., 2020). These studies implicate the important role of ABHD6 in the regulation of energy homeostasis by modulating brain circuits.
ABHD6 and Tumors
It has been reported that expression of ABHD6 is related to the pathogenesis of Epstein-Barr virus (EBV)-associated malignant tumors, such as Hodgkin’s lymphoma, endemic Burkitt’s lymphoma, and posttransplant lymphoma (Maier et al., 2006). Moreover, increased expression of ABHD6 is found in U2OS (bone), Jurkat (leukocyte), PC-3 (prostate) and other tumor cell lines (Li et al., 2009). Abnormally high expression of ABHD6 is also observed in Ewing family tumors (EFTs) but not in other sarcomas, suggesting that it may be a new diagnostic target for these tumors (Max et al., 2009). Recently, Tang et al. found that ABHD6 plays a major role as an MAG lipase and oncogene in nonsmall-cell lung cancer (NSCLC) (Tang et al., 2020). ABHD6 correlates significantly with the tumor lymph node metastasis stage, which indicates a poor overall survival in NSCLC patients. Notably, ABHD6 silencing reduces the migration and invasion of NSCLC cells in vitro as well as metastasis and tumor growth in vivo. In contrast, ectopic overexpression of ABHD6 stimulates its pathogenic potential (Tang et al., 2020). ABHD6 is highly expressed in human and murine pancreatic ductal adenocarcinoma (PDAC) tissues and cells. PDAC is one of the most lethal cancers with a high metastasis rate (Gruner et al., 2016), and pharmacological and genetic inhibition of ABHD6 confirms reduced PADC cell proliferation in vitro and tumor metastasis in vivo (Gruner et al., 2016). Hepatocellular carcinoma (HCC) is one of the most common malignant tumors, and Yu et al. conducted a systematic transcriptome study on HCC, determining that the methylation level of zinc finger and SCAN domain-containing 18 (ZSCAN18) can be used as an indicator for HCC prognosis and that ABHD6 is a potential tumor suppressor (Yu et al., 2016). These results indicate expression of ABHD6 in malignant tumors. Overall, it is very important to confirm whether ABHD6 acts as a diagnostic marker and therapeutic target for malignant tumors.
ABHD6 AND NEUROLOGICAL DISEASES
ABHD6 regulates eCB signaling by degrading the key lipid messenger 2-AG, which controls appetite, pain and learning and is associated with Alzheimer’s disease and Parkinson’s disease (Bleffert et al., 2019). Various studies have shown the therapeutic potential of targeting ABHD6 in the treatment of CNS diseases. Chronic pharmacological inhibition of MAGL is known to cause 2-AG overload, partial desensitization of CB1R, and loss of cannabinoid-mediated effects in specific brain regions, leading to adverse side effects such as low activity and hyperreflexia (Schlosburg et al., 2010). In contrast to MAGL targeting, genetic or pharmacological blockade of ABHD6 results in moderate accumulation of 2-AG without CB1-related side effects (Alhouayek et al., 2013; Deng and Li, 2020b). Therefore, inhibition of ABHD6 may help in preventing CB1R desensitization, making ABHD6 a promising new pharmacological target for the treatment of neurological diseases (Table 1).
TABLE 1 | Overview of reported neurological disease treatments targeting ABHD6.
[image: Table 1]ABHD6 and TBI
ABHD6 inhibitors are beneficial to patients with traumatic brain injury (TBI). In TBI, secondary injury mediated by excitotoxicity, neuroinflammation, and oxidative stress is partially a result of an insufficient increase in 2-AG that fails to counteract these pathological processes (Schurman and Lichtman, 2017). WWL-70, an ABHD6 inhibitor, improves motor coordination and working memory performance in mice with TBI but does not affect spatial learning or memory impairment. Although WWL-70 has been used to explore the role of ABHD6 inhibition in TBI, genetic tools and more selective ABHD6 inhibitors need to be applied for verification (Tchantchou and Zhang, 2013).
ABHD6 and Multiple Sclerosis
Multiple sclerosis (MS) is a chronic inflammatory disease that involves demyelination and axonal degeneration (Faissner et al., 2019). The histopathological manifestations of MS involve immune-dependent attack of oligodendrocytes and primary oligodendrocyte death (Jakel et al., 2019). The ECS plays a key role in the control of autoimmune demyelination. Cannabinoid drugs have therapeutic potential for MS patients (Goncalves and Dutra, 2019), but they also have limitations. Within this context, there is increasing evidence that hydrolysis of 2-AG, a major eCB, may tip the benefit-risk balance in favor of the use of 2-AG over the use of existing cannabinoid drugs for MS treatment (Manterola et al., 2018a). Based on the observation that WWL-70 plays a protective anti-inflammatory role in experimental autoimmune encephalomyelitis (EAE), blocking ABHD6 is considered to be a new strategy for the treatment of MS. Furthermore, Wen et al. found that inhibition of ABHD6 in an MS mouse model can improve the clinical symptoms of cerebral hemorrhage, indicating the therapeutic effect of targeting ABHD6 on MS (Wen et al., 2015). Nevertheless, recent data indicate that ABHD6 blockade exerts only modest therapeutic effects against autoimmune demyelination, which calls into question its utility as a novel therapeutic target in MS (Manterola et al., 2018b).
ABHD6 and Epilepsy
Pharmacological inhibition of ABHD6 has an antiepileptic role in pentylenetetrazol-induced epilepsy and spontaneous epilepsy mouse models (Naydenov et al., 2014). Studies have shown that ABHD6 blockers regulate activity-dependent 2-AG production and subsequent CB1R activation, which is characteristic of some forms of epilepsy (Marrs et al., 2010). Inhibition of ABHD6 by WWL-123 significantly reduces the frequency of chemically and genetically induced seizures in mice (Naydenov et al., 2014), though this inhibitory effect that reduces seizure frequency is likely due to increased GABAA receptor activity and not CB1R or CB2R activation. This suggests that ABHD6 inhibitors inhibit excessive excitatory transmission in epileptic seizures through two mechanisms, providing a new entry point for clinical treatment. For example, ABHD6 elevates the level of endogenous ligand 2-AG, not that of the GABAA receptor, or it can allosterically increase GABAA receptor signal transduction, and not directly target receptor-binding sites. In either case, the mechanism reduces treatment tolerance.
ABHD6 and Psychiatric Disorders
Over the past decade, much evidence has consistently strengthened the link between life stress and the prevalence of mood and anxiety disorders (Pizzagalli, 2014). Although acute environmental stress rarely causes long-term neurophysiological or behavioral changes (Rusconi and Battaglioli, 2018), chronic stress has a strong toxic effect on glutamatergic synapses (Yang et al., 2020). Physiological changes caused by chronic stress are considered to be the core characteristics of neuropsychiatric disorders (Zhang et al., 2019), and the ECS plays a key role in the homeostasis of acute stress. In particular, stress induces an increase in 2-AG synthesis (Morena et al., 2016). 2-AG stimulates presynaptic CB1R and inhibits glutamate release, terminating the stress response and inhibiting excitation after anxiety. Longaretti et al. revealed that ECS-mediated synaptic regulation is mediated by transcriptional inhibition of ABHD6 and MAGL in response to acute psychosocial stress in the mouse hippocampus (Longaretti et al., 2020a). This process is coordinated by the epigenetic corepressor lysine-specific demethylase 1A (LSD1, also named KDM1A), which directly interacts with the promoter regulatory regions of the ABHD6 and MAGL genes (Longaretti et al., 2020b).
ABHD6 and Pain
Wen et al. have shown that WWL-70 can significantly reduce thermal hyperalgesia and mechanical allodynia induced by chronic constriction injury (CCI) (Wen et al., 2018). Notably, no cannabinoid receptor antagonist to date is able to reverse the anti-injury and anti-inflammatory effects of WWL-70, suggesting that a novel mechanism is involved in the antinociceptive effect of the 2-AG catabolic enzyme ABHD6 inhibitor WWL-70. Indeed, WWL-70 treatment does not alter phosphorylation levels of 2-AG, AA or phospholipase A2 (cPLA2) in injured sciatic nerves but significantly inhibits production of prostaglandin E2 (PGE2) and expression of COX-2 and prostaglandin E synthase 2 (PGES2) (Wen et al., 2018). Because AA production and cPLA2 phosphorylation are not affected by WWL-70, it has been speculated that this inhibitor may interfere with the eicosanoid signaling cascade downstream of AA production by inhibiting prostaglandin synthase and prostanoid E (EP) receptor-mediated signal transduction. Hence, compared with COX inhibitors, such as nonsteroidal anti-inflammatory drugs (NSAIDs), which cause significant gastrointestinal and cardiovascular side effects, the use of WWL-70 may be a better treatment option for neuropathic pain.
CONCLUSION AND PERSPECTIVES
In the past decade, research on ABHD6 has enabled us to initially understand its molecular mechanism and biological function in the CNS. Furthermore, by employing ABHD6 inhibitors, we have been able to explore the potential effect of ABHD6 in the treatment of CNS diseases.
The number of signaling lipids and interacting proteins regulated by ABHD6 suggests that it has multiple functions and is positioned as a key molecular hub for regulating multiple signaling systems. Previous studies have provided a solid foundation for the establishment of this enzyme as a bona fide member of the ECS; however, ABHD6 regulates additional signaling systems through different mechanisms independent of eCBs, including GABAA and AMPAR.
Recent studies have reported that targeting ABHD6 may have many therapeutic benefits in the treatment of CNS diseases. First, ABHD6 can control the availability of 2-AG and subsequent activation of CB1R, suggesting the therapeutic potential of targeting ABHD6 in epilepsy. Nevertheless, further solid experiments are still needed to thoroughly explore the exact mechanism before ABHD6 inhibitors are applied in the treatment of epilepsy. In addition, selective ABHD6 inhibitors have been found to have the potential to ameliorate TBI and other neurological and neurodegenerative diseases. Although ABHD6 inhibitors can improve the clinical symptoms of MS in animal models, only a moderate therapeutic effect in humans has been shown. Therefore, using ABHD6 as a drug target for MS remains controversial.
Concerning the physiological function of ABHD6 outside the CNS, ABHD6 inhibitors may have therapeutic effects on metabolic disorders. For example, the role of ABHD6 in lipid metabolism suggests that some peripheral diseases may be attenuated by targeting ABHD6. Additionally, ABHD6 inhibition may have potential in anticancer therapy; studies have shown that this enzyme is highly expressed in several tumors, though the exact role of ABHD6 in cancer remains unclear. In the future, it will be imperative to comprehensively and systematically study the role of ABHD6 in cancer.
Because ABHD6 is widely expressed, its physiological and pathophysiological roles in different tissues need to be thoroughly elucidated in cell, animal and clinical studies. Overall, ABHD6 expression and function in different cells of the CNS have not been fully elucidated, especially in astrocytes and microglia. Furthermore, although ABHD6 is highly expressed in the brain, experiments on its activity in brain homogenates have indicated that it is responsible for only a small portion of the 2-AG that is, hydrolyzed. What are the main functional lipids of ABHD6 metabolism? With high mortality and morbidity, ischemic stroke has become a major health challenge. Activation of the ECS can alleviate cerebral ischemia injury, for which the initiating factor is energy deficiency, and it needs to be determined whether energy deficiency after cerebral ischemia changes CPT1 regulation of ABHD6 enzyme activity. In summary, in-depth exploration of the ABHD6 mechanism of action in the CNS will provide not only a new theoretical basis for the occurrence and development of CNS diseases but also a new target for their treatment.
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The endocannabinoid and orexin neuromodulatory systems serve key roles in many of the same biological functions such as sleep, appetite, pain processing, and emotional behaviors related to reward. The type 1 cannabinoid receptor (CB1R) and both subtypes of the orexin receptor, orexin receptor type 1 (OX1R) and orexin receptor type 2 (OX2R) are not only expressed in the same brain regions modulating these functions, but physically interact as heterodimers in recombinant and neuronal cell cultures. In the current study, male and female C57BL/6 mice were co-treated with the cannabinoid receptor agonist CP55,940 and either the OX2R antagonist TCS-OX2-29 or the dual orexin receptor antagonist (DORA) TCS-1102. Mice were then evaluated for catalepsy, body temperature, thermal anti-nociception, and locomotion, after which their brains were collected for receptor colocalization analysis. Combined treatment with the DORA TCS-1102 and CP55,940 potentiated catalepsy more than CP55,940 alone, but this effect was not observed for changes in body temperature, nociception, locomotion, or via selective OX2R antagonism. Co-treatment with CP55,940 and TCS-1102 also led to increased CB1R-OX1R colocalization in the ventral striatum. This was not seen following co-treatment with TCS-OX2-29, nor in CB1R-OX2R colocalization. The magnitude of effects following co-treatment with CP55,940 and either the DORA or OX2R-selective antagonist was greater in males than females. These data show that CB1R-OX1R colocalization in the ventral striatum underlies cataleptic additivity between CP55,940 and the DORA TCS-1102. Moreover, cannabinoid-orexin receptor interactions are sex-specific with regards to brain region and functionality. Physical or molecular interactions between these two systems may provide valuable insight into drug-drug interactions between cannabinoid and orexin drugs for the treatment of insomnia, pain, and other disorders.
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INTRODUCTION

Endocannabinoid and orexin interdependence has been a topic of growing interest in the last two decades. Within the endocannabinoid system (ECS), lipid-based agonists, anandamide (AEA) and 2-arachidonoylglycerol (2-AG) primarily bind to 2 subtypes of the cannabinoid G protein-coupled receptors (GPCR), cannabinoid receptor type 1 (CB1R) and cannabinoid receptor type 2 (CB2R). The orexin system shares many physical and functional similarities with the ECS (Berrendero et al., 2018). It consists of the neuropeptides orexin A (OXA) and orexin B (OXB), which activate GPCRs, orexin receptor type 1 (OX1R) and type 2 (OX2R). Cannabinoid and orexin receptors are found in many of the same brain regions underlying complex behaviors such as sleep, appetite, and reward processing. In mice and humans, cannabinoid receptor (CBR) activation leads to sedative effects such as catalepsy, hypothermia, analgesia, and anti-locomotion (Metna-Laurent et al., 2017; Zagzoog et al., 2020, 2021). Orexin receptor activation increases arousal, body temperature, and modulates anti-nociception at the spinal and supraspinal levels (Yamanaka et al., 2003; Monda et al., 2005; Chiou et al., 2010). Dual orexin receptor antagonists (DORA) are emerging as safe and effective treatments for insomnia (Herring et al., 2019), while phytocannabinoids such as cannabidiol and Δ9-tetrahydrocannabinol (Δ9-THC), are used as off-label sleep aids as they affect the same sleep-wake neuropathways (Babson et al., 2017). Molecular and cellular interactions between these neuromodulatory systems have physiological implications in homeostasis, neurological and psychiatric disorders, as well as in drug-drug interactions between cannabinoid and orexin drugs.

Evidence for physical interactions between the endocannabinoid and orexin systems lies in the colocalization and potential heterodimerization of these two system’s receptors (Jäntti et al., 2014; Berrendero et al., 2018). CB1R co-localizes with both OX1R and OX2R in the neocortex, hippocampus, thalamus, hypothalamus, amygdala, ventral tegmental area, periaqueductal gray, dorsal raphe nucleus, and deep cerebellar nuclei (Marcus et al., 2001; Mackie, 2005; Flores et al., 2014). Bioluminescence resonance energy transfer studies have found that OX1R and OX2R are capable of forming homo- and heterodimeric complexes with one another and with CB1R (Jäntti et al., 2014). Moreover, fluorescence resonance energy transfer imaging demonstrates that CB1R-OX1R heterodimers reside in intracellular vesicles following CB1R agonist-mediated receptor internalization (Ellis et al., 2006; Ward et al., 2011). In recombinant cells co-expressing these receptor subtypes, OX1R activity not only induces 2-AG synthesis, but it also potentiates extracellular-signal-regulated kinase (ERK) activity of these recombinant cells (Jäntti et al., 2014). The reverse has been shown, as CB1R activation increases OXA’s potency to activate ERK in cells where CB1R and OX1R are co-localized and potentially heterodimerized (Hilairet et al., 2003). In addition to recombinant cells, CB1R-OX1R complexes have also been observed in embryonic mouse hypothalamic neurons, supporting the workings of these heterodimers in vivo (Imperatore et al., 2016).

Although CB1R-OX1R heterodimers have not previously been directly observed in animals, rodent studies in which cannabinoid and orexin compounds are co-administered have described unique physiological and behavioral outcomes based on (1) the receptor subtype targeted, and (2) separate versus combined compound treatments. Activating CBRs while blocking orexin receptors causes sedation or sleep-like effects (Flores et al., 2016; Petrunich-Rutherford and Calik, 2021). In contrast, acutely activating both cannabinoid and orexin receptors increases appetite (Mechoulam and Fride, 2001; Merroun et al., 2015) and reward sensitivity (Plaza-Zabala et al., 2012; Flores et al., 2014; Yazdi et al., 2015). Thus, cannabinoid and orexin receptors may potentiate one another in brain regions modulating appetite and reward, while having antagonistic interactions in regions underlying arousal and sleep. Dual control of these biological functions is receptor-subtype specific. Physiological and behavioral regulation of body temperature, nociception processing, locomotion, appetite, and cognition are thought to be primarily CB1R-dependent based on the higher abundance of CB1R compared to CB2R (Zanettini et al., 2011). Between the orexin receptor subtypes, persistent OX2R activity is believed to be more critical for maintaining arousal (Willie et al., 2003; Mieda et al., 2011) and caloric homeostasis (Funato et al., 2009). The combined observations of heterodimerization in vitro, existence in the same brain regions in vivo, and overlapping physiological effects of the ECS and orexin system support the hypothesis that co-manipulation of both systems will produce a fundamentally different outcome than targeting either system alone.



MATERIALS AND METHODS


Compounds

CP55,940 (Cat # 90084) and TCS-1102 (Cat # 18495) were purchased from Cayman Chemical Company (Ann Arbor, MI). TCS-OX2-29 was purchased from Abcam (Waltham, MA, Cat # 141316). All compounds were stored at −20°C until use. CP55,940 was first dissolved in 100% methanol, then added to a vehicle solution consisting of: 1 part ethanol, 1 part Kolliphor EL (MilliporeSigma, Oakville), and 18 parts 1 M phosphate-buffered saline (PBS) (Fisher, Waltham, MA). The concentration of stock solution used for CP55,940 varied based on animal weight and treatment dose. TCS-OX2-29 and TCS-1102 were first dissolved in a 10% DMSO solution in PBS, then added to a vehicle solution consisting of 1 part ethanol, 1 part Kolliphor EL, and 18 parts PBS. TCS-OX2-29 was prepared as a 5 mg/mL stock solution. TCS-1102 was prepared as a 1.5 mg/mL stock solution. All compounds were prepared at room temperature, after which they were stored at 4°C overnight before use the next morning.



Animals and Tetrad Testing

Adult male and female C57BL/6 mice aged 6–12 weeks (mean weight of males: 22 ± 0.3 g; mean weight of females: 20 ± 0.3 g) were purchased from Charles River Labs (Senneville, QC). Mice were group housed (males: 3 per cage; females: 5 per cage) with ad libitum access to food, water, and environmental enrichment. All mice were maintained on a 12 h light:dark cycle (07:00-19:00/19:00-07:00). Mice were randomly designated to receive 2 intraperitoneal (i.p.) injections (1 on each side) of the following treatment combinations: vehicle and CP55,940 at 5 doses (0.1, 0.3, 1, and 3 mg/kg), vehicle and TCS-OX2-29 at 4 doses (1, 10, 18, and 30 mg/kg), vehicle and TCS-1102 at 4 doses (0.1, 0.3, 1, and 10 mg/kg), 1 mg/kg CP55,940 and TCS-OX2-29 (1, 10, 18, and 30 mg/kg) at 4 doses, or 1 mg/kg CP55,940 and TCS-1102 (0.1, 0.3, 1, and 10 mg/kg) at 4 doses, totaling 22 treatment groups (n = 6 per group). CP55,940 doses were based on previously published studies from our group in the same battery of in vivo assays (Zagzoog et al., 2020, 2021). TCS-OX2-29 doses were chosen to build on the work of Flores et al. (2016), who had tested 10 mg/kg of TCS-OX2-29 in mice. Because TCS-1102 has not previously been assessed in the tetrad, doses of TCS-1102 were also chosen based on Flores et al. (2016). For combination treatments, 1 mg/kg CP55,940 was chosen as an approximation of the ED80 for this compound. These doses were piloted by our group for safety and effect prior to data collection for the current study. These 22 treatment groups were tested in both males and females, totaling 264 mice used throughout the study. All protocols were in accordance with the guidelines detailed by the Canadian Council on Animal Care (CCAC; Ottawa ON: Vol. 1, second Ed., 1993; Vol. 2, 1984) and approved by the Animal Research Ethics Board and the Scientific Merit Review Committee for Animal Behavior at the University of Saskatchewan. In keeping with the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines, power analyses were conducted to determine the minimum number of mice required for the study, and mice were purchased, rather than bred, to limit animal waste (Kilkenny et al., 2010).

Tetrad testing commenced 10 min after i.p. injections with the ring holding assay to measure catalepsy. For this assay, mice were placed on the ring apparatus such that their forepaws clasped the 5 mm ring positioned 5 cm above the surface of the testing platform. The length of time that the ring was clasped was recorded (s). The trial was completed when the mouse turned its head or body, made 3 consecutive escape attempts, or at 60 s of immobility [i.e., maximum possible effect (MPE) = 60 s]. Internal body temperature was recorded 15 min after the injections via a rectal thermometer (°C). Thermal anti-nociception was assessed by the tail flick latency test 20 min following the injections. Mice were restrained with their tails placed ∼ 1 cm into 52 ± 2°C water. The time until the tail was removed from the water was recorded as the tail flick latency (s). Tails were removed after 20 s if they had not been removed already (i.e., MPE = 20 s). Locomotion was measured in the open field test 25 min following the injections. Mice were placed in the 55 cm × 55 cm square-shaped open field for 10 min, during which they were free to roam. Distance traveled (m) and average velocity (cm/s) were measured with EthoVision XT (Noldus Information Technology Inc., Leesburg, VA). Distance and velocity scores were then normalized and expressed as a percentage of vehicle means (%Vehicle). For statistical processing, tetrad scores were averaged between mice in the same drug treatment group (Zagzoog et al., 2020, 2021).



Tissue Perfusion and Immunohistochemistry

A separate set of mice were euthanized, and their brains were collected 30 min after i.p. injections. This tissue collection time was based on the tetrad timeline, as treated mice finished the tetrad test 30–35 min post-injection. Mice were placed in a rodent vapor chamber, which delivered a mixture of oxygen and isoflurane for approximately 2 min before the animal was fully anesthetized. Mice were then transcardially perfused with 5 mL of ice cold 0.9% saline solution, followed by 5 mL of ice cold 4% paraformaldehyde solution. Brains were rapidly dissected from the skull then submerged in 4% paraformaldehyde solution on ice. The perfused mouse brains were then stored at 4°C for 1 day before being submerged in 30% sucrose solution and stored at 4°C for another 1–1.5 days. Once the brains sunk to the bottom of the sucrose solution, the sucrose solution was drained, and the brains underwent flash-freezing using liquid nitrogen. Frozen brains were stored at −80°C prior to slicing. For slicing, frozen brains were embedded in Tissue-Plus™. C.T. Compound (Fisher, Waltham, MA), then sliced at a thickness of 20 μm using a cryostat held at −20°C. Slices were mounted on Superfrost™ Plus microscope slides (Fisher, Waltham, MA) then stored at −20°C until they were used for immunohistochemistry.

The immunohistochemistry procedure consisted of the following steps: (1) blocking endogenous peroxidase by incubating with 0.3% H2O2 at room temperature for 10 min, (2) rinsing in 1 M PBS 3 times for 5 min each time, (3) blocking non-specific binding at room temperature by incubating in 10% fetal bovine serum at room temperature for 2 h, (4) incubating with primary antibodies at 4°C for 24 h, (5) rinsing in 1 M PBS 3 times for 5 min each, (6) incubating in secondary antibodies at room temperature for 1 h, at which point all steps proceeded in the dark due to the secondary antibodies’ light sensitivity, (7) rinsing in 1 M PBS 3 times for 5 min each, and (8) mounting the immuno-stained slices using ProLong™ Gold Antifade Mountant with DAPI (ThermoFisher Scientific, Waltham, Massachusetts). All immune-stained slices were stored at 4°C before imaging. The following primary antibodies were used: cannabinoid receptor CB1R monoclonal antibody (mouse, Synaptic Systems, Göttingen, Germany, Lot 1–3, Cat # 258011) diluted at 1:500, orexin receptor 1 polyclonal antibody (rabbit, Enzo Life Sciences, Farmingdale, NY, Lot 10122020, Cat # BML-KI508) diluted at 1:50, orexin receptor 2 polyclonal antibody (rabbit, Enzo Life Sciences, Farmingdale, NY, Lot 10122020, Cat # BML-KI507) diluted at 1:200. The following secondary antibodies were used: Goat Anti-Mouse IgG H&L (Alexa Fluor® 594) (Invitrogen, Eugene, Oregon, Lot 2179228, Cat # A11005) diluted at 1:500 was used for the mouse anti-CB1R primary antibody, while Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488) (Invitrogen, Eugene, Oregon, Lot 2179202, Cat # A11008) diluted at 1:500 was used for the rabbit-anti-OX1R and -OX2R antibodies. Each brain region was triple-labeled with (1) DAPI-CB1R-OX1R or (2) DAPI-CB1R-OX2R.



Confocal Microscopy and Colocalization Analysis

A Zeiss LSM700 confocal microscope (Carl Zeiss, Oberkochen, Germany) equipped with Zeiss ZEN Black (version 2.3 SP1) software (Carl Zeiss, Oberkochen, Germany) was used to obtain fluorescent 3D images of the immuno-stained brain slices. 10–12 Z-stacks encompassing an average tissue depth of 15 μm were collected at 63X oil immersion from each ventral striatum and primary motor cortex. ImageJ (version 2.1.0) (NIH, Bethesda, MD, United States) was used to merge the Z-stacks to form 3D images for analysis. Within each image, DAPI-immunolabeled cells were randomly chosen for colocalization analysis on ImageJ and its Fiji package (NIH, Bethesda, MD, United States). Pearson’s correlation coefficients were calculated for (1) CB1R-OX1R, and (2) CB1R-OX2R (Zinchuk and Zinchuk, 2008). For statistical processing, CB1R-OX1R and CB1R-OX2R colocalization coefficients were averaged between n = 6 cells in the same sex and drug treatment group.



Statistical Analysis

Tetrad data are presented as mean ± SEM where “n” represents the number of animals per treatment group. Data from the ring holding assay and tail flick assay are reported as percent maximum possible effect (%MPE) for catalepsy and %MPE for anti-nociception, respectively. Results from the open field test are stated as a percentage of vehicle scores (%Vehicle). Dose-response curves were fit using a three parameter non-linear regression to yield the ED50 and Emax values (GraphPad, Prism, v. 9.0.1, San Diego, CA). For data without a clear dose-response (i.e., non-converged/“n.c.”), Emax was reported as the maximum response observed. All Emax data are reported as mean ± SEM. ED50 data are reported as the mean with 95% confidence interval (CI). Isobolographic analyses for body temperature were conducted using ED50 data with 95% CI only because ED50 could not be estimated in other data sets. Homogeneity of variance was confirmed using Bartlett’s test. Statistical analyses for tetrad data were conducted by two-way analysis of variance (ANOVA) to account for both sex and drug treatment. Immunohistochemistry colocalization data are presented as a mean ± SEM where “n” represents individual cells counted within the brain region of a single mouse. Colocalization means are denoted as Pearson’s correlation coefficients. Statistical analyses for the colocalization data were conducted by two-way ANOVA to account for both sex and drug treatment. Post hoc analyses were performed using Tukey’s (two-way ANOVA) test. Significance was set as p < 0.05.




RESULTS


Catalepsy

Male and female C57BL/6 mice were treated with CP55,940 (0.1–10 mg/kg), TCS-OX2-29 (1–30 mg/kg), TCS-1102 (0.1–10 mg/kg), and co-treatments of 1 mg/kg CP55,940 and either TCS-OX2-29 (1–30 mg/kg) or TCS-1102 (0.1–10 mg/kg). Treatment with CP55,940 alone or 1 mg/kg CP55,940 + TCS-1102 produced a dose-dependent increase in catalepsy in both sexes (Figures 1A,B). Co-treatment with 1 mg/kg CP55,940 + TCS-1102 was less potent in producing catalepsy compared to CP55,940 alone in both sexes (Table 1). There were no sex differences within drug treatments. Potency differences could not be calculated between or within these other experimental groups because no clear dose-response was observed for all treatments (Table 1). Co-treatments of 1 mg/kg CP55,940 + TCS-OX2-29 or 1 mg/kg CP55,940 + TCS-1102 were less efficacious than 1 mg/kg CP55,940 alone (p < 0.001) (Table 1). Looking at the TCS-1102 treatments in females, co-treatment with 1 mg/kg CP55,940 + TCS-1102 was more efficacious than TCS-1102 alone (p = 0.0159) (Table 1). There were no efficacy differences between any of the other drug treatments, nor between sexes.
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FIGURE 1. Acute catalepsy effects following cannabinoid and orexin drug treatments. Male (A) and female (B) C57BL/6 mice aged 6–12 weeks were i.p. administered one of the following dose ranges: CP55,940 (0.1–10 mg/kg), TCS-OX2-29 (1–30 mg/kg), TCS-1102 (0.1–10 mg/kg), 1 mg/kg CP55,940 + TCS-OX2-29 (1–30 mg/kg), or 1 mg/kg CP55,940 + TCS-1102 (0.1–10 mg/kg). 10 min post-injections, mice were assessed for catalepsy in the ring holding assay. (C) Cataleptic responses were compared within (sex) and between (drugs) the following experimental groups: 1 mg/kg CP55,940, 1 mg/kg TCS-OX2-29, 1 mg/kg TCS-1102, 1 mg/kg CP55,940 + 1 mg/kg TCS-OX2-29, or 1 mg/kg CP55,940 + 1 mg/kg TCS-1102. All catalepsy data are expressed as %MPE (MPE = 60 s), and as means ± SEM. n = 6 for all treatment groups. Significance was calculated using a two-way ANOVA followed by Tukey’s post hoc analyses. @@@ p < 0.001 compared to Vehicle within sexes. ###p < 0.001 compared between 1 mg/kg TCS-1102 and 1 mg/kg CP55,940 + 1 mg/kg TCS-1102. ∼∼p < 0.01 compared between sexes, within treatment groups.



TABLE 1. ED50 and Emax values reflecting catalepsy responses to cannabinoid and orexin drug treatments.
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Co-treatment with 1 mg/kg CP55,940 + 1 mg/kg TCS-1102 produced a larger cataleptic response compared to either 1 mg/kg CP55,940 alone or 1 mg/kg TCS-1102 alone in both sexes (p < 0.001) (Figure 1C). Thus, the combination of 1 mg/kg of CP55,940 + 1 mg/kg of TCS-1102 potentiated catalepsy, suggesting additivity between these two drugs. Considering that only co-treatment with the DORA TCS-1102 potentiated catalepsy, these results imply that compared to OX2R antagonism, OX1R antagonism is more critical in potentiating CP55,940-induced catalepsy. In terms of sex differences, males had a larger cataleptic response to the co-treatment with CP55,940 + TCS-1102 compared to females, demonstrating that males are more sensitive to the cataleptic effects of co-administered cannabinoid and DORA (p = 0.0032) (Figure 1C).



Body Temperature

With the exception of TCS-1102 treatment in males, all compounds tested produced a dose-dependent decrease in body temperature (Figures 2A,B). Co-treatment with 1 mg/kg CP55,940 + TCS-OX2-29 was a less potent mediator of hypothermia than CP55,940 alone in both sexes (Table 2). Co-treatment with 1 mg/kg CP55,940 + TCS-OX2-29 was more efficacious in producing hypothermia than TCS-OX2-29 alone in both sexes (p < 0.001). Co-treatment with 1 mg/kg CP55,940 + TCS-1102 was also more efficacious in producing hypothermia compared to TCS-1102 alone in males (p < 0.001) and females (p = 0.0049) (Table 2). There were no potency or efficacy differences between any of the other drug treatments, nor between sexes.
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FIGURE 2. Acute body temperature effects from cannabinoid and orexin drug treatments. Male (A) and female (B) C57BL/6 mice aged 6–12 weeks were i.p. administered one of the following dose ranges: CP55,940 (0.1–10 mg/kg), TCS-OX2-29 (1–30 mg/kg), TCS-1102 (0.1–10 mg/kg), 1 mg/kg CP55,940 + TCS-OX2-29 (1–30 mg/kg), or 1 mg/kg CP55,940 + TCS-1102 (0.1–10 mg/kg). 15 min post-injections, a rectal thermometer was used to measure internal body temperature. (C) Temperature responses were compared within (sex) and between (drugs) the following experimental groups: 1 mg/kg CP55,940, 1 mg/kg TCS-OX2-29, 1 mg/kg TCS-1102, 1 mg/kg CP55,940 + 1 mg/kg TCS-OX2-29, or 1 mg/kg CP55,940 + 1 mg/kg TCS-1102. All catalepsy data are expressed as °C, and as means ± SEM. n = 6 for all treatment groups. Significance was calculated using a two-way ANOVA followed by Tukey’s post hoc analyses. @@@p < 0.001 compared to Vehicle within sexes. ^^^p < 0.001 compared between 1 mg/kg TCS-OX2-29 and 1 mg/kg CP55,940 + 1 mg/kg TCS-OX2-29. ##/###p < 0.01/0.001 compared between 1 mg/kg TCS-1102 and 1 mg/kg CP55,940 + 1 mg/kg TCS-1102.



TABLE 2. ED50 and Emax values reflecting body temperature responses to cannabinoid and orexin drug treatments.
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Co-treatment with 1 mg/kg CP55,940 + 1 mg/kg TCS-1102 produced more hypothermia than 1 mg/kg TCS-1102 alone in both males (p < 0.001) and females (p = 0.0049) (Figure 2C). Co-treatment with 1 mg/kg CP55,940 + 1 mg/kg TCS-OX2-29 produced a greater decrease in body temperature than 1 mg/kg TCS-OX2-29 alone in both sexes (p < 0.001) (Figure 2C). Because these co-treatment effects are not greater than that of CP55,940 alone, hypothermia was likely CP55,940-driven. There were no sex differences in temperature between any of the other 1 mg/kg treatment groups. CP55,940-dependent hypothermia in mice appears to be CBR-dependent and not co-regulated by either OX1R or OX2R, nor sex-dependent.

Isobolograms comparing compound ED50 values from Table 2 were constructed for body temperature data (Figure 3). Based on these isobolograms, co-treatments with CP55,940 + TCS-OX2-29 or CP55,940 + TCS-1102 were mapped to the non-significant antagonistic range in both sexes. This is in accordance with the conclusion drawn from Figure 2.
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FIGURE 3. Isobolograms determining drug-drug interactions between cannabinoid and orexin drugs with regards to body temperature. CP55,940 co-treatments with both TCS-OX2-29 (A,B) and TCS-1102 (C,D) caused non-significant antagonistic body temperature effects in both male (A,C) and female (B,D) C57BL/6 mice. Data were fit to a three parameter non-linear regression with a system minimum and a system maximum constrained to 0 and 100, respectively. Data are expressed as mg/kg with 95% CI.




Anti-nociception

Dose-response relationships were observed for all groups excluding TCS-OX2-29 in females (Figures 4A,B). For experimental groups without clear dose-response plateaus, ED50 was estimated to be greater than the maximum dose evaluated (Table 3). Based on this, the co-treatment with 1 mg/kg CP55,940 + TCS-1102 was more potent than 1 mg/kg CP55,940 alone in producing anti-nociception in males (Table 3). The co-treatment with 1 mg/kg CP55,940 + TCS-1102 was more than TCS-1102 alone in females (Table 3). The co-treatment with 1 mg/kg CP55,940 + TCS-OX2-29 was more potent compared to TCS-OX2-29 alone, but less potent compared to CP55,940 alone in females (Table 3). Lastly, the co-treatments with 1 mg/kg CP55,940 + TCS-OX2-29, and 1 mg/kg CP55,940 + TCS/1102, were more efficacious than TCS-OX2-29 alone (p < 0.001), and TCS-1102 alone (males: p < 0.001, females: p = 0.093), respectively (Table 3). No potency or efficacy differences were detected between any other groups, nor between sexes.
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FIGURE 4. Acute nociceptive effects as a result of cannabinoid and orexin drug treatments. Male (A) and female (B) C57BL/6 mice aged 6–12 weeks were i.p. administered one of the following dose ranges: CP55,940 (0.1–10 mg/kg), TCS-OX2-29 (1–30 mg/kg), TCS-1102 (0.1–10 mg/kg), 1 mg/kg CP55,940 + TCS-OX2-29 (1–30 mg/kg), or 1 mg/kg CP55,940 + TCS-1102 (0.1–10 mg/kg). 20 min post-injections, all mice underwent the tail flick test to assess anti-thermal nociception. (C) Anti–nociceptive responses were compared within (sex) and between (drugs) the following experimental groups: 1 mg/kg CP55,940, 1 mg/kg TCS-OX2-29, 1 mg/kg TCS-1102, 1 mg/kg CP55,940 + 1 mg/kg TCS-OX2-29, or 1 mg/kg CP55,940 + 1 mg/kg TCS-1102. All anti-nociceptive data are expressed as %MPE (MPE = 20 s), and as means ± SEM. n = 6 for all treatment groups. Significance was calculated using a two-way ANOVA followed by Tukey’s post hoc analyses. @@@p < 0.001 compared to Vehicle within sexes. ^^^p < 0.001 compared between 1 mg/kg TCS-OX2-29 and 1 mg/kg CP55,940 + 1 mg/kg TCS-OX2-29. ###p < 0.001 compared between 1 mg/kg TCS-1102 and 1 mg/kg CP55,940 + 1 mg/kg TCS-1102. ∼∼p < 0.01 compared between sexes, within treatment groups.



TABLE 3. ED50 and Emax values representing anti-nociception responses to cannabinoid and orexin drug treatments.
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Co-treatment with 1 mg/kg CP55,940 + 1 mg/kg TCS-OX2-29 was associated with a greater anti-nociceptive response than 1 mg/kg TCS-OX2-29 alone in males (p < 0.001) (Figure 4C). Moreover, in males, co-treatment with 1 mg/kg CP55,940 + 1 mg/kg TCS-1102 produced a greater anti-nociceptive response than 1 mg/kg TCS-1102 alone (p < 0.001) (Figure 4C). There were no differences between compound treatments in females (Figure 4C). Given that neither of the co-treatments in males were more anti-nociceptive than CP55,940 alone, it was concluded that the anti-nociceptive effects of the co-treatments are CP55,940-driven (Figure 4C). With respect to sex differences, CP55,940 alone (p = 0.0293) and both co-treatments of CP55,940 + TCS-OX2-29 (p < 0.001), and CP55,940 + TCS-1102 (p < 0.001), had higher analgesic effects in males compared to females (Figure 4C). Sex differences in nociception were not detected in the orexin receptor antagonist treatments. Therefore, CP55,940-dependent anti-nociception in mice is likely CB1R-dependent and not co-regulated by either OX1R or OX2R, nor sex-dependent.



Locomotion

CP55,940, TCS-OX2-29, and TCS-1102 produced dose-dependent decreases in locomotion and velocity in both sexes; however, ED50 values could not be estimated for 1 mg/kg CP55,940 + TCS-1102 as no plateau was observed (Figure 5 and Table 4). No differences were seen between treatment groups, nor between sexes with regards to the potency in decreasing distance and velocity (Table 4). In both sexes, CP55,940 was more efficacious than TCS-OX2-29 alone and TCS-1102 alone in decreasing distance and velocity (distance in males: p = 0.0399; all other groups: p < 0.0001) (Table 4). Also in both sexes, co-treatment with 1 mg/kg CP55,940 + TCS-OX2-29 was more efficacious than TCS-OX2-29 alone in decreasing both distance and velocity in both sexes (velocity in females: p = 0.0106; all other groups: p < 0.0001) (Table 4). In females, co-treatment with 1 mg/kg CP55,940 + TCS-1102 was more efficacious than TCS-110 alone in decreasing distance (p = 0.0005) (Table 4). Co-treatment with 1 mg/kg CP55,940 + TCS-1102 was also more efficacious than TCS-1102 alone in decreasing velocity in both sexes (p < 0.0001) (Table 4). No other treatment or sex differences were observed in the distance and velocity Emax values.
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FIGURE 5. Acute anti-locomotive effects from cannabinoid and orexin drug treatments. (A–D) Male and female C57BL/6 mice aged 6–12 weeks were i.p. administered one of the following dose ranges: CP55,940 (0.1–10 mg/kg), TCS-OX2-29 (1–30 mg/kg), TCS-1102 (0.1–10 mg/kg), 1 mg/kg CP55,940 + TCS-OX2-29 (1–30 mg/kg), or 1 mg/kg CP55,940 + TCS-1102 (0.1–10 mg/kg). 25 min post-injections, all mice underwent the open field test to assess locomotion. Distance traveled (E) and average velocity (F) were compared within (sex) and between (drugs) the following experimental groups: 1 mg/kg CP55,940, 1 mg/kg TCS-OX2-29, 1 mg/kg TCS-1102, 1 mg/kg CP55,940 + 1 mg/kg TCS-OX2-29, or 1 mg/kg CP55,940 + 1 mg/kg TCS-1102. All anti-locomotive data are expressed as m or cm/s, and as means ± SEM. n = 6 for all treatment groups. Significance was calculated using a two-way ANOVA followed by Tukey’s post hoc analyses. @@@p < 0.001 compared to Vehicle within sexes. ^^^p < 0.001 compared between 1 mg/kg TCS-OX2-29 and 1 mg/kg CP55,940 + 1 mg/kg TCS-OX2-29. ###p < 0.001 compared between 1 mg/kg TCS-1102 and 1 mg/kg CP55,940 + 1 mg/kg TCS-1102. (G,H) Representative heat maps illustrating the locomotion of male (G) and female (H) C57BL/6 mice treated with either 1 mg/kg CP55,940, 1 mg/kg TCS-OX2-29, 1 mg/kg TCS-1102, 1 mg/kg CP55,940 + 1 mg/kg TCS-OX2-29, or 1 mg/kg CP55,940 + 1 mg/kg TCS-1102.



TABLE 4. ED50 and Emax values summarizing cannabinoid- and orexin-induced locomotion responses.
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Co-treatment with 1 mg/kg CP55,940 + 1 mg/kg TCS-OX2-29 had greater anti-locomotive effects (decreased distance and velocity) compared to TCS-OX2-29 alone in both sexes (p < 0.001) (Figures 5E,F). Similarly, co-treatment with 1 mg/kg CP55,940 + 1 mg/kg TCS-1102 had greater anti-locomotive effects (decreased distance and velocity) compared to TCS-1102 alone in both sexes (p < 0.001) (Figures 5E,F). Locomotion in the open field test is visualized in representative heat maps (Figures 5G,H). Because no co-treatment exacerbated the anti-locomotive effects of CP55,940 alone, the anti-locomotive effects are likely CP55,940-driven. Lastly, there were no sex differences within any of the drug treatments. Therefore, CP55,940-dependent locomotor effects in mice appear to be CB1R-dependent and not co-regulated by either OX1R or OX2R, nor sex-dependent.



CB1R and OX1R/OX2R Colocalization

Thirty min post-injection, brain tissue was collected from the following drug treatment groups: 1 mg/kg CP55,940, 1 mg/kg TCS-OX2-29, 1 mg/kg TCS-1102, 1 mg/kg CP55,940 + 1 mg/kg TCS-OX2-29, and 1 mg/kg CP55,940 + 1 mg/kg TCS-1102. Immunohistochemical experiments focused on two brain regions: (1) ventral striatum, a brain region thought to facilitate cataleptic effects (Turski et al., 1984; Ossowska et al., 1990; Anderson et al., 1996) and (2) primary motor cortex, a region that largely initiates and modulates locomotion (Sahni et al., 2020). In the ventral striatum, more whole-cell CB1R-OX1R colocalization was observed in males treated with 1 mg/kg TCS-OX2-29 compared to males treated with the combination of 1 mg/kg CP55,940 + 1 mg/kg TCS-OX2-29; this difference was not seen in treatment-matched females (Figure 6A). Between males and females treated with 1 mg/kg TCS-OX2-29, ventral striatum tissue from males had higher CB1R-OX1R colocalization (Figure 6A). In both sexes, CB1R-OX1R colocalization in the ventral striatum was greater following 1 mg/kg CP55,940 + 1 mg/kg TCS-1102 compared to both 1 mg/kg CP55,940 alone and 1 mg/kg TCS-1102 alone (Figure 6B); this is further illustrated by representative images (Figure 6E). No sex differences were observed within the TCS-1102-treated groups with regards to CB1R-OX1R colocalization in the ventral striatum (Figure 6B). In the primary motor cortex, there were no significant differences in CB1R-OX1R colocalization between any of the experimental groups (Figures 7A,B,E).
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FIGURE 6. CB1R-OX1R and CB1R-OX2R colocalization in the ventral striatum following cannabinoid and orexin drug treatments. Male and female C57BL/6 mice aged 6–12 weeks were i.p. administered one of the following dose ranges: CP55,940 (0.1–10 mg/kg), TCS-OX2-29 (1–30 mg/kg), TCS-1102 (0.1–10 mg/kg), 1 mg/kg CP55,940 + TCS-OX2-29 (1–30 mg/kg), or 1 mg/kg CP55,940 + TCS-1102 (0.1–10 mg/kg). 30 min post-injections, mice were euthanized, perfused, and their brains collected for immunohistochemistry. Colocalization between CB1R and OX1R (A,B) and CB1R and OX2R (C,D) was compared within (sex) and between (drugs) the following experimental groups: 1 mg/kg CP55,940, 1 mg/kg TCS-OX2-29, 1 mg/kg TCS-1102, 1 mg/kg CP55,940 + 1 mg/kg TCS-OX2-29, or 1 mg/kg CP55,940 + 1 mg/kg TCS-1102. All colocalization data are expressed as Pearson’s Correlation Coefficients, and as means ± SEM. n = 6 (cells) for all treatment groups. Significance was calculated using a two-way ANOVA followed by Tukey’s post hoc analyses. ***p < 0.001 compared to 1 mg/kg CP55,940 within sexes. ^^/^^^p < 0.01/0.001 compared between 1 mg/kg TCS-OX2-29 and 1 mg/kg CP55,940 + 1 mg/kg TCS-OX2-29. ##p < 0.01 compared between 1 mg/kg TCS-1102 and 1 mg/kg CP55,940 + 1 mg/kg TCS-1102. ∼∼p < 0.01 compared between sexes, within treatment groups. (E) Representative images corresponding to panels (A,B) for CB1R-OX1R colocalization. (F) Representative images corresponding to panels (C,D) for CB1R-OX2R colocalization.



[image: image]

FIGURE 7. CB1R-OX1R and CB1R-OX2R colocalization in the primary motor cortex following cannabinoid and orexin drug treatments. Male and female C57BL/6 mice aged 6–12 weeks were i.p. administered one of the following dose ranges: CP55,940 (0.1–10 mg/kg), TCS-OX2-29 (1–30 mg/kg), TCS-1102 (0.1–10 mg/kg), 1 mg/kg CP55,940 + TCS-OX2-29 (1–30 mg/kg), or 1 mg/kg CP55,940 + TCS-1102 (0.1–10 mg/kg). 30 min post-injections, mice were euthanized, perfused, and their brains collected for immunohistochemistry. Colocalization between CB1R and OX1R (A,B) and CB1R and OX2R (C,D) was compared within (sex) and between (drugs) the following experimental groups: 1 mg/kg CP55,940, 1 mg/kg TCS-OX2-29, 1 mg/kg TCS-1102, 1 mg/kg CP55,940 + 1 mg/kg TCS-OX2-29, or 1 mg/kg CP55,940 + 1 mg/kg TCS-1102. All colocalization data are expressed as Pearson’s Correlation Coefficients, and as means ± SEM. n = 6 (cells) for all treatment groups. Significance was calculated using a two-way ANOVA followed by Tukey’s post hoc analyses. (E) Representative images corresponding to panels (A,B) for CB1R-OX1R colocalization. (F) Representative images corresponding to panels (C,D) for CB1R-OX2R colocalization.


In both sexes, CB1R-OX2R colocalization in the ventral striatum was higher in 1 mg/kg TCS-OX2-29-treated mice compared to mice co-treated with 1 mg/kg CP55,940 + 1 mg/kg TCS-OX2-29 (Figure 6C). Compared to females, ventral striatum tissue from males treated with 1 mg/kg TCS-OX2-29 had larger CB1R-OX2R colocalization (Figure 6C); this is demonstrated in the representative images (Figure 6F). There were no differences in ventral striatum CB1R-OX2R colocalization within or between any of the groups treated with TCS-1102 (Figure 6D). Moreover, the primary motor cortex did not display differences in CB1R-OX2R colocalization between any of the experimental groups (Figures 7C,D,F). To summarize, 1 mg/kg CP55,940 + 1 mg/kg TCS-1102 was the only combination treatment that displayed higher CB1R-OX1R colocalization in the ventral striatum compared to its constituent drugs alone (Figure 6B). This supports the tetrad data, in which this combination treatment produced more catalepsy than each of its constituent drugs (Figure 1C). As for CB1R-OX2R colocalization in the ventral striatum, 1 mg/kg TCS-OX2-29 co-treatment was associated with more colocalization than the co-treatment with CP55,940 and TCS-OX2-29 (Figure 6C). Compared to OX2R antagonism, OX1R antagonism and subsequent changes in CB1R-OX1R colocalization following co-treatment with the CB1R agonist CP55,940 and the DORA TCS-1102 are likely to be the potentiators of catalepsy. None of the drug treatments produced significant CB1R-OX1R nor CB1R-OX2R colocalization changes in the primary motor cortex, which supports the lack of the CP55,940 and TCS-1102 additivity with regards to reduced movement in the open field test.




DISCUSSION

To date, the majority of endocannabinoid and orexin interaction studies have either characterized their molecular or physical interactions in vitro, or investigated their physiological interdependence in complex disease models related to sleep, appetite, and reward. One other study has assessed their dual modulation of body temperature, pain, locomotion, anxiety, and memory in healthy and transgenic male mice (Flores et al., 2016). The current study aimed to not only measure catalepsy alongside other measures of the tetrad, but utilize a full CB1R agonist and a clinically relevant DORA in both male and female mice. Compared to the CB1R partial agonist Δ9-THC, which was used by Flores et al. (2016), CP55,940 is a full agonist of CB1R (Howlett and Abood, 2017) that is well-documented to produce more potent and efficacious responses in vitro and in vivo (Patel et al., 2020; Zagzoog et al., 2020; Henderson-Redmond et al., 2021). In the current study, CP55,940 (0.1–10 mg/kg) produced similar dose-dependent sedative effects in both males and females.

The OX2R antagonist TCS-OX2-29 and the DORA TCS-1102 were the orexin receptor compounds used in the current study. Treatment with either orexin receptor antagonist alone was associated with hypothermic, anti-nociceptive, and anti-locomotive effects of smaller magnitude than that of CP55,940. TCS-1102 was generally more efficacious compared to TCS-OX2-29, suggesting either a greater role for OX1R or both orexin receptor subtypes in controlling body temperature, nociception, and locomotion. In a previous study, OX1R antagonism via SB-334867 was found to potentiate Δ9-THC-induced hypothermia, anti-nociception, and anxiolytic-like effects, while OX2R antagonism by TCS-OX2-29 was not (Flores et al., 2016). The current study was more focused on evaluating a clinically relevant DORA in conjunction with a cannabinoid. DORAs such as Suvorexant and Lemborexant are used for insomnia as they cause sedation by blocking the arousing effects of endogenous orexins (Yoshimichi et al., 2001; Patel et al., 2015; Herring et al., 2019). Comparisons between the orexin receptor subtypes in the context of the sleep-wake cycle have determined that although OX2R is more critical in inducing arousal, OX1R plays additional roles in promoting and maintaining wakefulness (Mieda et al., 2011; Mang et al., 2012).

Aside from catalepsy, co-manipulation of both cannabinoid and orexin receptors did not alter responses in the tetrad battery of assays compared to cannabinoid agonism alone. Thus, CP55,940-induced hypothermia, anti-nociception, and anti-locomotion are not regulated by OX1R- nor OX2R. Based on the dose-response curves for the co-treatments of CP55,940 and each of the orexin receptor antagonists, it can be confirmed that additivity between these two drug types with regards to hypothermia, anti-nociception, and anti-locomotion, does not exist at any dose. In terms of non-heterodimerized, non-interacting cannabinoid and orexin receptors, these results suggest that CBRs have a greater physiological role than orexin receptors in (1) the preoptic anterior hypothalamus and control of body temperature (Rawls et al., 2002), (2) spine and periaqueductal gray area underlying nociception (Freund et al., 2003; Walker and Hohmann, 2005), and (3) cortical regions in modulating locomotion (Polissidis et al., 2013). CB1R remains one of the most abundant GPCRs in the CNS (Mackie, 2005; Kano et al., 2009). Orexin receptor mRNA is also found in these regions (Trivedi et al., 1998; Marcus et al., 2001), however, there are no studies comparing the relative abundance of cannabinoid and orexin receptors in the same samples.

Unlike body temperature, nociception, and locomotion, co-treatment with CP55,940 and TCS-1102 produced longer-lasting catalepsy than CP55,940 or TCS-1102 alone, demonstrating additivity where each drug had an equal role in producing catalepsy. This was not observed for the combination of CP55,940 and TCS-OX2-29, suggesting that OX1R antagonism is more critical in potentiating CP55,940-induced catalepsy. Additivity between these two drugs may be better explained by regional differences in CB1R-OX1R and CB1R-OX2R interactions or heterodimerization in the ventral striatum, a sub-cortical region that expresses all three receptor subtypes to modulate catalepsy (Turski et al., 1984; Ossowska et al., 1990; Flores et al., 2013). Beyond the ventral striatum, orexin receptors are sparse in the dorsal striatum and more densely expressed in the ventral striatum (Hervieu et al., 2001; Marcus et al., 2001; Mackie, 2005; Flores et al., 2013). Our current study used colocalization as a proof-of-concept for the main behavioral data; thus aimed to efficiently gather data from brain regions that are well-documented co-expressed both receptor types. Moreover, the nucleus accumbens and the olfactory tubercle (which composes the ventral striatum) expresses both CB1R and OX2R (Flores et al., 2013). Although the nucleus accumbens is known to process emotions and reward, it also integrates emotional or motivational stimuli as it relates to sedation (Valencia Garcia and Fort, 2018). Anti-locomotion is a focal point in our current study because both cannabinoids and orexin drugs cause sedation. The olfactory tubercle processes incoming sensory information which may include rewarding stimuli (Wesson and Wilson, 2011; Murata, 2020). When CBRs and OX1R were co-manipulated in the current study, there was more CB1R-OX1R colocalization in the ventral striatum. Similar observations have been made in recombinant cell cultures, where the OX1R antagonist SB-674042 and CB1R antagonist SR141716A alone caused relocalization of OX1R and CB1R together (Ellis et al., 2006). Neither of these antagonists had significant affinities for the other receptor type, suggesting that inhibiting one receptor type caused relocalization of the other by physical proxy (Ellis et al., 2006).

Sex differences were observed in two scenarios. First, male C57BL/6 mice were more sensitive to the cataleptic effects of 1 mg/kg C55,940 + 1 mg/kg TCS-1102 compared to treatment-matched females. Sex differences in catalepsy were not detected in the TCS-OX2-29-administered groups, indicating that males are more sensitive than females to simultaneous CBR and OX1R- but not OX2R-manipulation. Closer examination of the receptor colocalization results revealed that in the absence of cannabinoid and orexin drug administration, males and females had similar levels of CB1R-OX1R and CB1R-OX2R expression in the ventral striatum. Following treatment with TCS-OX2-29 alone, cells from the ventral striatum of males had higher levels of CB1R-OX1R/OX2R colocalization compared to females. In all other drug treatments, no significant difference in cannabinoid and orexin receptor colocalization was observed between sexes. Male rodents have lower hypothalamic mRNA levels of OXA and OXB precursor, prepro-orexin (Jöhren et al., 2002), as well as less basal activation of OXA containing lateral hypothalamic neurons (Grafe et al., 2017). Although female rodents are reported to have higher orexigenic functioning (Grafe and Bhatnagar, 2020), males may have greater expression and function of orexin receptors that interact, or are heterodimerized with CB1R. This may result in males being more sensitive to dual cannabinoid and orexin drug effects compared to females.

The second sex difference observed was within the tail flick test. Males were more sensitive to the analgesic effects of CP55,940 alone, as well as both combination drug treatments. Most behavioral studies have reported that females are more sensitive to the cataleptic and anti-nociceptive effects of phyto- and synthetic cannabinoid agonists (Tseng and Craft, 2001; Wiley et al., 2017). With regards to brain region-specific cannabinoid receptor expression and function, CB1R density is greater in the prefrontal cortex of male versus female rats (Castelli et al., 2014). Males also display higher CB1R binding in limbic regions such as the striatum (Rodríguez de Fonseca et al., 1994). It remains unclear how these molecular data translate to sex-dependent behavioral outcomes, as these types of experiments have never been conducted nor correlated in the same sample or study. Preclinical cannabinoid research is seeing more inclusion of female animals; however, endocannabinoid-sex hormone interactions are more complex than simply comparing testosterone-dominant males and estrogen-dominant females (Struik et al., 2018). The latter undergo hypothalamic-pituitary-gonadal-driven ovulation cycles that cause significant fluctuations in circulating estrogens and progestins. The mouse estrus cycle spans 4 days, throughout which these hormone levels influence endocannabinoid activity and physiological response to cannabinoids (Rodríguez de Fonseca et al., 1994; Wakley and Craft, 2011). For example, female rats in estrus are significantly less sensitive to the sedative and analgesic effects of systemic Δ9-THC compared to female rats in late proestrus (Wakley and Craft, 2011). Estrus cycle-dependent differences in cannabinoid and orexin drug responses are being investigated in a forthcoming proof-of-concept study.

Cannabis is one of the most highly consumed psychoactive drugs in the world (World Health Organization [WHO], 2016). Many people self-medicate with cannabis to induce relaxation; a subset of these individuals may co-administer cannabis with prescribed DORAs for insomnia. Sleep is a complicated behavior based on multiple physiological factors. Although both cannabinoid receptor agonists and orexin receptor antagonists individually promote sleep, they may differentially affect the conditions for sleep when combined. The current study found that catalepsy was the only tetrad measure equally potentiated by both drugs. Moreover, OX1R antagonism, rather than OX2R antagonism, resulted in increased CB1R-OX1R colocalization in the ventral striatum underlying this cataleptic additivity. The growing use of cannabinoids warrants more research in the area of cannabinoid-drug interactions. Knowledge of cannabinoid receptor heterodimerization with other GPCRs is key in understanding these pharmacodynamic interactions.
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Type 1 and type 2 cannabinoid receptors (CB1 and CB2, respectively) mediate cannabinoid-induced analgesia. Loss of endogenous CB1 is associated with hyperalgesia. However, the downstream targets affected by ablation of CB1 in primary sensory neurons remain unknown. In the present study, we hypothesized that conditional knockout of CB1 in primary sensory neurons (CB1cKO) alters downstream gene expression in the dorsal root ganglion (DRG) and that targeting these pathways alleviates neuropathic pain. We found that CB1cKO in primary sensory neurons induced by tamoxifen in adult Advillin-Cre:CB1-floxed mice showed persistent hyperalgesia. Transcriptome/RNA sequencing analysis of the DRG indicated that differentially expressed genes were enriched in energy regulation and complement and coagulation cascades at the early phase of CB1cKO, whereas pain regulation and nerve conduction pathways were affected at the late phase of CB1cKO. Chronic constriction injury in mice induced neuropathic pain and changed transcriptome expression in the DRG of CB1cKO mice, and differentially expressed genes were mainly associated with inflammatory and immune-related pathways. Nerve injury caused a much larger increase in CB2 expression in the DRG in CB1cKO than in wildtype mice. Interfering with downstream target genes of CB1, such as antagonizing CB2, inhibited activation of astrocytes, reduced neuroinflammation, and alleviated neuropathic pain. Our results demonstrate that CB1 in primary sensory neurons functions as an endogenous analgesic mediator. CB2 expression is regulated by CB1 and may be targeted for the treatment of neuropathic pain.
Keywords: cannabinoid receptor, transcriptome sequencing, neuropathic pain, dorsal root ganglia, downstream gene, neuroinflammation
INTRODUCTION
Neuropathic pain, caused by a lesion or disease affecting the somatosensory system, is a major clinical problem and has a considerable impact on the life quality of patients (Burke et al., 2017). The antinociceptive efficacy of cannabinoids has been unequivocally demonstrated in several models of neuropathic pain in animal studies (Walker and Hohmann, 2005). However, clinical application of cannabinoids is severely hindered by adverse reactions resulting from its central actions, such as cognitive deficits, memory impairment, motor disturbances, addiction, and cognitive impairment (Hossain et al., 2020).
Analgesic properties of cannabinoids are achieved mainly by activating G protein-coupled receptors, i.e., type 2 cannabinoid receptor (CB2) and type 1 cannabinoid receptor (CB1) (Matsuda et al., 1990; Munro et al., 1993). CB1 is mainly at the presynapse, where the activation of CB1 can suppress presynaptic neurotransmitter release through a short-term decrease in Ca2+ influx (Katona and Freund, 2012; Lutz et al., 2015; Lutz, 2020). Nerve injury induces long-lasting CB1 downregulation in dorsal root ganglion (DRG) neurons and diminishes the analgesic effect of the CB1 agonist on neuropathic pain (Luo et al., 2020), which is thought to be attributed to the reversed inhibition by endogenous cannabinoids. CB2 expressed on immune cells and the nervous system has also been implicated in cannabinoid analgesia (Walker and Hohmann, 2005; Ibrahim et al., 2006). CB2 was strongly upregulated in response to various insults, stroke, neuroinflammation, and chronic pain (e.g., Leung, 2004; Solas et al., 2013). Some previous studies reported that CB2 was mainly involved in analgesia through limiting neuroinflammation (Nackley et al., 2003; Elmes et al., 2005; Shang and Tang, 2017). Studies of global-knockout mice have confirmed that CB1 and CB2 were involved in cannabinoid-mediated analgesia (Ibrahim et al., 2006; Sain et al., 2009; Sideris et al., 2016). Moreover, after the selective deletion of CB1 in nociceptive (Nav1.8-expressing) sensory neurons, physiological and basal pain sensitivity was exaggerated, showing the significantly reduced reaction latencies to noxious heat and response thresholds to mechanical stimuli (Agarwal et al., 2007).
Peripheral nerve injury is accompanied by alterations in transcription reprogramming in the peripheral nervous system, which subsequently causes altered behaviors in animals. The variation of DRG gene expression is related to pain phenotypes (Bosma et al., 2020; Sun et al., 2020), which can be screened by RNA sequencing for identification of differentially expressed genes (DEGs) and their functional pathways related to neuropathic pain development. Moreover, single-cell sequencing technology revealed the gene expression patterns in subtypes of DRG neurons after peripheral nerve injury (Wang et al., 2021). Although CB1 knockout may exaggerate pain, it remains unknown how transcriptomic profiling changes in mice with CB1 deletion in peripheral sensory neurons and whether the downstream genes of CB1 may provide new analgesic targets in neuropathic pain.
Therefore, in this study, we investigated whether CB1 conditional knockout from peripheral sensory neurons (CB1cKO) in mice may present mechanical allodynia, thermal hyperalgesia, and a change in transcriptome expression in DRG. Then, we determined the effect of chronic constriction injury (CCI) model of CB1cKO mice on pain behavior and transcriptome expression of DRG. Moreover, we screened and analyzed the DEGs and their functional pathways after CCI and revealed the downstream of CB1. Finally, we observed whether intervention of the downstream target of CB1 may alleviate neuropathic pain. Our findings provided new evidence of the role of CB1 in the development of neuropathic pain and the downstream genes of CB1 may serve as therapeutic targets for neuropathic pain.
MATERIALS AND METHODS
Animals
Ethical guidelines of the International Association for the Study of Pain were strictly followed, and the protocol was approved by the local ACUC. All animals were housed at 22°C–24°C based on a 12-h light/dark cycle and were allowed free access to food and water.
C57BL/6J mice were used in the experiments. Adult male C57BL/6J mice (20–25 g; 8-week-old) were provided by Beijing Vital River Laboratory Animal Technology Co. Ltd.
AvCreERT2 (Advillin-CreERT2) mice (Jax Stock No. 026516) expressed a tamoxifen (TMX)-inducible iCre recombinase directed by mouse Avil (advillin) promoter elements. iCre recombinase activity was found in DRG neurons when induced by TMX.
Cnr1tm1.2Ltz/J mice (Jax Stock No.036107) and CB1f/f mice have loxP sites flanking the entire coding region of the Cnr1 gene. After crossing Advillin-CreerT2 (AvCreerT2) mice and CNR1TM1.2LTZ/J mice for two generations, tissue/cell-specific knockout homozygous mice were obtained in the F3 generation after TMX induction (treatment details are shown in Drug Treatment), which are referred to as CB1cKO mice.
Identification of Transgenic Mice
Seven CB1cKO mice and seven wild-type littermates male mice (WT mice) were used for genotyping. Before TMX induction, the genomic DNA was extracted from the toes or tails of the genetic mice using chloroform/phenol and precipitated by isopropanol. It was then washed by ethanol (75%) and dissolved in deionized water. The primers for PCR are shown in Supplementary Table S1. The products of PCR reactions are shown in Supplementary Table S2. The products were dissolved on agarose gel (1.5%), stained with ethidium bromide, and photographed.
CB1 in DRG was verified by immunofluorescence and real-time polymerase chain reaction (RT-qPCR) on the 14th day after the final TMX induction (detailed method is shown in Real-Time Polymerase Chain Reaction and Immunofluorescence).
Drug Treatment
TMX (Sigma T5648) was dissolved into corn oil and was injected intraperitoneally (i.p.) once every other day, a total of five times, 2 mg/day (10 mg total dose) (Feil et al., 2009; Anastassiadis et al., 2010). Subsequent verification and CCI modeling were performed 14 days after the final injection.
AM1241 (Sigma A6478) is a CB2 agonist, and AM630 (Sigma SML0327) is a highly specific CB2 antagonist. The drug was dissolved in dimethyl sulfoxide (DMSO), Tween 80, and normal saline (the ratio is 1:2:7). To determine the relationship between neuropathic pain and CB2, 36 WT mice were randomly divided into WT CCI + vehicle (DMSO:Tween 80:normal saline = 1:2:7), WT CCI + 0.1, 1, 3 mg/kg AM1241 (Sigma A6478; Wu et al., 2021; Lozano-Ondoua et al., 2010; Ma et al., 2021) groups, and WT CCI + 1, 3 mg/kg AM630 (Sigma SML0327; Malan et al., 2001; Buffon et al., 2020; Sultana et al., 2021) groups (n = 6 at each group). Fifteen CB1cKO mice were randomly divided into CB1cKO CCI + vehicle and CB1cKO CCI + 3, 5 mg/kg AM630 (n = 5 at each group). AM1241/AM630 or its vehicle (0.1 ml) was injected i.p. daily from 12th to 17th day after CCI surgery.
Behavioral Testing
Ten CB1cKO mice and 10 WT mice were used to test tactile withdrawal threshold and thermal latency by von Frey and Hargreaves plantar tests before and every 3 days after TMX induction. To rule out the effect of TMX on the nociceptive threshold, WT mice were also i.p. injected with TMX at the same time and dose as CB1cKO mice.
The “up and down” method was used to determine the threshold of tactile withdrawal in mice (Chaplan et al., 1994). After adapting for half an hour, the plantar surface of the left hind paw was stimulated vertically by von Frey filaments (Stoelting, Wood Dale, IL, USA), and the stiffness was increased logarithmically. Positive response was defined as paw flinching or brisk withdrawal after stimulation for 5 s. Thresholds of tactile withdrawal were detected twice, and the average was taken. A hot plate with surface temperature controlled at 53°C was used to determine thermal latency. The withdrawal latency was defined as the interval between the moment mice were placed on the plate and the time point of flick of the paw or a quick withdrawal. In order to prevent tissue damage, 20 s were set as the cutoff time (Hargreaves et al., 1988). The thermal test was repeated three times, with an interval of 10 min, and the average was taken.
Chronic Constriction Injury Model Establishment
Fourteen WT mice were randomly divided into WT sham and WT CCI (n = 7 at each group), and 14 CB1cKO mice (eight male mice and six female mice) were randomly divided into CB1cKO sham and CB1cKO CCI (n = 7 at each group). All mice have received TMX induction. After the 14th day of the final TMX injection, the CCI model of neuropathic pain was chosen based on a previous description (Bennett and Xie, 1988). Then, 0.5% pentobarbital sodium was injected i.p. at a dose of 0.2 ml/10 g body weight. Corneal reflex, muscular tension, and respiratory and pain indicators were examined after intraperitoneal injection to ensure the anesthetic effect and the safety of animals. Experiments were conducted after the injection, and the body temperature was maintained by a heating pad during anesthesia. The left sciatic nerve was exposed at the midthigh level. Proximal to the sciatic trifurcation, two ligature knots (4–0 chromic gut) were loosely tied with a spacing of approximately 1 mm. However, in the sham-CCI group, muscles were separated and the sciatic nerve was exposed but not ligated with the chromic gut. The mechanical withdrawal threshold (MWT) and thermal withdrawal latency (TWL) of every mouse were measured as an assessment of nociception on days 0, 3, 5, 7, 10, and 13 after the CCI operation.
Real-Time Polymerase Chain Reaction
L4–L6 DRGs were harvested and immediately frozen on dry ice and stored at −80°C. TRIzol reagent (Invitrogen) was used to separate the total RNA that was extracted from DRG tissues (rapidly frozen). RT-qPCR was performed to determine the level of target gene and reference gene (gapdh), with Vazyme SYBR Premix Ex Taq II (Perfect Real Time). The total volume of the reaction system was 10 μl, which was composed of SYBR Premix Ex Taq TM(2×) (5 μl), cDNA (1 μl), ddH2O (3.6 μl), and specific primer (0.2 μl; 10 μM). Reaction conditions: 95°C for 3 min; 95°C for 8 s, 60°C for 20 s, 40 cycles; melting. Data were normalized based on GAPDH, and the 2−∆∆Ct method was used. The primers for PCR are shown in Supplementary Table S3.
mRNA Library Constructs and Sequencing
Twelve CB1cKO mice and their six WT mice were randomly divided into six groups, including WT14, WT28, CB1cKO14, CB1cKO28, CB1cKO sham28, and CB1cKO CCI28 (n = 3 in each group). All mice have received TMX induction. On the 14th day and 28th day after the final injection of TMX, L4–L6 DRG of CB1cKO mice and WT mice was extracted for RNA sequencing, respectively. On the 13th day after CCI, L4–L6 DRG of CB1cKO mice was extracted for RNA sequencing.
mRNA was purified by magnetic beads with oligo (dT) and then fragmented into small pieces at a proper temperature using fragment buffer. The first-strand cDNA was produced by random reverse transcription (hexamer-primed), and the second-strand cDNA was then synthesized. RNA Index Adapters and A-Tailing Mix were added and incubated to terminate repair. PCR was performed for amplification of cDNA fragments harvested in the previous step, and the amplified products were further purified using Ampure XP Beads. The products were dissolved in EB solution and validated on the Agilent Technologies 2100 bioanalyzer for quality control. The double-stranded PCR products harvested were subjected to heating, denaturing, and circularization by the splint oligo sequence, and the library was constructed, with single-strand circle DNA (ssCir DNA) formatted. Amplification of the final library was performed using phi29 for a DNB (DNA nanoball), which had over 300 copies of one molecule. The DNB was loaded into the nanoarray, and single end reads with 50 bases were produced on the BGIseq500 platform (provided by BGI-Shenzhen, China).
Data Management and Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Pathway Analysis
SOAPnuke (v1.5.2) was used to filter the sequencing data (Li et al., 2008): 1) reads that contained sequencing adapters were removed; 2) reads with a quality base ratio (base quality ≤5) over 20% were removed; and 3) reads with an unknown base (“N” base) ratio over 5% were removed, and the harvested clean reads were stored in FASTQ format. Using HISAT2 (v2.0.4), the reads were mapped to the reference genome (Kim et al., 2015). Then, rMATS (V3.2.5) (Shen et al., 2014) and Ericscript (v0.5.5) (Benelli et al., 2012) were utilized to determine differential splicing genes (DSGs) and fusion genes, respectively. Using Bowtie2 (v2.2.5) (Langmead and Salzberg, 2012), the reads were aligned to the gene set, a database constructed by BGI (Beijing Genomic Institute in Shenzhen), which covered novel, known, noncoding, and coding transcripts. The RSEM (v1.2.12) (Li and Dewey, 2011) was used to calculate the gene expression level. The pheatmap (v1.0.8) was utilized to draw the heatmap based on gene expressions in a variety of samples. The DESeq2 (v1.4.5) (Love et al., 2014) was used for differential expression analysis, with Q value ≤0.05.
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and Gene Ontology (GO) analyses were performed to explore the roles of all DE mRNAs. Briefly, GO analysis was carried out to elucidate genetic regulatory networks of interest by forming hierarchical categories based on the biological process (BP), cellular component (CC), and molecular function (MF) of DEGs. In order to determine the phenotypes, KEGG (https://www.kegg.jp/) enrichment and GO (http://www.geneontology.org/) analyses of annotated DEGs were carried out using Phyper (https://en.wikipedia.org/wiki/Hypergeometric distribution) and Hypergeometric test. The significant levels of pathways and terms were corrected by Bonferroni based on Q value ≤0.05.
Immunofluorescence
Anesthesia of the mice was performed using chloral hydrate (4%; 10 ml/kg, i.p.). The DRGs were fixed in paraformaldehyde (PFA; 4%) and phosphate buffered saline (PBS; 0.1 M, pH 7.4) for 4–8 h, followed by dehydration in PBS (0.1 M) with 20% and 30% sucrose. After embedding in OCT (provided by Miles Inc., Elkhart, IN, USA), the fixed DRG was vertically sectioned (15 μM in thickness). The sections were harvested and mounted on a slide coated by chrome-alum-gelatin. After PBS (0.1 M) rinsing, the section was blocked by triton X-100 (1.2%) and donkey serum (5%) for 2 h at room temperature. Then, the sections were incubated with primary antibodies of rabbit anti-CB1 (Abcam, #ab137410, 1:200 dilution) and glial fibrillary acidic protein (GFAP; Abcam, #ab4674, 1:5,000 dilution) overnight at 4°C. The primary antibodies were incubated with AffiniPure donkey anti-rabbit IgG (Alexa Fluor 488-conjugated, 1:350 dilution, Jackson) and donkey anti-Chicken IgG (Alexa Fluor 488-conjugated, 1:450 dilution, Jackson) and then observed. Images were acquired using a fluorescence microscope (BX51, Olympus, Japan), and NIH ImageJ software (provided by NIH, Bethesda, MD, USA) was used for their analysis.
Statistical Analysis
The data were expressed as mean ± SEM. Multiple groups were compared by two-way ANOVA with Bonferroni’s post-hoc test, and two groups were compared by Student’s t-test. p < 0.05 indicated a significant difference.
RESULTS
Generation and Verification of CB1cKO Mice
Before TMX induction, agarose gel electrophoresis images of tail DNA of transgenic mice were shown in Supplementary Figure S1. The knockout efficiency of CB1 in DRG was verified by immunofluorescence and RT-qPCR on the 14th day after the final TMX induction. Immunofluorescence labeling showed that CB1 was expressed in DRG neurons of WT mice and was present on the cell membrane and in the cytoplasm (Figure 1A, indicated by the thin white arrow). More than 90% of CB1 were knocked out on DRG neurons in CB1cKOmice (Figure 1A, thick white arrow). qPCR assay showed that compared with WT mice, CB1 mRNA was significantly reduced in the DRG of CB1cKO mice (Figure 1B, p < 0.001). However, the mRNA level of CB1 in the dorsal spinal horn did not differ significantly between the two groups of mice (Figure 1B, p > 0.05). These results indicated that the expression of CB1 was only reduced in DRG neurons of CB1cKO mice.
[image: Figure 1]FIGURE 1 | Demonstration of conditional deletion of CB1 in peripheral sensory neuron-specific knockout CB1 mice (CB1cKO). (A) Immunofluorescence results of dorsal root ganglion (DRG) sections display the CB1-positive neuron (green) in CB1cKO and wild-type (WT) mice. (B) The mRNA relative expression of CB1 in the DRG and dorsal spinal cord on 14 days after the final injection of tamoxifen (TMX). Data are expressed as means ± SEM (n = 7 mice/group). The endogenous reference gene is Gapdh, and the mean value in the WT group was set to 1. ***p < 0.001 compared with the WT group at the same time point, two-tailed t test. Scale bar, 100 μm.
CB1cKO Mice Presented Tactile Allodynia
Next, we examined nociceptive withdrawal thresholds of CB1cKO mice after TMX induction. An experimental design time line is presented in Figure 2A. CB1cKO mice had a normal mechanical withdrawal threshold (MWT) and thermal latency before TMX induction (Figures 3A, B). After TMX induction, the MWT of CB1cKO mice was significantly reduced from the eighth day to the 28th day after the final TMX injection and reached the lowest level on the 14th day after the final TMX injection (day-14) and remained stable, lasting until day-28 (*p < 0.05, Figure 3A). Compared with WT mice, CB1cKO mice had significantly reduced MWT from day-11 to day-28, showing that physiological, basal pain sensitivity was exaggerated in CB1cKO mice (#p < 0.05, Figure 3A). We also found that the MWT of WT mice has decreased temporarily on day-8 after the same dose of TMX induction and then returned to normal. Notably, TMX induced long-lasting thermal hyperalgesia in both WT mice and CB1cKO mice (*p < 0.05, Figure 3B). So, we only observed a significant difference in the thermal latency between CB1cKO mice and WT mice on day-28 (#p < 0.05, Figure 3B). Together, these results showed that knocking down CB1 in DRG induced tactile allodynia and thermal hyperalgesia. In addition, TMX also caused tactile allodynia and thermal hyperalgesia, but the MWT could return to normal on day-14 in WT mice.
[image: Figure 2]FIGURE 2 | Experimental flowchart and grouping of RNA sequencing (RNA-Seq).
[image: Figure 3]FIGURE 3 | Genetic deletion of CB1 in dorsal root ganglion (DRG) neurons induced tactile allodynia and thermal hyperalgesia. (A, B) Time course of the effect of tamoxifen (TMX) induction on the tactile withdrawal thresholds (A) and thermal latency (B) in CB1cKO and wild-type (WT) mice (n = 10 mice/group). Data are expressed as mean ± SEM, *p < 0.05, compared with the baseline of the respective group; #p < 0.05, compared with the WT group at the same time point (two-way ANOVA with Bonferroni’s post-hoc test). The red arrows indicated two time points on day-14 (the early phase of CB1 knockout) and day-28 (the late phase of CB1 knockout) after TMX induction.
Differentially Expressed Gene Profile and Functional Enrichment Analysis After CB1 Knockdown
To gain molecular insights into persistent tactile allodynia that are mediated by CB1 of DRG, we conducted mRNA sequencing (mRNA-Seq) analysis. Detailed grouping information and experimental processing are presented in Figures 2A and B. In this project, 18 samples were measured using the DNBSEQ platform, and each sample produced an average of 6.59G data. The average sample ratio for the genome was 87.69% and 74.54% for the gene set. A total of 18,901 genes were detected. The raw data in this study are available in the NCBI SRA database.
In the early phase of CB1cKO (14 days after the final injection of TMX), compared with WT mice (WT14), 95 mRNAs were upregulated and 20 mRNAs were downregulated in CB1cKO mice (CB1KO 14, Figure 4A); the upregulated DEGs were mainly major urinary protein family (mup7, 10, 11, 19, 22), peptidase inhibitor (Serpina1a, 1b, 1c, 1d), and enzymes required for material metabolism. Figure 4B lists the top 20 upregulated and top 10 downregulated DEGs (detailed information on DEGs is shown in Supplementary Table S4). Interestingly, most of them returned to normal after 2 weeks, such as major urinary protein family and peptidase inhibitor.
[image: Figure 4]FIGURE 4 | Transcriptomic changes and functional analysis of dorsal root ganglion (DRG) in early CB1 knockdown of peripheral sensory neurons (WT14 vs. CB1cKO14). (A) Volcano plot indicated the upregulated and downregulated differentially expressed genes (DEGs) in the early phase of CB1 knockdown. (B) Heatmap of the top 20 upregulated and downregulated DEGs in the early phase of CB1 knockout. *This gene is related to pain. #This gene is related to inflammation. (C–E) Kyoto Encyclopedia of Genes and Genomes (KEGG) (C), Gene Ontology (GO)-biological processes (D), and GO-molecular function (E) enrichment analysis of the DEGs in the early phase of CB1 knockout.
To better understand the associated functions of the DEGs in DRG after CB1 knockdown, KEGG and GO enrichment analyses of 115 DEGs were performed to identify the most relevant KEGG pathway, biological processes (GO-Process), and molecular functions (GO-Function). Specifically, the DEGs were mostly enriched related to complement and coagulation cascades in the KEGG pathway (p < 0.05, Figure 4C). The biological process of DEGs was mainly involved in heat generation; locomotor rhythm; synthesis and metabolism of glucose, fat, and energy; and negative regulation of endopeptidase or peptidase action (p < 0.01, Figure 4D). The molecular function of DEGs mainly associated with identical protein binding, calcium ion binding, and endopeptidase inhibitor activity (p < 0.01, Figure 4E). These results suggested that imbalances of material metabolism and energy regulation were the stress responses in the early phase of CB1 knockdown.
Next, we screened for 266 DEGs in the late phase of CB1cKO (WT28 vs. CB1cKO28); 161 mRNAs were upregulated, and 105 mRNAs were downregulated (Figure 5A), 209 of which did not change in the early phase of CB1cKO. Many of them were closely related to pain, such as npy, sprr1a, gpr151, nts, and so on. Figure 5B lists the top 20 upregulated and downregulated DEGs (detailed information of DEGs is shown in Supplementary Table S5).
[image: Figure 5]FIGURE 5 | Transcriptomic changes and functional analysis of dorsal root ganglion (DRG) in late CB1 knockdown of peripheral sensory neurons (WT28 vs. CB1cKO28). (A) Volcano plot indicated the upregulated and downregulated differentially expressed genes (DEGs) in the late phase of CB1 knockdown. (B) Heatmap of the top 20 upregulated and downregulated DEGs in the late phase of CB1 knockout. *This gene is related to pain. #This gene is related to inflammation. (C–E) Kyoto Encyclopedia of Genes and Genomes (KEGG) (C), Gene Ontology (GO)-biological processes (D), and GO-molecular function (E) enrichment analysis of the DEGs in the late phase of CB1 knockdown.
Furthermore, we analyzed and predicted the functional pathways of these DEGs of the late phase of CB1cKO. The most significantly enriched KEGG pathways were neuroactive ligand–receptor interaction, retrograde endocannabinoid signaling, morphine addiction, and circadian rhythm (p < 0.05, Figure 5C), and the specific genes in the pathway are listed in Supplementary Table S6. GO-processes analysis suggested that most of the altered genes were involved in axon guidance, regulation of sensory perception of pain, neuropeptide signaling pathway, ion transport, sensory perception of pain, and innate immune response (p < 0.05, Figure 5D), and the specific genes of biological processes are listed in Supplementary Table S8. GO-function analysis suggested that most of the altered genes were associated with protein binding, potassium channel activity, neuropeptide hormone activity, and structural constituent of myelin sheath (p < 0.05, Figure 5E). These results suggest that nerve conduction and sensory perception of pain are mainly a response to the late phase of CB1 knockdown.
Chronic Constriction Injury Induced More Severe Neuropathic Pain and Alteration of Transcriptomic Profiling in CB1cKO Mice
According to the above results, lack of CB1 in DRG neurons can lead to mechanical allodynia and thermal sensitivity. How does CB1cKO affect the development of neuropathic pain? Therefore, we detected the responses to nociceptive stimuli in both CB1cKO mice and WT mice after CCI. Fourteen CB1cKO mice and their 14 WT littermates were randomly divided into sham and CCI groups, respectively. All mice received CCI surgery or sham treatment on day-14 (14 days after the final TMX injection). The experimental process is shown in Figure 2A. Both CB1cKO and WT mice showed reduced latency to mechanical stimuli and thermal stimuli applied with von Frey and Hargreaves plantar tests in comparison with sham-treated littermates of the same genotype (Figures 6A, B; *p < 0.05). Compared with WT CCI mice, CB1cKO had lower MWT and thermal latency after 5 days of CCI (0.24 g in WT CCI group and 0.04 g in CB1cKO CCI group; Figures 6A, B; #p < 0.05). Moreover, the area under the response-vs.-time curve (AUC) revealed an exaggerated mechanical hypersensitivity and thermal hyperalgesia in CB1cKO mice as compared with WT mice after CCI (Figures 6C, D; #p < 0.05). Thus, our results suggested that peripheral nerve damage could cause more severe neuropathic pain in CB1cKO mice.
[image: Figure 6]FIGURE 6 | Ablation of CB1 in dorsal root ganglion (DRG) neurons exaggerated tactile allodynia and thermal hyperalgesia induced by nerve injury. (A, C) Time course of the tactile withdrawal thresholds in response to von Frey filaments [represented as integrated area under the curve (AUC) in panel C] in wild-type (WT) and CB1cKO mice after sham or chronic constriction injury (CCI) surgery. (B, D) Time course of the thermal latency to hot plate (represented as integrated AUC in panel D) in WT and CB1cKO mice after sham or CCI surgery (n = 7 mice/group). Data are represented as mean ± SEM, *p < 0.05, compared with the baseline of the respective group; #p < 0.05, compared with WT CCI group at the same time point (two-way ANOVA followed by Bonferroni’s post-hoc test).
Fourteen days after CCI modeling, we collected the DRG tissue and sent it for mRNA sequencing, and the results showed that compared with CB1cKO mice of sham operation (CB1KOsham28), 373 genes were upregulated and 50 genes were downregulated in CB1cKO mice of CCI (CB1cKO CCI28) (Figure 7A). The upregulated genes were almost always associated with inflammation and immunity, such as chemokine (C-C motif) and chemokine receptor family, complement component, cytochrome, and interleukin family and receptors, and the difference multiples of the top 20 genes were all more than six times, while some of the downregulated genes were associated with potassium channels. Figure 7B lists the top 20 upregulated and downregulated DEGs (detailed information of DEGs is shown in Supplementary Table S6). Interestingly, we found that compared with CB1cKO mice of sham operation, the expression of DRG CB2 increased significantly by 5.7 times after CCI (Figure 7B, its gene name is cnr2). We also found that many glial markers were significantly increased after CCI in CB1cKO mice, such as cd68, gfap, csf1, and csf1r. It suggested that the overactivation of CB2 and glial cells may mediate neuropathic pain after CB1 knockout.
[image: Figure 7]FIGURE 7 | Transcriptomic changes and functional analysis of dorsal root ganglion (DRG) in CB1cKO mice subjected to chronic constriction injury (CCI) (CB1cKO sham28 vs. CB1cKO CCI28). (A) Volcano plot indicated the upregulated and downregulated differentially expressed genes (DEGs) in CB1cKO mice after CCI modeling. (B) Heatmap of the top 20 upregulated and downregulated DEGs in CB1cKO mice after CCI modeling. *This gene is related to pain. #This gene is related to inflammation. (C–E) Kyoto Encyclopedia of Genes and Genomes (KEGG) (C), Gene Ontology (GO)-biological processes (D), and GO-molecular function (E) enrichment analysis of the DEGs in CB1cKO mice subjected to CCI.
Furthermore, we analyzed the functional pathway of 433 DEGs of CB1cKO DRG under neuropathic pain conditions. KEGG analysis revealed that the DEGs were significantly enriched in bacterial or viral infections and immune response, including B-cell receptor signaling pathway, Fc gamma R-mediated phagocytosis, complement and coagulation cascades (Figure 7C, p < 0.001), and the specific genes in the pathway are listed in Supplementary Table S9. Significantly different biological processes of these DEGs also focused on immune response (csf1, csf1r, npy, cfd, and c3), inflammatory response (s100a8/s100a9, ccr1, ccr2, pld4, adam8, and agtr1b), and defense response to bacteria (mnda, ly6a, cfd, and fabp4) (Figure 7D, p < 0.001), and the specific genes of biological processes are listed in Supplementary Table S10. The most significantly enriched molecular functions were concentrated in protein binding, integrin binding, and the binding of various receptors (p < 0.01, Figure 7E). Since GO and KEGG pathway analyses pointed to immune response and inflammatory responses, it suggested that the neuropathic pain of CB1cKO mice with CCI was mediated by a complex and severe neuroinflammatory immune response.
Targeting Downstream Genes of CB1, Such as CB2, Alleviates Neuropathic Pain
From the sequencing results, we found that the expression of CB2 in DRG was 5.7 times higher in CB1cKO mice after CCI (Figure 8B, p < 0.001). qPCR results were consistent with unbiased RNA-Seq data (p < 0.001, Figure 8C). In contrast, in WT mice, there was only a slight increase (1.45 times) of CB2 in DRG after CCI modeling (Figure 8D, p < 0.05). It indicated that CB2 was a potential downstream molecule of CB1, and upregulation of expression of CB2 in DRG may play an important role in neuropathic pain after CB1 deletion.
[image: Figure 8]FIGURE 8 | CB2 mediated neuropathic pain in CB1cKO mice subjected to chronic constriction injury (CCI). (A) Experimental flowchart. (B) RNA-seq shows a broken line graph of the expression levels of CB2 in the dorsal root ganglion (DRG) in different phases of CB1 knockout and after CCI surgery. (C) Real-time PCR data showing the mRNA level of CB2 in the DRG in different phases of CB1 knockout and after CCI surgery (n = 3–5 samples/group). Gapdh was used as an endogenous control, and the mean value in the WT14 group was set to 1. ***p < 0.001, one-way ANOVA, Fisher’s test. (D) Real-time PCR data showing the mRNA level of CB2 in the DRG of wild-type (WT) mice at 14 days after sham or CCI surgery (n = 6 each for CCI and 5 each for sham). Gapdh was used as an endogenous control gene, and the mean value of WT sham group was set to 1. *p < 0.05, two-tailed t test. (E, F) Time course of the tactile withdrawal thresholds (E) and thermal latency (F) in WT CCI mice treated with vehicle, AM630 (1, 3 mg/kg/day for 6 consecutive days), or AM1241 (0.1, 1, 3 mg/kg/day for 6 consecutive days) 11 days after CCI surgery (n = 6 each group). *p < 0.05, **p < 0.01, compared with WT CCI plus vehicle group; #p < 0.05, compared with WT CCI plus 1 mg/kg AM630 (two-way ANOVA with Bonferroni’s post-hoc test). (G, H) Time course of the tactile withdrawal thresholds (G) and thermal latency (H) in WT CCI and CB1cKO mice treated with vehicle, AM630 (3, 5 mg/kg/day for 6 consecutive days) 11 days after CCI surgery (n = 5 each group), *p < 0.05, **p < 0.01, compared with the respective CCI plus vehicle; #p < 0.05, compared with CB1cKO CCI plus 3 mg/kg AM630 (two-way ANOVA followed by Bonferroni’s post-hoc test). All data represent mean ± SEM.
We next determined whether intervention with CB2 may improve neuropathic pain. We treated WT CCI mice (12 days after CCI surgery) with daily intraperitoneal injection of AM630 (a highly specific CB2 antagonist) and AM1241 (a CB2 agonist) for 6 days. An experimental design time line with the day and time of all manipulations is presented in Figure 8A. In WT mice subjected to CCI, 1 and 3 mg/kg of AM630 significantly increased the MWT and thermal latency (Figures 8E, F; *p < 0.05, n = 5 mice). The analgesic effect was better when the dosage of AM630 was 3 mg/kg, and MWT can return to normal after the third day (Figure 8E, #p < 0.05, n = 5 mice). In contrast, 0.1, 1, and 3 mg/kg AM1241 had no significant effect on the tactile allodynia and thermal hyperalgesia (Figures 8E, F; p > 0.05, n = 5 mice). Thus, our results suggested that CB2 activation promotes the development of neuropathic pain; antagonizing CB2 can play an analgesic effect.
Although both RNA sequencing and qPCR results showed that DRG CB2 expression was not significantly increased compared with WT mice in the late phase of CB1 knockout (Figure 8C, p = 0.1255, n = 10–12), we measured the effect of AM630 in CB1cKO mice (28 days after TMX induction without CCI modeling). Behavioral results showed that 3 mg/kg AM630 (once a day for 6 days) significantly increased the MWT and thermal latency in CB1cKO mice (Figures 8G, H; n = 5, *p < 0.05). It indicated that antagonizing CB2 by AM630 plays a good analgesic effect in CB1cKO mice without CCI modeling.
Furthermore, we measured the effect of AM630 in CB1cKO mice 12 days after surgery with daily intraperitoneal injection for 6 days. Likewise, AM630 at both 3 and 5 mg/kg significantly increased the MWT and thermal latency in CB1cKO mice 2 weeks after CCI, and compared with 3 mg/kg of AM630, the dose of 5 mg/kg had better analgesic effect (Figures 8I, J; #p < 0.05, n = 5 mice). From these data, we can confirm that CB2 was a downstream gene of CB1, and CB2 mediated the development of neuropathic pain. These data provided new evidence that CB2 in DRG was indispensable for nerve injury–induced neuropathic pain; antagonizing CB2 can play an analgesic effect on neuropathic pain.
AM630 Ameliorates Neuropathic Pain by Inhibiting Overactivation of Astrocytes and Neuroinflammation
Since antagonizing CB2 by AM630 alleviated CCI-induced neuropathic pain, we wondered whether AM630 can inhibit glial overactivation or neuroinflammation in DRG induced by CCI. The mRNA expression of GFAP (an astrocyte marker), s100a8/s100a9 in DRG of CB1cKO CCI group was significantly higher than that of CB1cKO sham group (Figures 9A–C, *p < 0.01, n = 5). Compared with CB1cKO CCI group, AM630 significantly reduced the mRNA expression of GFAP, s100a8/s100a9 in DRG (Figures 9A–C, #p < 0.05, n = 5). Immunofluorescence staining of DRG also demonstrated that CCI significantly enlarged the cell body of astrocyte and upregulated GFAP expression in CB1cKO mice, which was significantly decreased by AM630 (Figure 9D). These results confirmed that in the condition of CB1 deletion in peripheral sensory neurons, after peripheral nerve injury, CB2 led to overactivation of glial cells and severe neuroinflammation, while antagonizing CB2 inhibited excessive activation of astrocytes and neuroinflammation, thus relieving neuropathic pain.
[image: Figure 9]FIGURE 9 | AM630 ameliorates neuropathic pain by inhibiting overactivation of astrocytes and neuroinflammation. (A–C) Real-time PCR data showing the mRNA level of glial fibrillary acidic protein (GFAP), s100a8, s100a9 (n = 5 samples/group); the endogenous reference control was gapdh, and the mean value of CB1cKO sham group was set to 1. *p < 0.05, **p < 0.01, ***p < 0.001, compared with CB1cKO sham + vehicle group; #p < 0.05, ##p < 0.01, ###p < 0.001, compared with CB1cKO chronic constriction injury (CCI) + vehicle group, one-way ANOVA with Bonferroni test. (D) Representative immunofluorescence images of GFAP (green) in dorsal root ganglion (DRG) display activation of astrocytes. ×20, scale bar, 100 μm; zoom, scale bar, 50 μm.
DISCUSSION
The development of neuropathic pain involves complicated processes, e.g., activation of certain pathways and aberrant gene expression. In this study, our data showed that CB1cKO mice presented persistent hyperalgesia and changed transcriptome expression in DRG in early and late phases of CB1cKO. CCI aggravated pain behavior and changed transcriptome expression (such as CB2) in DRG of CB1cKO mice. Finally, we found that interfering with downstream genes of CB1, such as antagonizing CB2, ameliorated neuropathic pain by inhibiting overactivation of astrocytes and neuroinflammation. Herein, our current data are the first to identify the transcriptome expression of CB1cKO in DRG before and after CCI modeling and provided new evidence that intervention with downstream genes of CB1 would be a potential treatment for neuropathic pain.
In neuropathic pain, cannabinoids produce analgesic effects primarily through activation of CB1 (Bridges et al., 2001). The mice that lacked CB1 in nociceptive (Nav1.8 promoter) sensory neurons presented tactile allodynia and thermal hyperalgesia (Agarwal et al., 2007). Consistently, in our study, CB1cKO mice also showed the above pain behavior in physiological conditions. Moreover, we found that CB1cKO mice after CCI modeling had exaggerated neuropathic pain compared to the WT CCI mice. In contrast, there was no significant difference between CB1cKO (in nociceptive sensory neurons) mice and WT littermates in pain behavior after spared nerve injury (SNI) (Agarwal et al., 2007), which probably results from a ceiling effect after SNI. Therefore, CCI had less damage to peripheral nerves and may be more sensitive to evaluate pain behavior. The present study showed that CB1 on peripheral sensory neurons mainly played a direct analgesic role.
Recent studies indicated that TMX not only activated Cre recombinase in transgenic mice but also resulted in various side effects and potentially confounding the phenotypic findings of the model itself (Carboneau et al., 2016; Falke et al., 2017; Hammad et al., 2018). In the present study, we also observed that TMX caused temporarily mechanical allodynia, thermal hyperalgesia, weight loss, and diarrhea in WT mice at the beginning of TMX induction. These symptoms gradually disappeared after the TMX withdrawal (from day-8 to day-14) except for thermal hyperalgesia. We speculated that these symptoms could be side effects induced by TMX, which disappeared as a result of the drug degradation, while thermal latency was more sensitive to TMX and may take longer to recover. Considering the experimental period, we suggested that a 2-week waiting period after TMX treatment may reduce confounding factors in subsequent experiments.
A great number of studies have investigated the functions of the endocannabinoid system in the regulation of metabolic homeostasis (He and Shi, 2017). Notably, in the early phase of CB1cKO, the functional pathways of DEGs are mainly enriched in material metabolism, energy balance, and complement and coagulation cascades. Besides these pathways, we also found the following genes changed, such as Alb (Vincenzetti et al., 2019), Apoa1 (Bellei et al., 2017; Oehler et al., 2020a; Oehler et al., 2020b), Nnat (Chen et al., 2010), Vgf (Rizzi et al., 2008; Fairbanks et al., 2014), and Sting1 (Donnelly et al., 2021), which may be associated with hyperalgesia in the early phase of CB1 knockdown. Interestingly, most DEGs involved in material metabolism and energy balance in the early phase of CB1cKO returned to normal after 2 weeks (the late phase of CB1cKO), including major urinary protein family and serine (or cysteine) peptidase inhibitor family. Since the above genes determine the survival of peripheral sensory neurons, they returned to normal after a short-term imbalance to maintain the basic physiological functions of DRG.
In the late phase of CB1 knockout, we observed a lot of DEGs, many of them have been reported in several sequencing articles of DRG of neuropathic pain models (Wu et al., 2016; Sun et al., 2020; Tang et al., 2020), including npy, atf3, Sprr1a, and Slc6a4. Furthermore, DEGs observed in the present profiling specifically targeted neuropeptide signaling (npy, npy1r, nts, Sprr1a, and Slc6a4), retrograde endocannabinoid signaling, ion transport, and pain regulation pathways. Due to the deletion of CB1 on DRG neurons, its inhibitory effect on presynaptic neurotransmitter release is weakened (Balezina et al., 2021), so the synthesis and release of presynaptic neurotransmitters increase, such as upregulation of npy, npy1r, and nts, which in turn causes the excitement of postsynaptic neurons and finally causes pain. Collectively, our results proved that the DEGs in the late phase of CB1 knockout correlated closely with neuropathic pain, which may provide new analgesic targets for neuropathic pain.
Neuroinflammation is a crucial mechanism in many neurological disorders. Injury to the peripheral sensory nerves leads to a neuroinflammatory response in the somatosensory pathway, especially from DRG to spinal cord, which results in neuropathic pain (Hu et al., 2020). Our results showed that CB1 was absent on peripheral sensory neurons; the immune response and neuroinflammation caused by peripheral nerve injury were more serious. Due to the lack of presynaptic inhibition of CB1 (Balezina et al., 2021; Patzke et al., 2021), peripheral nerve injury leads to glial overactivation and the release of a large amount of pain-causing substances and inflammatory mediators, which eventually causes exaggerated neuropathic pain, and the specific deep-level mechanism needs to be further studied.
Nerve injury profoundly reduced the mRNA level of CB1 at 5 days after spinal nerve ligation (SNL) but increased the mRNA expression of CB2 on 10 and 21 days but not 5 days after SNL in the rat DRG (Luo et al., 2020). Consistently, our study showed that the mRNA levels of CB2 of WT mice only slightly increased (1.45 times) on the 14th day after CCI, while the expression of CB2 of CB1cKO mice increased up to 6.5 times on the 14th day after CCI. It suggested that without the inhibitory effect of CB1, nerve injury can cause a large increase in the expression of CB2, which may contribute to the development of neuropathic pain.
Behavioral results suggested that AM630 has good analgesic effect on CB1cKO mice (28 days after TMX induction and no CCI modeling), which indicated that even if the expression of CB2 is not significantly increased after CB1 knockout, its function is activated, and antagonizing CB2 can relieve pain. Furthermore, AM630 also alleviated neuropathic pain induced by CCI in both WT mice and CB1KO mice. From this, we can confirm that CB2 is the downstream gene of CB1, and CB2 mediates the development of neuropathic pain. Since CB1 agonists had no analgesic effect on the maintenance of neuropathic pain (Luo et al., 2020), CB2 antagonists should be used to treat it without the central side effects of CB1 agonists. Besides CB2, other downstream genes of CB1 may also be used as an effective target for neuropathic pain.
CB2 is particularly attractive as a target due to the lack of the side effects such as psychotropic activity caused by CB1 agonists (Lutz, 2020). Activation of peripheral CB2 receptors is sufficient to produce antinociception to an acute thermal stimulus (Malan et al., 2001). Four days after L5 nerve transection, intrathecal administration of JWH015 (a CB2 agonist) has an analgesic effect (Landry et al., 2012). In contrast, our data suggested that in 12–17 days after CCI modeling, antagonizing the function of CB2 had a significant analgesic effect in both WT mice and CB1KO mice, while CB2 agonists leads to no analgesic effect. This discrepancy might result from different models and different administration times of CB2 agonists after nerve injury. Consistently, at the early stage before the onset of CNS injury-induced immunodeficiency syndrome (CIDS), CB2 activation has the potential to alleviate CNS injury by limiting neuroinflammation and preventing the development of CIDS, while at the later stage with already established CIDS, CB2 inhibition with AM630 also restored the peripheral leukocyte response to endotoxin to improve the patient’s outcome (Sultana et al., 2021). Our research found that in the maintenance phase of neuropathic pain, antagonizing CB2 can inhibit excessive activation of astrocytes and neuroinflammation that improves neuropathic pain induced by CCI.
In summary, our findings revealed that CB1 in peripheral sensory neurons mainly functioned as an endogenous analgesic factor. The action mechanisms of CB1cKO at early and late onsets of pain were different, as evidenced by our transcriptome sequencing results. CCI aggravated neuropathic pain and led to significant transcriptome profiling changes in DRG of CB1cKO mice. As a downstream target of CB1, CB2 worsened the neuropathic pain, and further use of CB2 antagonists reversed pain manifestations by inhibiting overactivation of astrocytes and neuroinflammation. These transcriptome profiling changes in DRG induced by CB1cKO and peripheral nerve injury could provide new directions and inspirations for developing novel drugs for neuropathic pain in the future.
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Supplementary Figure S1 | Agarose gel electrophoresis images of tail DNA of transgenic mice. CB1cKO mice are homozygous model of tissue/cell specific knockdown of CB1R, which required both LOXP element and advilin cre gene insertion. (A) To detect the presence of LOXP components in CB1-FLOX. The 344 bp band means the presence of LOXP elements. The mice are CB1-FLOX positive. The 244 bp band means that the loxp element is absent and means CB1-FLOX negative. This data showed that the transgenic mice numbered 822 to 837 are all CB1-FLOX positive. (B) To detect whether the advilin cre gene has been inserted. The 152 bp band indicates positive advilin Cre, and no band means advilin cre negative. Figure B shows that only 9 transgenic mice (numbered 825–827, 830–833, and 835–836) were advilin cre positive. (C) To test whether there is gene leakage in the mice’s tail (Whether CB1R is knocked out in the mice’s tail). If the transgenic mice had a gene leak, 350 bp bands (null) would appear, and no band means that there is no gene leak in the tail of the mouse. Figure C shows that no gene leakage occurred in the tail of transgenic mice numbered 822–837. With all these results mentioned above, there is a conclusion that 9 double-positive mice (numbered 825–827, 830–833, and 835–836) were successfully identified without gene leakage.
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Sleep deprivation is commonplace in modern society, Short periods of continuous sleep deprivation (SD) may negatively affect brain and behavioral function and may lead to vehicle accidents and medical errors. Tanshinone IIA (Tan IIA) is an important lipid-soluble component of Salvia miltiorrhiza, which could exert neuroprotective effects. The aim of this study was to investigate the mechanism of neuroprotective effect of Tan IIA on acute sleep deprivation-induced cognitive dysfunction in rats. Tan IIA ameliorated behavioral abnormalities in sleep deprived rats, enhanced behavioral performance in WMW and NOR experiments, increased hippocampal dendritic spine density, and attenuated atrophic loss of hippocampal neurons. Tan IIA enhanced the expression of CB1, PI3K, AKT, STAT3 in rat hippocampus and down-regulated the expression ratio of Bax to Bcl-2. These effects were inhibited by cannabinoid receptor 1 antagonist (AM251). In conclusion, Tan IIA can play a neuroprotective role by activating the CNR1/PI3K/AKT signaling pathway to antagonize apoptosis in the hippocampus and improve sleep deprivation-induced spatial recognition and learning memory dysfunction in rats. Our study suggests that Tan IIA may be a candidate for the prevention of sleep deprivation-induced dysfunction in spatial recognition and learning memory.
Keywords: tanshinone IIA, sleep deprivation, cognitive dysfunction, cannabinoid receptor 1, hippocampal neurons
INTRODUCTION
Long enough undisturbed sleep is a pillar of human health, but sleep deprivation is commonplace in modern society, and chronic sleep deprivation can damage human health, increasing the risk of cardiovascular disease, obesity (Leslie, 2012; Wang et al., 2019), and is also associated with reduced cognitive function (Killgore, 2010; Javaheripour et al., 2019; Ma et al., 2020). Notably, short periods of sleep deprivation can also disrupt circadian physiology and have a negative impact on brain and behavioral function, resulting in significant decreases in cognitive function (Jewett et al., 1999; Choshen-Hillel et al., 2021), which in turn can contribute to increased risk of occupational and traffic accidents (Wu et al., 2013a; Hillman et al., 2018; Whelehan et al., 2021).
Salvia is the dried root and rhizome of Salvia miltiorrhiza, family Labiatae, which is considered by Traditional Chinese Medicine to have the effects of activating blood stasis, relieving pain, regulating heat and calming the mind (Jia et al., 2019) The pharmacological research of Salvia is very extensive, mainly with anti-tumor, anti-atherosclerosis and anti-neuroinflammatory effects (Zhou et al., 2016; Fu et al., 2020; Xu et al., 2021). Tanshinone IIA is an important lipid-soluble component of Salvia (Jiang et al., 2019), which has anticancer, neuroprotective, and cardioprotective pharmacological effects (Munagala et al., 2015; Xie et al., 2015; Zhu et al., 2017a; Zhao et al., 2019). Current studies have shown that Tan IIA’s effects on disease exhibit obvious multi-target regulatory mechanisms, such as anti-inflammatory, antioxidant, and anti-apoptotic effects (Sung et al., 1999; Wu et al., 2013b; Cai et al., 2016; Guo et al., 2020; Liu et al., 2020). Its inhibition of apoptosis and enhancement of neuronal regeneration may be a potential mechanism for its protection of the nervous system (Shen et al., 2011; Qian et al., 2012). Similarly, a previous study found that Tan IIA improved the performance of streptozotocin-induced APP/PS1 transgenic mice in NOR tests demonstrating beneficial effects on cognitive memory function (He et al., 2020). Another study found that Tan IIA also alleviated cognitive dysfunction caused by other factors, such as diabetes-related, chemokine CC motif ligand 2 (CCL2)-induced, vascular dementia in rats, in experiments that relied on MWM assessment (Chen et al., 2018; Liao et al., 2020; Kong et al., 2021). However, the effect of Tan IIA on behavioral function in sleep deprivation model animals has not been elucidated, and whether Tan IIA has an effect on sleep deprivation-induced cognitive dysfunction has not been reported.
The hippocampus is one of the brain regions responsible for higher neural activities such as emotional integration, cognition and memory, and has an important role in spatial navigation and the integration of information from short-term to long-term memory (Zhong et al., 2020). Prolonged sleep deprivation may inhibit hippocampal cell proliferation and reduce neurogenesis and cell survival, which in turn leads to deterioration and impaired function of neurobehavior such as cognition and memory (Kim et al., 2005; Meerlo et al., 2009; McCoy and Strecker, 2011). Sleep deprivation has long been known to damage nerves (Bishir et al., 2020), but it is worth mentioning that sleep deprivation is particularly damaging to the hippocampal region of the brain, not only affecting the immune and redox systems, leading to neuroinflammation and oxidative stress (Nabaee et al., 2018), but also causing damage to hippocampal ultrastructure, inducing loss of pyramidal neurons and impairing cognitive function (Xie et al., 2021). Tan IIA has been reported to have a role in rescuing memory deficits in rodents, and although these memory deficits are not exclusively caused by sleep deprivation, they are associated with hippocampal neuronal damage (Zhu et al., 2017b; Kong et al., 2017; Chen et al., 2018).
Our preliminary bioinformatics exploration revealed that the key gene for Tan IIA in treating patients with cognitive dysfunction syndrome may be CNR1. This gene encodes Cannabinoid Receptor 1 (CB1), which is located mainly in the brain, spinal cord and peripheral nervous system. Activation of CB1 can reduce the release of some neurotransmitters, such as dopamine and GABA, to participate in the regulation of memory, cognition, and motor control (Szabó et al., 2014). It has been reported that PI3K and AKT are stimulated and phosphorylated when CNR1 is overexpressed and play a neuroprotective role in the pathogenesis of Alzheimer’s disease (Li et al., 2020). The phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) signaling pathway is a classical signal transduction pathway that regulates cell survival, differentiation and apoptosis. Numerous studies have found that activation of the PI3K/AKT pathway contributes to neuroprotection and is involved in the survival, differentiation, and apoptosis of glial cells and neurons (Husain et al., 2012; Dou et al., 2016; Lai et al., 2016). These studies suggest that we have an upstream and downstream relationship between CNR1 and PI3K/AKT. Therefore, it can be predicted that Tan IIA may alleviate cognitive dysfunction by regulating the CNR1/PI3K/AKT signaling pathway.
In summary, the aim of this study was to investigate the ameliorative effects of Tanshinone IIA on sleep deprivation-induced cognitive dysfunction and whether these neuroprotective effects are regulated by the CNR1/PI3K/AKT pathway in the brain.
MATERIALS AND METHODS
Reagents and Apparatus
Tanshinone IIA (purity ≥95%) was purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China).AM251 (purity >98%) was purchased from Shanghai Hongye Biotechnology Co., Ltd. (Shanghai, China), the Chinese agent of GLPBIO. The animal trajectory tracking system was developed by Noldus Information Technology Co., Ltd. The Morris water maze (MWM) experimental instrument (DMS-2) was developed by the Institute of Materia Medica, Chinese Academy of Medical Sciences. The sleep deprivation device was made by the Institute of Gerontology, Hubei University of Traditional Chinese Medicine.
Screening Key Pathways and Targets by Bioinformatics
GEO (https://www.ncbi.nlm.nih.gov/geo) is a public repository of genomics data that helps users query and download gene expression profiles needed for experiments and planning. We downloaded data from GEO for 121 patients with cognitive impairment syndrome and 232 normal subjects. PubChem (https://pubchem.ncbi.nlm.nih.gov/) is a database of chemical modules which contains typical SMILES and two-dimensional structures of Tan IIA. The target genes associated with Tan IIA were retrieved from the SwissTargetPrediction (http://www.swisstargetprediction.ch/) database, which helps us to predict target genes associated with target small molecule compounds with assumed biological activity. The study was exempt from approval by the local ethics committee because the GEO data was publicly available.
Differential gene expression was assessed by the software EdgeR (Empirical analysis of Digital Gene Expression in R). In the combined analysis, genes with adjusted p < 0.05 and |log2 fold change (FC)| >1.0 were considered as differentially expressed genes. Then, the cross-section of differentially expressed genes and Tan IIA -related genes were screened using Venny 2.1.0 software, and these genes were used as target genes of Tan IIA for cognitive impairment syndrome treatment.
Tan IIA as a core target for the treatment of cognitive dysfunction syndrome using Discovery Studio 2016 software. Structure of related proteins downloaded from the RSCB PDB database (https://www.rcsb.org/) Tan IIA compound structures were downloaded from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). It is generally considered that LiDockscore ≥90 represents a strong binding ability when docked to the target protein (Ge et al., 2018).
Animals and Treatments
All experimental procedures were approved by the Hubei University of Traditional Chinese Medicine experimental ethics committee. Male Wistar rats weighing 200–220 g were purchased from Liaoning Changsheng Biotechnology Co. Ltd. and kept in a controlled environment (room temperature 25 °C) with a 12-h light-dark cycle, and received standard chow and drinking water ad libitum. Animals were randomly allocated to five experiment groups (n = 12 per group) using random number table by investigators: the control group, SD group, Tan IIA-L (20 mg/kg, i. g.) group, Tan IIA-H (40 mg/kg, i. g.) group, and Tan IIA-L + AM251 group (1 mg/kg, i. p.). After 7 days of adaptive feeding, the rats were administered Tan IIA and AM251 preventively, once a day, for 21 days, and the control and SD groups received physiological saline (0.9% NaCl, 10 ml/kg, i. g.&i.p.) at the same time. From the 17th day, all groups except the control group were subjected to SD for 96 h (From 10 a.m. on day 17 to 10 a.m. on day 21). Conduct behavioral tests 24 h after sleep deprivation (Morris water maze hidden platform phase started on day 17). After all behavioral tests, the rats were sacrificed for biomarker analysis (As shown in Figure 1B).
[image: Figure 1]FIGURE 1 | Signaling pathway prediction and experimental flow. (A) Sleep deprivation inhibited PI3K/AKT/STAT3 signaling pathway, caused hippocampal damage and reduced neuronal dendritic spine density in rats; Tanshinone IIA may activate PI3K/AKT/STAT3 signaling pathway through cannabinoid receptor 1, protect rat hippocampal neurons and inhibit the damage caused by sleep deprivation. (B) Experimental procedure and drug administration method.
Induction of the Acute SD Model
The acute sleep deprivation model was established by a modified multi-platform water environment method. Six interconnected stainless steel cylinders (Φ = 10 cm) are placed in the water tank (1 cm above the water surface). The distance between the 2 cylinders was 15 cm and a narrow passage was connected so that the rat in a water-filled tank could move freely on each platform. Therefore, when the animal entered a sleep state, the its nasal tip would touch the water or fell into the water and woke up. The rats were continuously deprived of sleep for 96 h. During this 96-h sleep deprivation period, rats had free access to feed and water. The control group rats were kept only in tanks without water.
Novel Object Recognition Test
The NOR is a behavioral method that uses the rodent’s natural tendency to approach and explore novel objects to assess the recognition and memory ability. The experiment consists of 3 main phases: habituation, training and testing phase. We used a cubic black acrylic box (40 cm × 40 cm × 50 cm) as the experimental device. Rats were spent 5 min to explore the experimental device for 3 days. Their trajectory and the time spent exploring different objects were recorded. On the first day, the rats were placed sequentially in the experimental device without any objects and allowed to explore freely to habituate the environment. On the second day, two identical cylinders A1 and A2 (Φ= 6 cm, height 15 cm) were placed in the experimental device. The rats were placed into the experimental set-up with their backs to the objects. On the third day, replace cylinder A2 with square column B (side length 6 cm, height 15 cm) and repeat the experiment of the second day. It is worth noting that, alcohol needs to be sprayed on the experimental device at every two experimental intervals to eliminate the odor. Interaction parameters were specified as contact with the object (nose-point, distance < 3 cm). The experimental index was expressed as “discrimination index”. Discrimination index was calculated as the time to explore novel object (object B)/total time to explore (explore object A1 + explore object B).(As shown in Figure 1A).
Morris Water Maze Test
MWM is a classic experiment applied to assess the spatial memory ability of rodents. A black tank (Φ = 150 cm) was filled with a sufficient amount of fresh water (22–25°C) as the body of the experiment. Four different shapes of cardboard were hung from the curtain as visual cues. MWM test consists of 3 main phases: visible platform (1 day), hidden platform (4 days) and probe test (1 day). In the visible platform phase, a black cylinder (Φ = 5 cm) was put into the water as a platform and made 1 cm above the water surface. Each rat was allowed to search for the platform for 90 s. If it failed to find the platform, the experimenter guided the rat to climb the platform and familiarize itself with the environment for 15 s. In the hidden platform phase, water was injected to submerge the platform for 1 cm to make it invisible, and other operations were performed as in the visible platform period experiment. In the probe test phase, the black cylinder was withdrawn from the tank and each rat was allowed to swim for 90 s. The swimming trajectory and other parameters were recorded by the device. The experiment was repeated three times a day, and rats were placed from different quadrants with the same platform position.
Nissl Staining
We detected changes in rat hippocampal neuronal cell expression by Nissl staining. The selected 16 μm coronal sections of rat brain paraffin were placed on gelatin-coated glass slides in phosphate-buffered saline and placed in a dust-proof environment for 24 h to dry. Brain slices were placed horizontally for 10–20 min with drops of Nissl staining solution (1% toluidine blue). After rinsing quickly in distilled water, the sections were differentiated in 95% ethyl alcohol. After dehydration, the sections were scanned and the brain slices were observed by CaseViewer software. Four visual fields of the hippocampus (CA1, CA3, and CA4) and dentate gyrus (DG) were taken from each photograph. Cells containing Nissl vesicles were considered to be neurons and were counted manually.
Hematoxylin and Eosin (H & E) Staining
We processed rat brain sections with Hematoxylin and eosin (H & E) staining and evaluated morphological changes in the hippocampus under microscopic observation. First, put sections into the hematoxylin dyeing solution for 8–10 min, then washed with running water. Differentiated with differentiation liquid, then washed with running water. Use blue returning liquid to return blue. Then, the sections were dehydrated with 85 and 95% ethanol absolute for 5 min respectively, and dyed in eosin solution for 8–10 min. After completing the above steps, put sections into three cylinders of ethanol absolute for 5 min and two cylinders of xylene for 5 min. Finally, sealed the sections with neutral balsam. The sections were scanned and the brain slices were observed by CaseViewer software. Four visual fields of the hippocampus (CA1, CA3 and CA4) and dentate gyrus (DG) were taken from each photograph.
Golgi-Cox Staining and Spine Density Analysis
Treatment of experimental samples with Golgi-cox stain allows us to clearly see the dendritic spines on neurons. The whole brains of the rats were removed and immediately placed into paraformaldehyde (4%) fixative for more than 48 h. The rat brain tissue was cut into 2 mm thick tissue pieces, rinsed 3–4 times with saline, placed in 45 ml round bottom EP tubes and submerged in Golgi-Cox solution. The staining solution was changed every 48 h and placed in a cool place for 14 days to avoid light treatment. After staining, the tissues were washed three times with distilled water, poured into 80% glacial acetic acid to submerge the tissues overnight, washed in distilled water when the tissues became soft, and placed in 30% sucrose. The tissue was cut into 100 μm with an oscillating sectioner, attached to gelatin slides, and left overnight to dry away. Finally, the dried tissue slides were treated with concentrated ammonia for 15 mins, washed with distilled water for 1 min, treated with acidic firm film fixing solution for 15 mins, washed with distilled water again for 3 mins, dried, and sealed with glycerin gelatin. We acquired images the Pannoramic 250 (3D Histech) digital section scanner and processed the images with ImageJ software for subsequent analysis.
Western-Blot Analysis
Rat hippocampal tissues were washed 2–3 times with pre-chilled PBS, cut into small pieces and homogenized by adding ten times the volume of tissue in RIPA lysis buffer (Beyotime Institute of Biotechnology, China). Then the supernatant was collected by centrifugation and homogenization (12,000 rpm, 4°C, 10 min), which is the total protein of rat hippocampal tissue. The BCA protein assay kit (AS1086, ASPEN, Wuhan, China) was used for the quantification of total proteins. Samples were separated by SDS PAGE and electro-transferred onto PVDF (0.45 um) membranes (Servicebio,G6015-0.45, Wuhan, China) after activation with methanol. The membranes were then incubated overnight at 4°C with specific primary antibodies:CB1 (Servicebio,GB111214), PI3K(BIOSS,BSM-33219M), P-PI3K (BIOSS,bs5570R), AKT (Servicebio,GB11689), P-AKT (Affinity,AF0908), STAT3 (Servicebio,GB11176), P-STAT3 (RuiyingBiological, RLP0250), Bcl2 (Servicebio, GB113375), BAX (Servicebio, GB11690),ACTIN(Servicebio, GB12001). The membranes were washed three times with TBST for 10 min each. After washing, the membranes were incubated with HRP anti-conjugated secondary antibody (Servicebio, GB23303) for 1 h. The membranes were washed in the same manner as described above. Membranes were scanned using the Fluor Chem FC3 system (Protein Simple, United States).
Immunohistochemical Detection
Formalin-fixed paraffin-embedded tissue sections were first baked and deparaffinized. The tissue sections were then placed in citric acid antigen repair buffer (pH 6.0) in a microwave oven for antigen repair. The tissue was placed in 3% hydrogen peroxide solution for 25 min to block endogenous peroxidase and then closed at room temperature for 30 min by adding 3% BSA dropwise to cover the tissue uniformly. primary antibodies (BAX, Servicebio, 50599-2-Ig, 1:300; Bcl-2, Servicebio B13439, 1:200) were added and stored overnight at 4°C and secondary antibodies [HRP IgG (H + L), Servicebio GB23302, 1:200] and incubated at room temperature for 50 min. Then freshly prepared DAB color development solution was added dropwise and the color development time was controlled under the microscope. The nuclei were re-stained with hematoxylin and then sealed by dehydration. The average optical density value was calculated for the relevant area of each section using Image-Pro-PLUS software, and the magnitude of the value was the degree of expression of the relevant subunit protein.
Statistical Analysis
Because the subjects were repeatedly measured at different time stages during the conduct of the MWM experiment, a two-way ANOVA was performed using repeated measures ANOVA to analyze the differences between groups. The analysis was performed using the open source software R (R version 4.1.2, URL https://www.R-project.org). The different experimental medication treatments (Group) and training time (Time) were treated as independent variables and the experimental subject number was used as a random variable to construct a linear mixed model using the lme4 package library lmer function (Bates et al., 2015) to test the effect of the two factors on the results. To further check the variability between the different groups, the Tukey post hoc paired test was performed on the results of the constructed models using the multcomp package library glht function (Hothorn et al., 2008).
All other data were statistically processed by SPSS 22.0 statistical software, and data results were expressed as means ± standard deviation (X ± S). Statistical differences were analyzed by one-way ANOVA and t-test by LSD method. p < 0.05 was considered statistically different, p < 0.01 was considered significantly different.
RESULTS
The Key Target of Tan IIA for the Treatment of Patients With Cognitive Dysfunction Syndrome May Be CNR1
We used bioinformatics-related methods to find that the key target of Tan ⅡA for the treatment of patients with cognitive dysfunction syndrome may be CNR1. In total, we identified 461 differentially expressed genes and displayed them in the volcano plot (Figure 2B), including 133 up-regulated genes and 328 down-regulated genes (Figure 2A). The expression of these 461 genes in the TCGA dataset (sample includes 121 patients with cognitive dysfunction syndrome and 232 normal individuals) is shown in the heat map (Figure 2C). Among these 461 differentially expressed genes, 2 intersected with Tan IIA-related targets (Figure 2D), and these 2 differentially expressed genes were regarded as the target genes of Tan IIA for the treatment of mild cognitive impairment syndrome, and they were CNR1 and C5AR1, respectively.
[image: Figure 2]FIGURE 2 | Identification of the differentially expressed genes (DEGs) of patients with mild cognitive impairment syndrome in the GEO cohort. (A) The DEGs between Patients with mild cognitive impairment syndrome and normal tissues. (B) Volcano plots, to Visualize the DEGs. (C) The expression trend of 461 DEGs shown as heatmap. (D) Venn diagram to identify Tan IIA -related DEGs between Mild cognitive impairment syndrome patients and normal individuals.
To further validate the potential of these 2 targets as important targets for Tan IIA in the treatment of mild cognitive impairment syndromes, we performed virtual molecular docking of Tan IIA and these 2 genes using AutoDockTools-1.5.6 software. The results showed that both CNR1 and C5AR1 had strong binding ability to Tan IIA (The 3D images of these two targets and the binding point are shown in Figure 3), but the docking score of CNR1 (130.672, Figure 3B) was higher than that of C5AR1 (110.642, Figure 3A). According to the literature analysis, we selected CNR1 as a key target protein for Tan II A in the treatment of mild cognitive impairment syndrome. This provided some basis for our biological experiments.
[image: Figure 3]FIGURE 3 | The molecular docking between Tan IIA and corresponding target. (A) C5AR1- Tan IIA. (B) CNR1-Tan IIA.
Tan IIA Suppresses Spatial Recognition and Learning Memory Dysfunction in Sleep Deprivation Model Rats
We deprived the rats of sleep for 96 consecutive hours and started the NOR experiment at the 24th hour. There was no significant difference in the total distance travelled by the rats in each group (p > 0.05, Figure 4D) Therefore, the interference of exercise on the experimental results could be excluded. The desire to explore new objects was significantly lower in the Model and Tan IIA-L + AM251 groups compared to the Control group (##p < 0.01, ##p < 0.01, Figure 4C). Compared with the Model group, the Tan IIA treatment groups showed a significantly higher exploration index for new objects, with the high-dose group showing a significant difference (**p < 0.01). The Tan IIA-L + AM251 group showed similar trajectory of action and exploration time to the Model group compared to the Tan IIA-H group (&p < 0.05).
[image: Figure 4]FIGURE 4 | New object recognition experiment. (A) Schematic diagram of three test phases. (B) Exploration trajectory of each group of rats: The rats in the control group had a strong desire to explore new objects; the rats in the model group preferred to walk against the wall and their trajectories had no obvious pattern; the rats in the Tan IIA administration restored their desire to explore new objects; the rats in the Tan IIA-L + AM251 group had confused trajectories. (C) Identification indices: model (##p < 0.01) vs control; Tan IIA-L + AM251 groups (##p < 0.01) vs. control; Tan IIA-H (**p < 0.01) vs. model; Tan IIA-L + AM251 groups (&p < 0.05) vs. Tan IIA-L groups (D)No significant difference in the total distance travelled by the rats in each group.
The effect of both time and dose on the experimental results in the Morris water maze experiment was significant (p < 0.05, p < 0.05), and the time × dose interaction was not significant (p > 0.05). The latency (Figure 5B) to ascend the platform and the total distance swum decreased from the second day in all groups, but the decrease was flat in the Model and Tan IIA-L + AM251 groups. From the third day onwards, a significant difference in latency between the Model group and the Control group was observed (#p < 0.05). The latency was significantly lower in the Tan IIA-L group compared with the Model group (*p < 0.05). On the fourth day of platform hiding period, both Model and Tan IIA-L + AM251 groups needed about 50 s to find the platform, and most of the rats in the Model group still maintained the marginal strategy to search the platform (Figure 5A). Meanwhile, the Control rats had been able to easily ascend the platform with an average elapsed time of less than 30 s (##p < 0.01). Compared with the Model group, the incubation period of Tan IIA -treated rats were substantially shorter (*p < 0.05, **p < 0.01). The Tan IIA-L + AM251 group had a significantly longer latency than the Tan IIA -H group (&&p < 0.01). The swimming speed curves of the rats in each group tended to level off, with no significant differences (p > 0.05, Figure 5C). After removal of the platform, each rat was allowed to freely explore the tank for 90 s (Figure 5D). Rats in the Control group traversed the platform approximately 4 times, whereas the number of traversals in the Model group was less than 1time (##p < 0.01). The number of platform crossing was significantly increased after Tan IIA treatment compared with the model group (**p < 0.01, **p < 0.01). Compared with Tan IIA-H, the Tan IIA-L + AM251 group crossed the platform significantly less times (&&p < 0.01).
[image: Figure 5]FIGURE 5 | Morris water maze experiment. (A) Swimming trajectory of rats on the second day, fourth day and navigation test. (B) Latency on Day4: model (##p < 0.01) vs. control; Tan IIA-L + AM251 groups (##p < 0.01) vs. control; Tan IIA-L (*p < 0.05) vs. model; Tan IIA-H (**p < 0.01) vs. model. Tan IIA-L + AM251 groups (&&p < 0.01) vs. Tan IIA-L groups. (C) Swimming speed of rats: no significant difference (p > 0.05). (D) Times of crossing the platform: model (##p < 0.01) vs. control; Tan IIA-L + AM251 groups (##p < 0.01) vs. control; Tan IIA-L (**p < 0.01) vs. model; Tan IIA-H (**p < 0.01) vs. model; Tan IIA-L + AM251 groups (&&p < 0.01) vs. Tan IIA-L groups.
Tan IIA Ameliorates Neural Damage in the Hippocampus of Sleep Deprivation Model Rats
The results of Nissl staining (Figure 6A) and HE staining (Figure 6D) showed that the neurons in all regions of the hippocampus of the Control rats were clearly hierarchical, closely and neatly arranged, without pathological abnormalities, and the Nissl vesicles in the neuronal cells were clearly stained and more numerous. The neurons in the hippocampal region of the Model group were reduced in level, loosely arranged, and the Nissl vesicles were reduced or disappeared, and showed obvious pathological abnormalities in the HE staining results, such as the disappearance of nuclear consolidation and deepening of cell staining, indicating that the hippocampal neurons in the model group began to degenerate. Tan IIA can prevent these histopathological damages. Statistically, acute sleep deprivation reduced the number of hippocampal neurons in all groups of rats, but no significant differences were seen in most regions, and only the loss of cells in CA1 area was significant in the model group rats (##p < 0.01, Figure 6B), which may be due to the insufficient duration of sleep deprivation.
[image: Figure 6]FIGURE 6 | Pathological damage in the hippocampus of rats. (A) Pathological sections of CA1, CA3, CA4 and DG areas of rat hippocampus with Nissl staining. (B) Number of cells in visual field (CA1&CA3) (C) Number of cells in visual field (CA4&DG) (D) HE staining in the DG area of rat hippocampus: The normal neurons in the hippocampal region of the control group were tightly arranged and neatly aligned, and the nuclei were clearly visible. The model group showed obvious pathological abnormalities, with sparse neuronal arrangement and nuclear consolidation in the hippocampal region. The pathological damage was reduced or disappeared after Tan IIA treatment.
Dendritic spines are the basic structural unit for learning and memory formation. We selected pyramidal neurons in the CA1 region and analyzed the density of dendritic spines by Golgi-Cox staining (Figure 7C). Consistent with the envisioned results, acute sleep deprivation significantly reduced the density of neuronal dendritic spines in the CA1 region compared with the Control group (##p < 0.01). Compared with the Model group, Tan IIA significantly increased dendritic spine density in acute sleep deprived rats (**p < 0.01, **p < 0.01), while AM251 inhibited the effect of Tan IIA, the difference was not significant.
[image: Figure 7]FIGURE 7 | Golgi-Cox staining. (A) Golgi-Cox staining pattern diagram: Dendritic spines on neurons are made visible. (B) Changes in dendritic spine density of neurons in each group: Higher number of dendritic spines in the control group; reduced in the model group; number rebounded after Tan IIA treatment in a dose-dependent manner; lower number of dendritic spines in AM251 (C) Neuronal dendritic spine density: model (##p < 0.01) vs. control; Tan IIA-L + AM251 groups (#p < 0.05) vs. control; Tan IIA-L (*p < 0.05) vs. model; Tan IIA-H (**p < 0.01) vs. model.
Tan IIA Activates the CNR1/PI3K/AKT Pathway to Exert Neuroprotective Effects
To evaluate whether CNR1 effectively mediated Tan IIA -induced neuroprotection, we examined the expression and activation of CB1, PI3K, AKT, and STAT3 in the hippocampus by Western-blot (Figure 8). Compared with the Control group, the expression of hippocampal CB1, P-PI3K, P-AKT, and P-STAT3 was decreased in the Model and Tan IIA-L + AM251 groups (##p < 0.01, #p < 0.05). Compared with the Model group, the expression of CB1, P-PI3K, P-AKT, and P-STAT3 was increased in the hippocampus of rats in the Tan IIA groups (*p < 0.05, **p < 0.01).
[image: Figure 8]FIGURE 8 | Expressions of CB1, PI3K, AKT and STAT3 were detected using western-blot assay. (A) Western-blot stripes. (B) CB1/ACTIN: model (##p < 0.01) vs. control; Tan IIA-L + AM251 groups (#p < 0.05) vs. control; Tan IIA-L (*p < 0.05) vs model; Tan IIA-H (**p < 0.01) vs model. (C) P-PI3K/PI3K:model (#p < 0.05) vs. control; Tan IIA-L + AM251 groups (#p < 0.05) vs. control; Tan IIA-L (**p < 0.01) vs. model; Tan IIA-H (**p < 0.01) vs model. (D) P-AKT/AKT: model (##p < 0.01) vs. control; Tan IIA-L + AM251 groups (#p < 0.05) vs. control; Tan IIA-L (*p < 0.05) vs model; Tan IIA-H (**p < 0.01) vs. model. (E) P-STAT3/STAT3:model (##p < 0.01) vs. control; Tan IIA-L + AM251 groups (#p < 0.05) vs. control; Tan IIA-L (*p < 0.05) vs. model.
To further explore the neuroprotective effects of Tan IIA, we also used immunohistochemistry to observe the changes of the pro-apoptotic factor bcl-2 Associated X Protein (Bax) and the inhibitory factor B cell lymphoma 2 (Bcl-2) in the rat hippocampus (Figure 9). The ratio of the average optical density of the two proteins was used as an object of analysis, and it was found that the ratio of Bax to Bcl-2 expression increased in the Model group (##p < 0.01), and the Bax/Bcl-2 ratio decreased significantly in both Tan IIA -treated groups compared to the Model group (**p < 0.01, **p < 0.01). In contrast, the Bax/Bcl-2 ratio in the Tan IIA-L + AM251 group rebounded compared to the Tan IIA-L group (&&p < 0.01). Quantification of protein expression using immunohistochemical methods lacks accuracy. Therefore, we also used the Western-blot method to quantify the expression of BCL-2 and BAX proteins. BAX/BCL-2 values were increased in the model and Tan IIA-L + AM251 groups compared to the control group (##p < 0.01, #p < 0.05). Compared with the model group, the BAX/BCL-2 ratio decreased in the Tan IIA groups (*p < 0.05, *p < 0.05) and the values rebounded in the Tan IIA-L + AM251 compared with the Tan IIA-H (&p < 0.05).
[image: Figure 9]FIGURE 9 | Changes of Bax and Bcl-2 in rat hippocampus. (A) Changes of Bax and Bcl-2 in rat hippocampus by immunohistochemistry. (B) Average optical density of Bax and Bcl-2. (C) Average optical density ratio of Bax/Bcl-2: model (##p < 0.01) vs. control; Tan IIA-L + AM251 groups (##p < 0.01) vs. control; Tan IIA-L (**p < 0.01) vs. model; Tan IIA-H (**p < 0.01) vs. model; Tan IIA-L + AM251 groups (&&p < 0.01) vs Tan IIA-L groups. (D) Western-blot stripes. (E) Protein expression: the same trend as immunohistochemistry. (F) Protein expression of Bax/Bcl-2: model (##p < 0.01) vs. control; Tan IIA-L + AM251 groups (#p < 0.05) vs. control; Tan IIA-L (*p < 0.05) vs. model; Tan IIA-H (*p < 0.05) vs. model; Tan IIA-L + AM251 groups (&p < 0.05) vs. Tan IIA-L groups.
DISCUSSION
Our study showed that Tan ⅡA has a neuroprotective effect on acute sleep deprivation-induced cognitive impairment in rats, and its mechanism of action may be activating the CNR1/PI3K/AKT pathway in the hippocampal region, ameliorating hippocampal neuronal cell injury and inhibiting hippocampal cell apoptosis.
In the present study, several different behavioral tests (NOR and MWM) were used to evaluate the effects of acute sleep deprivation on cognitive function in rats and to evaluate the protective effect of Tan ⅡA. The NOR test is a behavioral method for detecting recognition memory in rodents on the basis of their natural instinct to approach and explore novel objects, and can be used to measure short-term spatial and short-term recognition memory in rodents (Grayson et al., 2015; Rajizadeh et al., 2018). Consistent with our expectation, the experimental results showed that acute sleep deprivation led to neurocognitive deficits in the NOR test and that the administration of Tan IIA could prevent these impairments in some extent, with higher doses of Tan IIA showing a stronger effect, suggesting a neuroprotective effect of Tan IIA on recognition memory capacity.
The Morris water maze experiment requires rodents to escape their aversive water environment by collecting and processing visual cues related to spatial orientation, an activity that involves long-term memory and spatial learning abilities (Vorhees and Williams, 2006). Same as previous reports (Wang et al., 2020a; Tai et al., 2020), different factors leading to different durations of sleep deprivation all affected the behavior of experimental animals in the WMW experiment, as evidenced by the prolonged latency of the platform concealment period and the reduced number of platform crossing during the platform-free period. MWM experiments are subject to a bivariate effect of time and dose and should therefore be assessed with matched subjects using a two-way (treatment × time) repeated measures ANOVA (with trial/time point as a repeated measures factor) followed by a Tukey post hoc multiple comparison test. Based on two-way repeated measures multivariate analysis of variance, we found that the administration of different doses of Tan IIA showed a significant effect on the reduction of escape latency during the training period in rats and showed a dose-dependent effect, mainly in the reduction of escape latency and the increase in the number of crossing platforms, indicating that it prevented sleep deprivation-induced spatial learning and long-term memory impairment. In the negative control group and Tan IIA -L group, it was observed that some rats would look around or stay in place after entering the water for a while and then swim directly to the stage after confirming the direction. This phenomenon indicates that these rats perform a better memory capacity. This behavior affects the swimming speed to some extent, but because the sample size was sufficient, there was no significant difference in the swimming locomotor ability of the rats from the groups as a whole. Thus, Tan IIA not only improves long-term and short-term memory impairment from sleep deprivation, but also plays a beneficial role at the level of spatial learning functions.
In the present study, 96 h of sleep deprivation caused significant impairment of spatial memory function in rats while atrophy of hippocampal neurons, nuclear fixation, and Nissl staining concentration were also observed in rats. All of the above pathological injuries recovered after Tan IIA administration and showed a dose dependence. Unfortunately, there was little change in the total number of cells in all regions of the hippocampus, and only a greater decrease in cells was found in the model group of rats. We speculate that this is due to the insufficient length of sleep deprivation.
However, it has been shown that the ratio of the anti-apoptotic protein Bcl-2 to the pro-apoptotic protein Bax determines, to some extent, whether apoptosis occurs, and that cells with high Bax/Bcl-2 are more prone to apoptosis than those with low Bax/Bcl-2 (Guo and Li, 2018). Therefore, we analyzed the expression of Bax and Bcl-2 in the rat hippocampus using immunohistochemical methods. Sleep deprivation increased the Bax/Bcl-2 ratio, and the ratio decreased back after Tan IIA administration, and AM251 blocked the utility of Tan IIA. However, immunohistochemistry does not quantify the protein expression in the hippocampal region well, and can only make a general judgment from a macroscopic point of view. So we also detected the protein expression of Bax and Bcl-2 in the hippocampal region using WB method and the results were consistent with the immunohistochemical results. These results suggest that apoptosis-induced hippocampal neuronal damage may be a factor contributing to memory impairment in sleep deprived rats.
In addition, sleep deprivation can also impair hippocampal function by altering synaptic plasticity at the structural level (Frank and Cantera, 2014; Cirelli and Tononi, 2020). The number of neurons, neuronal dendritic branches and dendritic spine density are all important measures of synaptic plasticity (Lewis, 2016). In this study, we found that the density of dendritic spines of pyramidal neurons in the CA1 region increased significantly after the prophylactic administration of Tan IIA to the model group rats. It indicates that Tan IIA can inhibit the neural damage caused by sleep deprivation at the synaptic level. Therefore, we suggest that apoptosis-related factors Bcl-2 and Bax may be involved in the process of hippocampal lesions caused by acute sleep deprivation in rats, and Tan IIA can effectively inhibit sleep deprivation-induced synaptic loss and neuronal loss and repair hippocampal pathological damage.
Several studies have reported that the endocannabinoid system plays an important role in a variety of brain functions, including the regulation of synaptic plasticity, learning and memory (Castillo et al., 2012). The CNR1 gene encodes the cannabinoid receptor (CB1), a G protein-coupled receptor (GPCR) that is highly expressed in the hippocampus (Herkenham et al., 1991), and is a receptor for endocannabinoids, N-arachidonic ethanolamine (anandide; AEA) and 2-arachidonic glycerol (2-AG), and mediates most of the effects of the active cannabis component phytocannabinoids on the central nervous system (Fletcher-Jones et al., 2020). We used bioinformatics to predict a strong correlation between Tan IIA and CB1 in a population of patients with cognitive dysfunction syndrome, and the results of molecular docking suggest that Tan IIA has a strong binding capacity to CB1. The PI3K/AKT pathway is an intracellular signaling pathway that promotes metabolism, proliferation, cell survival, growth and angiogenesis in response to G protein-coupled receptor signaling, a process mediated by serine or threonine phosphorylation of a range of downstream substrates. Much has been reported about the activation of the PI3K/AKT pathway by signaling from CB1 (Ozaita et al., 2007; Dalton and Howlett, 2012; López-Cardona et al., 2017; Wang et al., 2021). The mechanism of action of Tan IIA in reducing inflammation and oxidative stress and inhibiting apoptosis may also be related to the PI3K/AKT pathway (Zhang et al., 2013; Li et al., 2016; Zhang et al., 2019; Wang et al., 2020b). Our experimental results showed that the expression of P-PI3K and P-AKT were increased after the action of Tan ⅡA. To confirm that Tan IIA induces neurite growth via CB1, we blocked CB1 using AM251. Although there is no significant difference between the data of the Tan ⅡA-H and Tan ⅡA-H + AM251 groups, we can clearly see the difference in the variation in the histograms, which we speculate is due to the insufficient sample size to allow the experimental error to be eliminated and this effect cannot be corrected by statistical principles. It was found that pharmacological blockade of CB1 resulted in reduced activation of PI3K and Akt after Tan IIA treatment, and the blocking effect on Tan IIA efficacy was also demonstrated in animal behavioral experiments and hippocampal pathological sections. STAT3 plays an important role in mediating neurite growth downstream of PI3K/Akt signaling through activation of endogenous cellular CB1 (Wang et al., 2021), (Zhou et al., 2013), which is consistent with our prediction and results. Therefore, we suggest that Tanshinone IIA can exert neuroprotective effects by activating the CNR1/PI3K/AKT signaling pathway.
There are also shortcomings and room for improvement in our research. First, we did not set up a positive drug control group because we did not currently find one that could be put into use as a positive drug based on this mechanism. Although there are many drugs that are effective in relieving short- or long-term insomnia, their mechanisms are well established (e.g., eszopiclone (Wilt et al., 2016; Rösner et al., 2018)—acting on BDZ receptors and enhancing GABA receptor action within the central nervous system), they do not act by affecting the CNR1-PI3K-AKT signaling pathway effects. Second, our experiments do not involve a cellular model because the mechanism of sleep deprivation is complex and the damage caused to the organism is diverse, and the design of a single-factor cellular damage model cannot correspond correctly to our animal model, so we discarded this experimental design. In the future, we hope to explore the pharmacological effects of Tan IIA in neurodegenerative diseases through follow-up experiments; explore the logic and mechanism behind the cannabinoid receptor system as a potential drug for the treatment of neurological diseases.
CONCLUSION
Based on this series of findings, we conclude that Tanshinone IIA may exert neuroprotective effects through activating the CNR1/PI3K/AKT signaling pathway to improve sleep deprivation-induced spatial recognition and learning memory dysfunction in rats; Tanshinone IIA may have an antagonistic effect on apoptosis in the hippocampus in rats. Therefore, Tanshinone IIA may be a prospective candidate for the prevention of sleep deprivation-induced spatial recognition and learning-memory dysfunction.
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Alzheimer’s disease (AD) is the most common type of dementia and neurodegeneration. The actual cause of AD progression is still unknown and no curative treatment is available. Recently, findings in human samples and animal models pointed to the endocannabinoid system (ECS) as a promising therapeutic approach against AD. However, the specific mechanisms by which cannabinoid drugs induce potential beneficial effects are still undefined. For this reason, it is required a full characterization of the ECS at different time points of AD progression considering important factors such as sex or the analysis of different brain regions to improve future cannabinoid-dependent therapies in AD. Thus, the main aim of the present study is to expand our knowledge of the status of the ECS in a presymptomatic period (3 months of age) using the AD mouse model APP/PS1 mice. First, we evaluated different behavioral domains including anxiety, cognitive functions, and social interactions in male and female APP/PS1 mice at 4 months of age. Although a mild working memory impairment was observed in male APP/PS1 mice, in most of the behaviors assessed we found no differences between genotypes. At 3 months of age, we performed a characterization of the ECS in different brain regions of the APP/PS1 mice considering the sex variable. We assessed the expression of the ECS components by quantitative Real-Time Polymerase Chain Reaction in the hippocampus, prefrontal cortex, hypothalamus, olfactory bulb, and cerebellum. Interestingly, gene expression levels of the type-1 and type-2 cannabinoid receptors and the anabolic and catabolic enzymes, differed depending on the brain region and the sex analyzed. For example, CB1R expression levels decreased in both hippocampus and prefrontal cortex of male APP/PS1 mice but increased in female mice. In contrast, CB2R expression was decreased in females, whereas males tended to have higher levels. Overall, our data indicated that the ECS is already altered in APP/PS1 mice at the presymptomatic stage, suggesting that it could be an early event contributing to the pathophysiology of AD or being a potential predictive biomarker.
Keywords: Alzheimer Disease, APP/PS1 mice, brain-region analysis, mouse behaviour, CB1 receptors, sex-dependent
1 INTRODUCTION
Dementia, which is characterized by several behavioral alterations that affect patients’ daily life, is one of the greatest global challenges for health in the 21st century (Livingston et al., 2017; Mullane and Williams, 2020). There are many different types of dementia, but Alzheimer’s disease (AD) is the most common one (Livingston et al., 2017; Jacobs et al., 2018; Ray and Buggia-Prevot, 2021). AD is a progressive, age-dependent process, characterized by specific molecular hallmarks that accompany the behavioral dysfunctions including cognitive and social alterations (Lane et al., 2018; Avila and Perry, 2020; Coles et al., 2020). The prevalence of AD is increasing as life expectancy is improving, yet the very few treatments available are symptomatic and do not modify disease progression (Livingston et al., 2017; Ray and Buggia-Prevot, 2021).
There are several progressive stages of AD based on the evolution of the behavioral and molecular deficits (Braak and Braak, 1991; Guo et al., 2017; Jack et al., 2018; Jacobs et al., 2018; Dibattista et al., 2020). An interesting period in this progression is the presymptomatic stage, which occurs between the earliest pathogenic event of AD and the appearance of behavioral symptoms such as cognitive deficits. This stage could serve to identify early molecular alterations and novel interventions to delay, detect or counteract AD pathophysiology (Maccarrone et al., 2018; Qin et al., 2020). Indeed, animal models have become a useful tool to characterize possible molecular changes prior to any behavioral alteration (Caselli and Reiman, 2012). Thus, an accurate understanding of AD pathogenesis is required by untangling the possible molecular pathways that lead to behavioral disturbances.
Taking into account the repertoire of possible molecular mechanisms involved in AD, the endocannabinoid system (ECS) has emerged as a potential therapeutic approach against this neurodegenerative disease (Cristino et al., 2020). The ECS is a retrograde neuromodulatory system involved in a plethora of physiological processes such as the regulation of brain homeostasis, neurotransmitter release, and synaptic transmission processes. By doing this, the ECS can modulate some behavioral outputs such as learning and memory, motor coordination, energy balance, and olfactory functions (Castillo et al., 2012; Busquets-Garcia et al., 2015; Cristino et al., 2020). Briefly, this system comprises at least two G protein-coupled receptors (GPCRs), known as type-1 and type-2 cannabinoid receptors (CB1R and CB2R), the lipid-derived signaling molecules anandamide (AEA) and 2-arachidonoylglycerol (2-AG), and the endocannabinoid metabolizing enzymes (Castillo et al., 2012; Busquets-Garcia et al., 2015; Roger, 2015; Cristino et al., 2020).
There are still many unresolved questions aiming at better understanding the association between the ECS and AD. Alterations in the expression and/or activity of the different components of the ECS have been described both in AD animal models and in human patients (Aso and Ferrer, 2014; Berry et al., 2020; Cristino et al., 2020). Interestingly, in vitro and in vivo pharmacological activation of CB1Rs displayed efficacy in reducing the neurotoxic effects of amyloid-β (Aβ) peptide and in counteracting the cognitive impairment found in AD mouse models (Aso et al., 2012; Haghani et al., 2012). Nevertheless, most of these previous results have focused only on particular brain regions (e.g., hippocampus and/or cortex) (Kalifa et al., 2011; Aso et al., 2012; Haghani et al., 2012; Aso et al., 2016; Aso et al., 2018; Medina-Vera et al., 2020) without providing a full characterization of the ECS in other brain regions, and without taking into account potential sex-dependent differences in most of the studies.
As a thorough characterization of the ECS in AD mouse models is required, the main goal of the present study was to analyze the expression of the main components of the ECS in a presymptomatic stage of AD considering the sex differences and brain region-dependent changes using male and female APP/PS1 mice. This AD mouse model recapitulates major features of amyloid and behavioral pathology of AD in a progressive manner (Aso et al., 2016; Jankowsky and Zheng, 2017; Aso et al., 2018). First, we evaluated behavioral and molecular alterations at early stages, confirming that this is a period with mild behavioral impairments and absence of other neuropathological alterations according to previous literature (Bilkei-Gorzo, 2014; Webster et al., 2014; Jankowsky and Zheng, 2017; Kosel et al., 2020; Peng et al., 2021). Second, we characterized the gene expression of the ECS components in APP/PS1 mice at 3 months of age to identify possible sex- and brain region-dependent molecular dysfunctions at early stages of AD pathology.
2 MATERIALS AND METHODS
2.1 Animals
Male and female APPswe/PS1ΔE9 (APP/PS1) mice on a C57BL/6J background (#034832-JAX, Jackson Laboratory, Bar Harbor, ME, United States) and their wild-type (WT) littermates were used in this project. This double transgenic animal co-express a chimeric mouse/human amyloid precursor protein (Mo/HuAPP695swe), and the human exon-9-deleted variant of PS1 (PS1-dE9) (Bilkei-Gorzo, 2014; Kosel et al., 2020). To generate APP/PS1 and WT littermates, mice were bred in the Barcelona Biomedical Research Park (PRBB) animal facility (Barcelona, Spain) that has full accreditation from the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). Animals were grouped-housed and maintained in a temperature (20–24°C) and humidity (40%–70%) controlled condition under a 12 h light/dark cycle and had ad libitum access to food and water. Behavioral studies were performed during the dark cycle by trained researchers that were blind to the different experimental conditions. All the procedures are adhered to the guidelines of the European Directive on the protection of animals used for scientific purposes (2010/62/EU) and approved by the Animal Ethics Committee of the PRBB (CEEA-PRBB, ABG-19-0041) and from the Generalitat de Catalunya (10785).
2.1.1 Mouse Genotyping
Mice were identified by ear snips at P21 (weaning), and the tissue collected was used to determine the genotype by PCR analysis of isolated genomic DNA (gDNA). Briefly, ear samples were digested with proteinase K (Roche Diagnostics, Mannheim, Germany) and gDNA was isolated and amplified using GoTaq® Master Mix (Promega, Madison, WI, United States). Genotyping primers used to detect the APP transgene were obtained from Jackson Laboratories (see Table 1 for sequences). Amplification was performed in 40 cycles, each one consisting of 30 s at 94°C, 1 min at 65°C, and 1 min at 72°C. Genotypes were confirmed by running the samples in a 2.5% agarose gel electrophoresis and visualized with a chemiluminescence system (ChemiDoc XRS+, Bio-Rad). When mice were euthanized at the end of the behavioral experiments, genotypes were re-confirmed using a portion of the tail.
TABLE 1 | Primers used for mouse genotyping.
[image: Table 1]2.2 Behavioral Evaluation
To assess potential behavioral phenotypes in male and female APP/PS1 mice compared to their WT littermates, we performed a behavioral battery (Figure 1A). Hereby, anxiety-like behavior (Elevated Plus Maze), cognition (Novel Object Recognition test and Spontaneous alternation task), and social behavior (3-chamber test) were assessed at 4 months of age. All experiments were manually analyzed by researchers that were blind to the experimental conditions.
[image: Figure 1]FIGURE 1 | Timeline of experimental procedures in male and female WT and APP/PS1 mouse line. (A) Behavioral assessment in WT (male n = 9; female n = 12) and APP/PS1 (male n = 13; female n = 11) mice at 4 months of age. (B) Gene expression analysis in WT (male n = 9–10; female n = 9–10) and APP/PS1 (male n = 9–10; female n = 9–10) mice at 3 months of age. Figure created with BioRender.com.
2.2.1 Elevated Plus Maze
Male and female WT and APP/PS1 mice were tested for anxiety-like behavior using the EPM (Walf and Frye, 2007). The EPM consisted of an elevated cross-shaped apparatus with 2 oppositely positioned open arms and 2 enclosed arms delimited by walls 30 cm in height, and a center square (Panlab s.l.u., Barcelona, Spain). The open arms were illuminated by indirect white light at 90 lux while closed arms were set at 15 lux. This behavioral task focuses on the innate response of mice to prefer enclosed and dark spaces and to avoid open and illuminated areas as they perceive it as a possible threatening environment. During the 5-min test, the time spent in open arms were calculated. An entry into an arm was considered when all 4 limbs were positioned within the arm. In general, an anxiety-like state is pointed as an increase in the percentage of time spent in open arms (time open arms*100/300).
2.2.2 Novel Object Recognition Test
Long-term memory was evaluated in male and female WT and APP/PS1 mice using the NOR test in a V-maze apparatus as previously described (Puighermanal et al., 2009; Oliveira da Cruz et al., 2020). This task is based on the fact that animals will explore more time a novel object than a familiar one to satisfy their innate curiosity and exploratory instinct (Webster et al., 2013). The NOR test consisted of three phases of 9 min each separated by 24 h: habituation to an empty maze, familiarization with the presentation of two identical objects, and the test, in which the familiar object is replaced by a novel one. The exploration time of the novel (Tn) and familiar (Tf) objects in the test phase was measured to assess the discrimination index (DI = (Tn − Tf)/(Tn + Tf)) as an outcome of memory recognition. We defined object exploration as when mice oriented themselves towards the object and touch it with the nose.
2.2.3 Y-Maze Spontaneous Alternation Test
Spontaneous alternation activity was calculated as a measure of spatial working memory in male and female WT and APP/PS1 mice. This test was performed in a Y-shaped maze (Panlab s.l.u., Barcelona, Spain) consisting of three arms illuminated at 40 lux and is based on the inherent preference of rodents to explore a new and unvisited arm rather than reexamining a previous investigated one. During the 8 min of the test, the total number of entries and the number of correct alternations were measured as a proxy of spatial working memory. We defined a correct alternation when mice entered into 3 different arms of the maze consecutively and we considered an entry when the 4 paws were within the arm. With these parameters, we calculated the percentage of spontaneous alternation (number of correct alternations/[total number of entries − 2] *100).
2.2.4 Three-Chamber Test
Social behavior can be measured using the three-chamber test. This task was performed in a three-chambered apparatus (Panlab s.l.u., Barcelona, Spain) separated each of the compartments by an open door with an illumination of 70 lux and was divided into two consecutive phases of 10 min each. In the first phase or habituation phase, male and female WT and APP/PS1 mice were allowed to explore the maze with two empty wire cups located at opposite corners of the maze. In the sociability phase, an unfamiliar C57BL/6J mouse (sex- and strain-matched) was placed in one of the wire cups (social cup) while the other remained empty (non-social cup). We measured the interaction time (sniffing) towards the social cup and non-social cup to determine a social index (time sniffing social cup/[time sniffing social cup + time sniffing non-social cup]). An increase in the social index reflects greater sociability.
2.3 Molecular Characterization
2.3.1 Quantitative Real-Time PCR Analysis
To characterize the different components of the ECS, a separate group of male and female WT and APP/PS1 mice were sacrificed by cervical dislocation at 3 months of age and different brain regions were manually dissected and stored at −80°C until use (Figure 1B). For each brain region, we applied an extraction method that allowed us to analyze the total RNA fraction. Briefly, brain areas were placed in a Douncer containing 1 ml (for prefrontal cortex, hippocampus, and cerebellum) or 500 µl (for olfactory bulb and hypothalamus) of QIAzol Lysis Reagent. Later, brain homogenates were mixed with 200 µl of chloroform and after centrifugation, we transferred the supernatant (aqueous phase) to a new tube. To isolate total RNA from the aqueous phase, the RNeasy Lipid Tissue Mini Kit (QIAGEN) was used according to the manufacturer’s instructions. The quality and concentration of RNA from each sample was determined by a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific) and then all were quickly stored at −80°C until use.
For each brain-region sample, complementary DNA (cDNA) was obtained using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA, United States) in a 20-µl reaction tube and stored at −20°C until use. Reverse transcriptase reactions were carried out at 25°C for 10 min, 2 h at 37°C, and followed by 5 min at 85°C. All samples were adjusted with autoclaved Milli-Q water to a final cDNA concentration of 30 ng/μl per sample.
We quantified the gene expression levels of Cnr1 and Cnr2, the enzymes related with the endocannabinoid’s biosynthesis diacylglycerol lipase-alpha (Dglα), diacylglycerol lipase-beta (Dglβ), and N-acyl phosphatidylethanolamine phospholipase D (Napepld), and the ones related with its hydrolysis which are the monoglyceride lipase (Mgll) and fatty acid amide hydrolase (Faah). Moreover, we analyzed astroglia and microglia activation (or reactivity) via the measurement of the transcriptional levels of Aldehyde Dehydrogenase 1 L1 (Aldh1l1 gene) and Signal Transducer and Activator of Transcription 3 (Stat3 gene) for reactive astrocytes, and Allograft Inflammatory Factor 1 (Aif1 gene) and chemokine (C-X3-C) Receptor 1 (Cx3cr1 gene) for microglia reactivity. All samples were tested in triplicate for each qRT-PCR, and β-actin was used as an endogenous housekeeping gene to normalize the transcriptional levels of all target genes analyzed. Primers were designed and verified using the primer-BLAST designing tool (see Table 2 for sequences).
TABLE 2 | Primers used for qRT-PCR experiments.
[image: Table 2]qRT-PCR was performed in an Optical 384-well plate with a QuantStudio™ 12K Sequence Detection System (Applied Biosystems, CA, United States) consisting of 2 activation stops (50°C for 2 min, then 95°C for 10 min) followed by 45 cycles of melting (95°C for 15 s) and annealing (60 °C for 1 min). The PCR reaction contained PowerUp SYBR Green Master Mix (Applied Biosystems, CA, United States). The comparative cycle threshold (ΔΔCt) method was applied to determine gene expression relative quantification (RQ) and the results were reported as fold change compared with the control group for each sex.
2.4 Statistical Analysis
One-way ANOVA was used to analyze the behavioral assessment at 4 months of age (SPSS Inc., Chicago, IL, United States). For gene expression analysis, data was analyzed considering the genotype differences (male or female APP/PS1 mice compared with its corresponding WT group), and the non-parametric Mann–Whitney test was applied since the data did not follow a normal distribution according to the Shapiro-Wilk test (SPSS Inc., Chicago, IL, United States). In addition, to analyze sex-dependent differences, we calculated the relative difference of fold change in percentage (%) between WT and APP/PS1 mice for males and females and we performed a Mann–Whitney test for statistical analysis. All data are presented as mean ± SEM (Standard Error of the Mean) using the GraphPad Prism 8.0 software (GraphPad Software, La Jolla, CA, United States). Statistical significance was considered at the p < 0.05 level.
3 RESULTS
3.1 Behavioral and Molecular Characterization of APP/PS1 Mice at Early Stages
First, we performed a battery of behavioral tests to assess anxiety, cognition and social-related behaviors. In most of the behavioral tasks (i.e., EPM, NOR, or social interaction), no significant differences between genotypes were found (Figure 2). In the spontaneous alternation task, one-way ANOVA revealed a significant effect of genotype between groups [F (1, 19) = 9.8, p < 0.005] in males (Figure 2E), but not in females (Figure 2F), suggesting that male APP/PS1 mice displayed significant working memory deficits in comparison with their WT littermates. Overall, the lack of behavioral phenotypes in most of the behavioral tasks and the mild cognitive deficit observed in male APP/PS1 indicates that the stage prior to 4 months of age can be considered as a presymptomatic period in APP/PS1 mice, which might be relevant to study potential molecular alterations that could predict or be involved in AD pathophysiology. Then, we decided to study other molecular alterations that have been associated with AD pathology such as astrogliosis or microgliosis. Comparing the hippocampus and prefrontal cortex of male and female WT and APP/PS1 mice at 3 months of age, any significant difference was observed in the ratio between Stat3/Aldh1l1 (astrogliosis) or between Aif1/Cx3cr1 (microgliosis) gene expression (Figure 3). These results suggest a lack of these pathological neuroinflammatory processes associated with AD pathology at early stages in APP/PS1 mice.
[image: Figure 2]FIGURE 2 | Behavioral evaluation in WT (male n = 9; female n = 12) and APP/PS1 (male n = 13; female n = 11) mice at 4 months of age. (A,B) Percentage of time spent in open arms to assess anxiety-like behavior in the EPM. (C,D) Discrimination index as a long-term memory recognition in the NOR. (E,F) Percentage of spontaneous alternation in the Y-maze as a measure of spatial working memory. (G,H) Social index as a measure of social interaction using the three-chamber test. Values are the mean ± SEM. **p < 0.01 vs. WT group (one-way ANOVA).
[image: Figure 3]FIGURE 3 | Fold change ratio of Stat3/Aldh1l1 and Aif1/Cx3cr1 in WT (male n = 10; female n = 10) and APP/PS1 (male n = 10; female n = 10) mice. Fold change ratio of Stat3/Aldh1l1 (as a proxy for astrogliosis) and Aif1/Cx3cr1 (as a proxy for microgliosis) in the (A,C) hippocampus and (B,D) prefrontal cortex respectively, of male and female WT and APP/PS1 mice at 3 months of age. The X axis shows the four groups analyzed: male APP/PS1 mice compared with their corresponding WT littermates, and female APP/PS1 mice compared with their control group. The Y axis shows the mRNA expression as a fold change ratio. Values are presented as the mean ± SEM; (Mann–Whitney test).
3.2 APP/PS1 Mice Present Alterations in the ECS at 3 Months of Age
To characterize the main components of the ECS at a presymptomatic stage, we analyzed the gene expression of different components of the ECS in WT and APP/PS1 mice at 3 months of age.
3.2.1 Cannabinoid Receptors
The statistical analysis of Cnr1 revealed that male APP/PS1 mice presented lower gene expression levels in both prefrontal cortex (U = 11.0, p < 0.05) and hippocampus (U = 10.0, p < 0.05) compared to WT mice. In contrast, higher levels of Cnr1 were found in the hypothalamus (U = 11.0, p < 0.05) (Figure 4A). In females, APP/PS1 mice showed significantly greater mRNA levels of Cnr1 in the olfactory bulb (U = 14.0, p < 0.05), prefrontal cortex (U = 17.0, p < 0.05), and hypothalamus (U = 6.0, p < 0.05) than WT mice (Figure 4B). Regarding Cnr2, male APP/PS1 mice displayed significantly higher levels in cerebellum (U = 14.0, p < 0.05) compared with WT mice, while no significant differences were found in the rest of the brain-regions analyzed (Figure 4C). Female APP/PS1 mice also showed a significant enhancement of Cnr2 levels in the cerebellum (U = 17.0, p < 0.05) with respect to WT group, but less expression in the hippocampus (U = 20.0, p < 0.05) (Figure 4D). Additionally, we analyzed the impact of sex on those alterations found in both Cnr1 and Cnr2 gene expression levels. Mann-Whitney U test revealed a main effect of sex in the prefrontal cortex (U = 0.000, p < 0.001) and hippocampus (U = 0.000, p < 0.001) for Cnr1 expression (Figure 5A), whereas a significant effect of sex was found in the olfactory bulb (U = 2.0, p < 0.001), hypothalamus (U = 13.0, p < 0.05) and hippocampus (U = 4.0, p < 0.001) for Cnr2 expression (Figure 5B). Altogether, these data suggest that the gene expression levels of cannabinoid receptors are already altered in a sex-dependent manner during the presymptomatic period of the AD-like disease present in APP/PS1 mice.
[image: Figure 4]FIGURE 4 | Gene expression of CB1R and CB2R in WT (male n = 10; female n = 10) and APP/PS1 (male n = 10; female n = 10) mice at 3 months of age. RT-qPCR assay was performed to analyze the expression of Cnr1 in (A) males and (B) females, as well as the expression of Cnr2 in (C) males and (D) females. The X axis shows the five brain-regions analyzed: olfactory bulb (OB), prefrontal cortex (PFC), hypothalamus (HT), hippocampus (HPC), and cerebellum (CEREB). The Y axis shows the mRNA expression as a fold change comparing male and female APP/PS1 mice with its corresponding WT (represented as a dashed line). Values are presented as the mean ± SEM. *p < 0.05, **p < 0.01, vs. WT group (genotype effect); (Mann–Whitney test).
[image: Figure 5]FIGURE 5 | Sex-differences in CB1R and CB2R gene expression between WT and APP/PS1 mice (male n = 9–10, female n = 9–10). Expression of (A) Cnr1 and (B) Cnr2. The X axis represents the relative difference of the fold change in percentage. The Y axis shows the five brain-regions analyzed: olfactory bulb (OB), prefrontal cortex (PFC), hypothalamus (HT), hippocampus (HPC), and cerebellum (CEREB). Values are expressed as mean ± SEM. $ p < 0.05, $$$ p < 0.001, vs. female APP mice (sex effect); (Mann–Whitney test).
3.2.2 2-AG Signaling
In male APP/PS1 mice, Dglα expression levels were significantly decreased in both prefrontal cortex (U = 17.0, p < 0.05) and cerebellum (U = 11.0, p < 0.05) with respect to controls (Figure 6A), whereas female APP/PS1 mice only presented this significant reduction in the cerebellum (U = 15.0, p < 0.05) (Figure 6B). As for Dglβ, we did not observe any significant change in male mice (Figure 6C), while female APP/PS1 mice presented significantly enhanced expression in the prefrontal cortex (U = 10.0, p < 0.05) in comparison with WT mice (Figure 6D). The statistical analysis of the Mgll expression revealed that male APP/PS1 mice presented significantly higher expression in the hippocampus (U = 16.0, p < 0.05) compared to controls (Figure 6E). However, female APP/PS1 mice showed a significant reduction in the hippocampus (U = 17.0, p < 0.05) and cerebellum (U = 11.0, p < 0.05) (Figure 6F). These results indicate that the three brain regions where 2-AG signaling could be most affected in APP/PS1 mice at a presymptomatic stage are the prefrontal cortex, hippocampus, and cerebellum.
[image: Figure 6]FIGURE 6 | Gene expression of the enzymes involved in the 2-AG signaling in WT (male n = 10; female n = 10) and APP/PS1 (male n = 10; female n = 10) mice at 3 months of age. RT-qPCR assay was performed to analyze the expression of Dglα, Dglβ and Mgll in (A,C,E) males and (B,D,F) females, respectively. The X axis shows the five brain-regions analyzed: olfactory bulb (OB), prefrontal cortex (PFC), hypothalamus (HT), hippocampus (HPC), and cerebellum (CEREB). The Y axis shows the mRNA expression as a fold change comparing male and female APP/PS1 mice with its corresponding WT (represented as a dashed line). Values are presented as the mean ± SEM. *p < 0.05, **p < 0.01, vs. WT group (genotype effect); (Mann–Whitney test).
3.2.3 AEA Signaling
Finally, we analyzed the mRNA levels of Napepld and Faah, the endocannabinoid metabolizing enzymes of AEA. Concerning Napepld, the statistical analysis only detected a significant increase of its expression in the hypothalamus (U = 13.0, p < 0.05) of male APP/PS1 mice compared to the WT (Figure 7A), with no significant changes in females (Figure 7B). On the other hand, we found a significant decrease in the gene expression levels of Faah in the prefrontal cortex (U = 16.0, p < 0.05) of male APP/PS1 mice compared to the WT (Figure 7C). In female APP/PS1 mice, a decrease of Faah expression in the prefrontal cortex (U = 15.0, p < 0.05) and hippocampus (U = 15.0, p < 0.05) was significantly found in relation to its WT littermates (Figure 7D). These results point out that the prefrontal cortex, and to a lesser extent the hypothalamus, are the brain regions where most potential differences are found regarding AEA signaling.
[image: Figure 7]FIGURE 7 | Gene expression of the AEA metabolizing enzymes in WT (male n = 10; female n = 10) and APP/PS1 (male n = 10; female n = 10) mice at 3 months of age. RT-qPCR assay was performed to analyze the expression of Napepld and Faah in (A,C) males and (B,D) females, respectively. The X axis shows the five brain-regions analyzed: olfactory bulb (OB), prefrontal cortex (PFC), hypothalamus (HT), hippocampus (HPC), and cerebellum (CEREB). The Y axis shows the mRNA expression as a fold change comparing male and female APP/PS1 mice with its corresponding WT (represented as a dashed line). Values are presented as the mean ± SEM. *p < 0.05, **p < 0.01, vs. WT group (genotype effect); (Mann–Whitney test).
4 DISCUSSION
To develop new therapeutic strategies against complex brain diseases such as AD, there is an urgent need to better understand their pathophysiology considering potential factors that have been unexplored such as differences between sexes or brain regions. This study, by combining behavioral and gene expression analysis in APP/PS1 mice, aimed to characterize the ECS in male and female WT and APP/PS1 mice during a presymptomatic period (3 months of age) considering the sex variable in the brain regions analyzed. Strikingly, we found interesting differences in the expression levels of several components of the ECS in different brain regions and between sex, which could indicate that the ECS is already altered in APP/PS1 mice at presymptomatic stages becoming an early event contributing to AD pathology or a potential predictive biomarker.
Transgenic AD mouse models are extensively used because they partially mimic the behavioral and molecular dysfunctions found in AD patients. The pathological onset of AD in humans and animal models is generally silent as it takes some time from the first disease-related alteration to the declining of behavioral skills (McKhann et al., 2011). Thus, a better understanding of this presymptomatic period could bring some new therapeutic approaches to slow down disease progression (DeKosky et al., 2008; Holmes et al., 2008; Martin et al., 2008). Indeed, current therapeutic failures might be the result of an intervention that is either too late (i.e., with established symptoms) or that targets processes that are not directly involved in the onset of the disease or progression (Hyman, 2011). However, initiating preventive treatments in presymptomatic periods requires a better comprehension of what distinguishes preclinical AD from normal aging, and which potential alterations are causally associated with the pathophysiology of the disease. Previous studies suggested that the ECS might be a therapeutic target against AD, but it is still unknown whether it is an altered system because of the disease or it is indeed a possible cause of AD pathophysiology. Our gene expression results give some insights on the alterations of the ECS during the presymptomatic period in APP/PS1 mice. These results are quite intriguing as most of them are found in brain areas that are evidently affected in AD such as the hippocampus or prefrontal cortex. Even so, whether changes in mRNA expression have any biological meaning is still a matter of debate (Liu et al., 2016). Therefore, although differences in mRNA(s) of different ECS components can indicate an early alteration of this system in AD, future studies will need to assess protein expression and/or associated metabolites to fully establish the ECS relevance during the AD presymptomatic period. Moreover, it would be also interesting to analyze the specific localization of ECS components in different stages of AD pathology. For instance, it has been already shown an altered membrane localization of CB1R in AD pathology, which has an impact on the coupling to its effector proteins and in its inhibitory control (Maccarrone et al., 2018).
A potential sexual dimorphism has been identified in AD (Aso et al., 2012, 2016, 2018; Haghani et al., 2012; Jiao et al., 2016). For example, female mice exhibit higher pathological levels of Aβ40 and Aβ42 peptides and show differences in the nature of their behavioral impairment (Bilkei-Gorzo, 2014; Cheng et al., 2014; Coles et al., 2020). Importantly, analyzing the link between AD and the ECS considering the sex variable is especially interesting as there are sex differences in humans regarding the availability and sensitivity of the ECS (Laurikainen et al., 2019; Wagner, 2016), which could be also present in rodents (Rubino and Parolaro, 2011; Calakos et al., 2017). Therefore, given the relevance of sex in AD, sex-dependent analyses minimize the loss of information that can occur when sex is not included as a variable in previous studies. Notably, our results indicate a sex effect regarding the mRNA levels of cannabinoid receptors that need to be further explored in the future. For example, these sex-dependent differences in CB1R and CB2R gene expression are mostly found in brain regions involved in learning and memory processes, which could be one of the reasons explaining the potential behavioral differences at the later stages between males and females. However, a better characterization of the cognitive skills of APP/PS1 mice at later stages is required in the future to fully link these sex-dependent changes on mRNA expression and the potential behavioral differences.
Our results showed that CB1R mRNA levels are decreased in both hippocampus and prefrontal cortex of APP/PS1 male mice. Accordingly, alterations in CB1R expression have been reported in both human AD brains (Manuel et al., 2014; Talarico et al., 2018; Berry et al., 2020; Medina-Vera et al., 2020) and AD mouse models (Kalifa et al., 2011; Aso et al., 2012; Bedse et al., 2014a). In contrast, an increase of CB1R immunostaining in the neocortex of APP/PS1 male mice at 3 months (Aso et al., 2012) or unchanged CB1R protein expression in the hippocampus and prefrontal cortex at 2 and 4 months of age in other AD animal models (Bedse et al., 2014b; Maccarrone et al., 2018) have been recently described. Discrepancies between these different studies might be due to the different techniques used, the AD mouse model, the age studied, or the brain region analyzed. In addition, although some studies showed no changes in the expression levels, the specific CB1R localization and signaling could be different between genotypes impacting AD pathology (Maccarrone et al., 2018). Nevertheless, our results indicate sex differences that have not been fully studied in previous studies. In addition, the reduction of CB1R gene expression in cognitive-related brain regions in male APP/PS1 mice at 3 months of age could participate in the cognitive deficits observed in later stages, and the sex differences found could point to distinct alterations in the AD progression of male and female APP/PS1 mice.
CB2R alterations have also been detected in both AD patients’ brains (Benito et al., 2003; Solas et al., 2013; Talarico et al., 2018; Berry et al., 2020; Medina-Vera et al., 2020) and AD mouse models (Medina-Vera et al., 2020). The present study revealed a CB2R reduction in the hippocampus of female APP/PS1 mice, while male APP/PS1 mice tended to have higher mRNA levels. Previous studies indicate that CB2R levels are increased specifically in the microglia surrounding Aβ plaques and astrocytes as a result of inflammatory damage (Benito et al., 2003; Ramírez et al., 2005; Solas et al., 2013; Aso et al., 2016; Medina-Vera et al., 2020), although the distinction between males and females was missing. Considering these facts, an interesting hypothesis to be tested in the future is whether CB2R expression levels could differ between male and female APP/PS1 mice because of a sex-dependent level of neuroinflammation. Our current results show no differences regarding astrogliosis or microgliosis at 3 months of age although the link between CB2R and chronic neuroinflammation has to be further explored both at early and late stages of the disease. In this sense, it has been previously demonstrated that CB2R activation reduces inflammatory processes, facilitates Aβ removal, modulates tau hyperphosphorylation and oxidative stress, and ameliorates cognitive abilities in AD mouse models (Ramírez et al., 2005; Van Der Stelt et al., 2006; Esposito et al., 2007; Fakhfouri et al., 2012; Aso et al., 2013; Wu et al., 2013; Aso et al., 2016; Li et al., 2019). Even though, whether this neuroinflammation could be linked with the differences in cognitive deficits is unknown. Altogether, our results regarding CB1R and CB2R mRNA levels indicate that both cannabinoid receptors could be useful biomarkers or therapeutic targets during the presymptomatic stage of AD.
Alterations of the enzymes involved in the biosynthesis and degradation of endocannabinoids (eCBs) have also been reported in AD patients (Benito et al., 2003; Mulder et al., 2011; Bedse et al., 2014a; Berry et al., 2020) and AD mouse models (Piro et al., 2012; Bedse et al., 2014b; Medina-Vera et al., 2020). In our study, we also analyzed the endocannabinoid anabolic and catabolic enzymes finding the 2-AG signaling altered in the prefrontal cortex and cerebellum, and the AEA signaling altered in the prefrontal cortex and hypothalamus of APP/PS1 mice. These alterations could be linked with alterations in the levels of the eCBs, specifically 2-AG and AEA. Indeed, the possible overproduction of eCBs has already been described in other studies, which could probably reflect an anti-inflammatory response due to neuronal damage (Marsicano et al., 2003; Chen et al., 2012; Medina-Vera et al., 2020). Notably, it has been demonstrated that the inhibition of MAGL or FAAH, which increases the levels of eCBs indirectly, suppresses neuroinflammation and prevents neurodegeneration against harmful insults (Chen et al., 2012; Piro et al., 2012; Ren et al., 2020). Indeed, FAAH deletion in microglial cells decreased inflammatory processes (Tanaka et al., 2019) and specific FAAH inhibitors are able to drive these cells towards an anti-inflammatory phenotype in the context of AD (Grieco et al., 2021). This is relevant as decreased FAAH gene expression levels have been found in the prefrontal cortex and hippocampus of female mice. On the other hand, we speculated that male APP/PS1 at 3 months of age present a 2-AG deficiency in the prefrontal cortex in contrast to female APP/PS1, which likely have higher 2-AG levels in the hippocampus and prefrontal cortex. However, all these hypotheses should be tested in future projects to better understand the impact of eCBs in AD pathophysiology.
Although the main AD symptoms are associated with cognitive decline, AD is also accompanied by disturbances in energy metabolism (Vercruysse et al., 2018; Zheng et al., 2018), olfactory alterations (Murphy, 2019; Mitrano et al., 2021), and motor coordination deficits (Wagner et al., 2019). Interestingly, the ECS has been involved in all these functions (Busquets-Garcia et al., 2015; Roger, 2015). Thus, we decided to analyze the ECS components in brain regions that have not been extensively studied in the context of AD such as the hypothalamus, the olfactory bulb, and the cerebellum, which are involved in all these functions. Although further research is needed to elucidate the possible link between AD, the ECS, and the metabolic, olfactory, or motor alterations, our results pointed out that alterations of the ECS components in the hypothalamus, olfactory cortex and cerebellum could appear in the early stages of disease progression in the APP/PS1 mice and could contribute to some of the behavioral alterations that are associated with AD (Zheng et al., 2018; Murphy, 2019; Wagner et al., 2019) but have been less studied.
We must acknowledge some open questions arising from our study. Firstly, the presymptomatic stage has been defined as the period without major behavioral alterations and the lack of astrogliosis and microgliosis, which are hallmarks of AD pathology at later stages. Although previous studies show the absence of amyloid plaques at this stage (Garcia-Alloza et al., 2006; Aso et al., 2012), future analysis must extend these evaluations by exploring other neuropathological events such as levels of soluble amyloid peptides or alterations on synaptic loss at these early stages. Secondly, the impact of sex hormones on the sex differences observed was not directly assessed in the present study. The role of sex hormones on neuroscience research in general (Shansky, 2019), or in the cannabinoid field (Fattore and Fratta, 2010) in particular, has been widely discussed. Future experiments must address whether testosterone and/or estrogens are responsible or contribute to mRNA expression levels differences when comparing male and female APP/PS1 mice. In the third place, as discussed above, although clear and interesting findings arise from the present work, future experiments will determine if differences in mRNA levels are accompanied by changes at the protein level and from a functional point of view. In the last place, future experimental designs must aim to causally link these early alterations in the ECS with the later behavioral alterations with especial emphasis on sex-dependent behavioral phenotypes. Although a mild deficit was observed in the spontaneous alternation in male APP/PS1 mice, we considered that we are still in the early stages of AD progression and a behavioral assessment at the later stages is required as all the other behavioral tests show no genotypic differences. Furthermore, with the present results, is difficult to attribute sex-dependent differences in this task as control female mice do not show proper behavior in the Y maze and figuring out the reason is out of the scope of the present project. Although we should consider these aspects in future works, the present study revealed that the main components of the ECS are already altered in APP/PS1 mice at the presymptomatic stage in a sex-dependent manner, suggesting that it could be an early event contributing to AD pathology, or a potential predictive biomarker. Future similar analysis in presymptomatic patients or other mouse models must confirm the early alterations of the ECS in AD. In addition, future experiments can also target the analysis to other interesting receptors or enzymes that have been linked with ECS components forming the so-called “endocannabinoidome.”
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Electroacupuncture Reduces Visceral Pain Via Cannabinoid CB2 Receptors in a Mouse Model of Inflammatory Bowel Disease
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Inflammatory bowel disease (IBD) results in chronic abdominal pain in patients due to the presence of inflammatory responses in the colon. Electroacupuncture (EA) is effective in alleviating visceral pain and colonic inflammation associated with IBD. Cannabinoid CB2 receptor agonists also reduce colonic inflammation in a mouse model of IBD. However, whether EA reduces visceral pain and colonic inflammation via the CB2 receptor remains unknown. Here, we determined the mechanism of the antinociceptive effect of EA in a mouse model of IBD induced by rectal perfusion of 2,4,6-trinitrobenzenesulfonic acid solution (TNBS). EA or sham EA was performed at the bilateral Dachangshu (BL25) point for seven consecutive days. The von Frey and colorectal distension tests were performed to measure mechanical referred pain and visceral pain. Western blotting and immunohistochemistry assays were carried out to determine the expression of IL-1β and iNOS and activation of macrophages in the colon tissues. We found that EA, but not sham EA, attenuated visceral hypersensitivity and promoted activation of CB2 receptors, which in turn inhibited macrophage activation and the expression of IL-1β and iNOS. The effects of EA were blocked by AM630, a specific CB2 receptor antagonist, and by CB2 receptor knockout. Our findings suggest that EA attenuates mechanical allodynia and visceral hypersensitivity associated with IBD by activating CB2 receptors and subsequent inhibition of macrophage activation and expression of IL-1β and iNOS.
Keywords: electroacupunture, inflammatory bowel disease, CB2 receptor, visceral pain, macrophage
PERSPECTIVE
This study presents new evidence about CB2 receptors in the antinociceptive effect of EA in a mouse model of IBD. This work helps the clinicians to understand how EA reduces visceral pain associated with IBD.
INTRODUCTION
Inflammatory bowel disease (IBD) is caused by inflammation in the gastrointestinal tract and is accompanied by chronic abdominal pain, diarrhea, bloody stools, anemia, and weight loss. Crohn’s disease and ulcerative colitis represent two forms of IBD and are characterized by uncontrolled activation of the host’s intestinal immune cells (Neurath, 2019). The recurrent nature of the inflammatory process in IBD highlights the clinical need for effective anti-inflammatory therapies. However, current therapies have limited efficacy and produce serious side effects. Therefore, there is an urgent need for effective and safety anti-inflammatory treatment options for IBD patients.
EA has been widely used to treat many acute and chronic diseases and is effective for the gastrointestinal system disorders, particularly IBD (Wang et al., 2020). The antinociceptive effect of EA on IBD may involve anti-inflammatory effect via the cholinergic reflex (Borovikova et al., 2000) and the hypothalamic-pituitary-adrenal axis (Wei et al., 2019). Other mechanisms may include the opioid system (Kim et al., 2005), the adenosine pathway (Song et al., 2019), and macrophage polarization (Song et al., 2019). It is unclear whether these mechanisms mediate the effect of EA on the inflammatory response in IBD.
The cannabinoid system, which has a long history as a treatment for symptoms associated with gastrointestinal disorders, is involved in the control of tissue homeostasis and important gut functions such as motor and sensory activity, nausea, vomiting, maintenance of epithelial barrier integrity and proper cellular micro-environment (Yuce et al., 2010; Sharkey et al., 2014; Garcia-Arencibia et al., 2019; Scheau et al., 2021). Cannabis or its components act through CB1 and CB2 receptors, which are found throughout the GI system (e.g., liver, pancreas, stomach, small and large intestine) (Naftali et al., 2014). CB2 receptors mainly exist in immune cells, such as plasma cells and macrophages (Wright et al., 2005). In recent years, the role of CB2 receptors in colitis has been increasingly recognized. Administration of the CB2 receptor agonist AM1241 reduces colonic inflammation in a mouse model of TNBS-induced colitis (Storr et al., 2009). This leads to a reasonable speculation that the activation of CB2 receptors may contribute to the amelioration of colitis. Thus, targeting the CB2 receptor may constitute an alternative approach to treat IBD, because this receptor is mainly expressed in immune cells.
In this study, we determined whether EA attenuates mechanical allodynia, visceral hyperalgesia, and intestinal inflammation by activating CB2 receptors in TNBS-treated IBD in mice. Our study suggest that EA reduces pain symptoms in IBD by reducing intestinal inflammation via CB2 receptor activation. This new information provides a rationale for using EA to treat visceral pain associated with IBD.
MATERIALS AND METHODS
Animals
Adult male C57 BL/6 mice (8-week-old; 20–25 g, n = 6 mice/group) were purchased from Experimental Animal Center of Tongji Medical College of Huazhong University of Science and Technology. Twenty-four CB2 receptor knockout mice were kindly provided by Dr. Nancy E. Buckley (National Institutes of Health, Bethesda, United States). Animals were individually housed in cages at 22 ± 2°C and a 12 h light/dark cycle and had free access to food and water. All animal procedures were approved by the Institutional Animal Care and Use Committee at Huazhong University of Science and Technology and conformed to the ethical guidelines of the International Association for the Study of Pain (IASP).
IBD Model
The IBD model was induced by slow intra-rectal instillation of TNBS (Sigma-Aldrich, St. Louis, MO, United States) solution (50 μl of 5% w/v TNBS mixed with 50 μl absolute ethanol) into the lumen of the colon in anesthetized mice, as previously reported (Hou et al., 2019). An experimental design timeline is presented in Figure 1A.
[image: Figure 1]FIGURE 1 | EA attenuates TNBS-induced mechanical allodynia, visceral hyperalgesia and inflammatory in the intestine. (A) Experimental flowchart. (B) Schematic show the lumbodorsal BL25 acupoint. (C) Time course of the effect of BL25 EA on mechanical withdrawal threshold of the hind paws of TNBS-treated mice. (D) AWR scores of vehicle-treated and TNBS-treated mice on day 7 after vehicle or TNBS treatment. (E) Representative H&E staining of the colon tissue sections. Scale bar, 200 µm. (F) Histological score in each group (n = 6 per group). *p < 0.05 versus with Control group, #p < 0.05 versus with TNBS group, +p < 0.05 versus with TNBS + EA group.
Nociceptive Behavioral Tests
Animal behavior tests were performed from 9:00 a.m. to 12:00 p.m. Mice were first habituated to the test environment for 30 min. The mechanical thresholds were tested for 3 days before TNBS injection and the average value of the 3-day tests was calculated as the baseline threshold. After TNBS injection, the nociceptive thresholds were tested once a day for seven consecutive days. Then a series of calibrated von Frey filaments (0.02, 0.04, 0.07, 0.16, 0.4, 0.6, 1.0 and 1.4 g, Wood Dale, United States) were applied perpendicularly to the mid-plantar surface of the left hind paw to bend the filament for 6s. The mechanical threshold of mice was measured by using the “up and down” method (Chaplan et al., 1994) and the test of withdrawal threshold was repeated two times in each mouse, and the mean value was calculated. Paw withdrawal or licking feet was considered as a pain-like response.
Visceral hyperalgesia measurements were made on the seventh day after TNBS injection. The colorectal distension (CRD) method was used to observe the abdominal withdrawal reflex scores (AWRs) of mice to assess visceral hyperalgesia. The CRD test was performed in a step-by-step compression mode (20/40/60/80 mmHg). Each pressure value was measured twice, each test lasting 30 s, with an interval of 4 min, AWRs were recorded and averaged. The scoring criteria were the same as the Al-Chaer’s method (Bao et al., 2019): no behavioral response to CRD was rated as 0, short pauses in head or body movements during stimulation was rated as 1; abdominal muscle contraction during stimulation was rated as 2; abdominal lifting was rated as 3; and body arch, pelvic cavity or scrotum lifting was rated as 4.
EA Treatment
EA treatment started on day 1 after TNBS injection. Before EA, mice were gently immobilized using homemade clothes (10 × 10 cm) and their limbs were pulled out through holes in the clothes. A pair of stainless steel acupuncture needles (0.25 mm × 13 mm, Beijing Zhongyan Taihe Medical Instruments Co., Ltd., China) were inserted into a depth of 4 mm into bilateral sides of Dachangshu (BL25, the waist of the fourth lumbar vertebra at about 7 mm bilaterally to midline) acupoint (Wang et al., 2015). The handles of these needles were connected to Han’s Acupoint Nerve Stimulator (LH202, Huawei Co., Ltd., Beijing, China) with a frequency of 2 Hz and intensity of 1 mA for 30 min, once per day for seven consecutive days. In this study, for sham EA group, real acupuncture needles were shallowly inserted into nonacupoint locations (0.3–0.5 mm), so as to reduce the physiological effect of sham acupuncture group. The animals remained awake and motionless during the treatment and showed no evident signs of distress. The control group and TNBS group were only manipulated with self-made clothes without other treatment.
Drug Administration
The CB2 receptor inhibitor AM630 (Sigma-Aldrich, St. Louis, United States) was dissolved in a vehicle consisting of 1:2:7 ratio of dimethylsulfoxide (DMSO), Tween 80 and normal saline as previously described (Liu et al., 2021). Mice were intraperitoneally administrated with 100 μl of AM630 at 5 mg/kg body weight (Lopes et al., 2020) or vehicle 30 min before EA treatment, every day for 7 days.
Experimental Design
To test the EA’s effect, C57BL/6 mice were randomly divided into Control (vehicle of TNBS), TNBS, TNBS plus EA (TNBS + EA) or TNBS plus sham EA (TNBS + sham EA) groups. To determine the role of CB2 receptor in EA in the treatment of IBD-associated visceral hypersensitivity and inflammation, C57BL/6 mice were randomly divided into Control + DMSO (vehicle of AM630, sterilized DMSO), TNBS + DMSO, TNBS + EA + DMSO, TNBS + AM630 + EA groups; CB2 receptor knockout mice were randomly divided into Control (vehicle of TNBS), TNBS, TNBS plus EA (TNBS + EA) or TNBS plus sham EA (TNBS + sham EA) groups.
Western Blotting
Mice were anaesthetized with 3% isoflurane, and their colon tissues were immediately excised. Tissues were initially placed on ice and stored at −80°C, pending protein extraction. The tissues were then lysed by adding 40 mg/ml RIPA lysis buffer (Biosharp, China) and 40 mg/ml phenylmethyl sulfonyl fluoride (Biosharp, China) to the samples for 30 min. The lysate was collected and centrifuged at 12,000 rpm for 15 min at 4°C, and the protein contents were quantified by using the Enhanced BCA Protein Assay Kit (Beyotime Biotechnology, China). The protein (40 mg) was denatured in loading buffer at 95°C for 5 min, separated on a 10%/12% glycine-SDS-PAGE gel (10%: CB2 receptor, iNOS; 12%: IL-1β) (Beyotime Biotechnology, China), and then transferred onto a PVDF membrane (Millipore Immobilon-P, United States). The membranes were blocked with 5% non-fat milk at room temperature for 1 h, followed by primary antibodies at 4°C overnight: anti-CB2 receptor rabbit antibody (diluted 1/500; Abcam), anti-Turblin mouse antibody (diluted 1/2000; Santa Cruz Technology), anti-iNOS rabbit antibody (diluted 1/1000; Abcam), and anti-IL-1β rabbit antibody (diluted 1/1000, Abcam). Then, the membranes were incubated with IgG (diluted 1/20,000, Abcam). The signals were developed using Super Signal West Pico chemiluminescent substrate (Thermo Scientific, United States). The densitometric analysis of the protein band images was performed using ImageJ software (NIH, Bethesda, MD, United States).
Histopathology Assessment
For histological examination, the colonic tissue was dehydrated with 4% paraformaldehyde and then paraffin embedded. Tissue sections (4 μm) were de-paffinized in xylene and stained with hematoxylin and eosin (H&E) to assess intestinal inflammation. H&E staining was scored by a blinded observer using a previously described method (Kim et al., 2012): crypt architecture (normal is 0 point, loss of crypts is 3 point), inflammatory cell infiltration (normal is 0 point, dense inflammatory infiltrate is 3 point), muscle thickening (base of crypt sits on the muscularis mucosae is 0 point, marked muscle thickening present is 3 point), goblet cell depletion (absent is 0 point, present is 3 point) and crypt abscess (absent is 0 point, present is one point).
Immunofluorescence Labeling
Mice were deeply anesthetized by intraperitoneal injection of 6% chloral hydrate. The heart was perfused with 0.9% normal saline (40°C) and then fixed with 4% paraformaldehyde (4°C) for 12 h. Colon tissues were dehydrated in 20% sucrose solution (12 h) and 30% sucrose solution (12 h) prepared with 0.1 M PBS buffer. Transverse section of the colon was cut to 15 μm thick using a cryostat. The sections were pasted on gelatin-coated glass slides and dried overnight. The slides were washed in 0.01 M PBS for four times in PBS for 5 min, and blocked for 1 h with 5% donkey serum and 0.3% triton X100 in PBS and then incubated with the following primary antibodies at 4°C overnight: mouse anti-CD68 (1:200; Abcam, Cambrige, United Kingdom, #ab955) for identification of macrophages, rabbit anti-iNOS (1:200; Abcam, #ab178945) and rabbit anti-CB2 receptor (1:200; Abcam, #ab3561). Subsequently, sections were rinsed four times in PBS for 5 min and incubated with corresponding secondary antibodies at room temperature for 1 h: donkey anti-mouse IgG conjugated with Dylight 488 (1:400) or donkey anti-rabbit IgG conjugated with Dylight 594 (1:400). The slides were washed 4 times with 0.01 M PBST for 5 min each time. Sections were washed three times in PBS and then incubated with Hoechst for the nucleus staining for 5 min. Lastly, sections were washed three times in PBS for 5 min and then cover-slipped. The tissue sections were viewed under a laser confocal microscope (FV500-IX7, Olympus, Japan). The images were analyzed using ImageJ software (NIH, Bethesda, United States).
Statistical Analysis
The results were presented as the mean ± SEM. Two-way repeated measures ANOVA followed by Bonferroni’s post hoc test was used to compare the mechanical pain threshold and AWRs in each group. One-way ANOVA and Newman-Keuls post hoc test were used in the analysis of biochemical data. SPSS 23.0 was used for the data analysis. p value of less than 0.05 was considered statistically significant.
RESULTS
EA Alleviates Visceral Hyperalgesia, Mechanical Allodynia and Intestinal Pathology Induced by TNBS
We first established a mouse model of TNBS-induced colitis. In the von Frey test, a measure of referred pain, the withdrawal threshold was significantly decreased at the second day after TNBS injection, and this effect lasted at least 7 days (p < 0.05, Figure 1C). In the CRD test, TNBS-treated mice exhibited a significant decrease in AWRs (p < 0.05, Figure 1D).
To examine the role of EA on TNBS-induced nociceptive responses, EA was performed at BL25 acupoints for 30 min on days 1–7 after TNBS injection. EA, but not sham EA, reduced mechanical allodynia measured on days 4–7 and visceral hyperalgesia measured on the seventh day. No significant differences in behavioral responses were observed at any time among C57BL/6 mice treated with Control or Control + EA (p > 0.05, Figures 1C,D).
As shown in Figure 1E, the TNBS group clearly exhibited an acute inflammatory response with mucosal erosion, congestion, crypt reduction, neutrophil cell infiltrates and goblet cells disrupted destruction compared to the Control group. Compared with the TNBS group, EA showed a significant improvement in mucosal inflammatory, but not by sham EA (Figure 1F). These results suggest that EA at BL25 is effective in reducing the nociceptive and inflammatory responses in the colon induced by TNBS.
EA Inhibits the Expression of IL-1β and iNOS in Inflamed Colon Tissues of TNBS-Treated Mice
To determine the anti-inflammatory effect of EA, we examined the effect of EA on the expression level of IL-1β and iNOS in the colonic tissue of TNBS-treated mice. TNBS-treated mice significantly increased the protein levels of IL-1β and iNOS in colonic tissues compared with the Control group (p < 0.05, Figures 2A–D). EA significantly decreased the expression levels of IL-1β and iNOS compared with the TNBS group (p < 0.05, Figures 2A–D) or the sham EA group. Similarly, in the immunofluorescent assays, TNBS significantly elevated iNOS expression, and EA significantly decreased the iNOS expression (p < 0.05, Figures 2E,F). These findings indicated that EA attenautes the colonic inflammatory response by inhibiting the expression of pro-inflammatory cytokines such as IL-1β and iNOS.
[image: Figure 2]FIGURE 2 | EA inhibits inflammatory responses in TNBS-treated mice. (A–E) Representative western blot images show the protein levels of IL-1β (A) and iNOS (B) in the colon tissues. Summary data show the relative protein level of IL-1β (C) and iNOS (D) in the colon tissues. (E) Representative images of immunofluorescence staining in which cell nuclei were labeled with DAPI (blue) and anti-iNOS antibody (green) in the colon tissues. (F) Summary data showing the number of iNOS-positive cells per observation field. Data are expressed as mean ± SEM (n = 6 per group). Scale bar, 50 μm *p < 0.05 versus with Control group, #p < 0.05 versus with TNBS group, +p < 0.05 versus with TNBS + EA group.
EA Increases CB2 Receptor Expression and Attenuates Macrophages Activation in Inflamed Colon Tissues of TNBS-Treated Mice
We have shown that the antinociceptive effect of EA on inflammatory pain is mediated by peripheral CB2 receptors and that CB2 receptors activation inhibits NLRP3 inflammasomes in macrophages in vitro (Gao et al., 2018). Next, we determined whether EA affects the intestinal CB2 receptor expression induced by TNBS. Compared with the Control group, TNBS significantly reduced the expression level of CB2 receptors in the colonic tissues (p < 0.05, Figures 3A,B). EA treatment significantly increased the protein level of CB2 receptors in the colonic tissues (p < 0.05, Figures 3A,B).
[image: Figure 3]FIGURE 3 | EA increased CB2 receptor activation in macrophages in the colon tissues. (A) Representative western blot images show the protein level of CB2 receptors in the colon tissues. (B) Summary data show the relative protein level of CB2 receptors in the colon tissues. (C) Representative images of immunofluorescence staining using DAPI (blue), anti-CD68 antibody (macrophages) (green) and CB2 receptor antibody (red) in the colon tissues. Summary of the number of CB2 receptor- (D) and CD68− (E) positive cells per observation field. (F) Summary data show the percentage of double-labeled cells in the colon tissues. Data are expressed as mean ± SEM (n = 6 per group). Merged, scale bar, 50 μm; Enlarged, scale bar, 50 μm *p < 0.05 versus with Control group, #p < 0.05 versus with TNBS group, +p < 0.05 versus with TNBS + EA group.
Double immunofluorescence labeling showed that CB2 receptors were colocalized with CD68, a macrophages marker. Comparable with the Control group, TNBS treatment increased CD68 labeling and decreased the number of colocalized CD68 and CB2 receptors (p < 0.05, Figures 3C–F). Comparable with the TNBS group, EA at BL25 inhibited the expression of CD68 and increased the number of colocalized CD68 and CB2 receptors (p < 0.05, Figures 3C–F). These data suggest that EA reduces macrophages activation and increases CB2 receptor expression in the inflamed colon tissues of TNBS-treated mice.
Blocking CB2 Receptors Antagonizes the Antinociceptive and Anti-Inflammatory Effects of EA
To determine the role of CB2 receptors in EA’s antinociceptive and anti-inflammatory in TNBS-treated mice, wild-type (WT) mice received systemic delivery of AM630, a specific CB2 receptor antagonist 30 min before each EA treatment. The antinociceptive effects of EA were blocked by administration of AM630 (p > 0.05, Figures 4B,C). Compared with the Control + DMSO group, the TNBS + DMSO group and TNBS + AM630 + EA group showed an inflammatory response characterized with mucosal erosion, congestion, reduced or absent crypt and neutrophil infiltration. The TNBS + EA + DMSO group significantly improved the colonic lesions (Figures 4D,E).
[image: Figure 4]FIGURE 4 | Pharmacological blockade of CB2 receptors reverses the EA’s effects on TNBS-induced visceral hypersensitivities and colonic morphology. (A) Experimental protocol show treatment schedule of AM630, the specific CB2 receptor antagonist. (B) Time course effect of AM630 treatment on the EA’s antinociceptive effect on TNBS-treated mice. (C) AWR scores of TNBS-treated mice on day 7. (D) Representative H&E staining of colon tissue sections. Scale bar, 200 µm. (E) Histological score in each group (n = 6 per group). *p < 0.05 versus with Control + DMSO group, #p < 0.05 versus with TNBS + DMSO group, +p < 0.05 versus with TNBS + EA + DMSO group. NS: no significance versus TNBS + EA + AM630 group as indicated.
Treatment with AM630 antagonized the anti-inflammatory effect of EA (Figure 5). In the presence of AM630, EA failed to reduce the protein levels of IL-1β and iNOS (p > 0.05, Figures 5A–D) and the number of fluorescence-positive cells for iNOS and CD68 in the inflamed colon tissues by TNBS (p > 0.05, Figures 5E,F). These results suggest that the antinociceptive and anti-inflammatory effects of EA are mediated by the CB2 receptors.
[image: Figure 5]FIGURE 5 | AM630 reverses the EA’s anti-inflammatory effects in TNBS-treated mice. Representative western blot images show the protein level of IL-1β (A) and iNOS (B) in the colon tissues. Summary data show the relative protein levels of IL-1β (C) and iNOS (D) in the colon tissues. (E) Representative images of immunofluorescence staining in which cell membrane were labeled with anti-CD68 and anti-iNOS in the colon tissues. Summary of the number of CD68− (F) and iNOS- (G) positive cells per observation field. Data are expressed as mean ± SEM (n = 6 per group). Scale bar, 50 μm *p < 0.05 versus with Control + DMSO group, #p < 0.05 versus with TNBS + DMSO group, +p < 0.05 versus with TNBS + EA + DMSO group. NS, no significance versus TNBS + EA + AM630 group as indicated.
The Antinociceptive and Anti-Inflammatory Effects of EA on TNBS-Treated Mice Depend on CB2 Receptors
To validate the role of CB2 receptors in the therapeutic effect of EA on TNBS-induced colitis in mice, we tested the EA's effect in CB2 KO mice treated with TNBS. The visceral hyperalgesia and mechanical allodynia were present in wild-type and CB2 receptor KO mice after TNBS treatment. However, EA failed to reduce visceral hyperalgesia and mechanical allodynia in CB2 KO mice treated with TNBS (p > 0.05, Figures 6A–D). Also, treatment with EA had no significant effect on the histological inflammation and pathology of colitis in CB2 KO mice treated with TNBS, as evidenced by extensive destruction of tissue architecture, loss of intestinal crypts and goblet cells, marked mucosal erosion and congestion (p > 0.05, Figures 6E,F).
[image: Figure 6]FIGURE 6 | EA attenuates pain hypersensitivity induced by TNBS through CB2 receptors. (A–D) Time course of mechanical withdrawal threshold in wild-type (A) and CB2 receptor knockout (B) mice treated with TNBS. AWR scores in wild-type (C) and CB2 receptor knockout (D) mice treated with TNBS on day 7. (E) Representative H&E staining of the colon tissue sections in CB2 receptor knockout mice. Scale bar, 50 μm. (F) Histological score in each group (n = 6 per group). *p < 0.05 versus with Control group, #p < 0.05 versus with TNBS group, +p < 0.05 versus with TNBS + EA group. NS, no significance versus Sham EA group as indicated.
Similar to WT mice, TNBS significantly increased the protein levels of IL-1β mature fragments and iNOS and the number of iNOS- and CD68-positive cells in the colonic tissues in CB2 receptor KO mice (p > 0.05, Figures 7A–D). However, EA treatment failed to significantly reduce the elevated protein levels of IL-1β mature fragments and iNOS and the number of iNOS- and CD68-positive cells in the colonic tissues (p > 0.05, Figures 7A–D). These data suggest that CB2 receptors play a critical role in the antinociceptive and anti-inflammatory effects of EA in the mouse model of IBD.
[image: Figure 7]FIGURE 7 | EA’s anti-inflammatory effects on TNBS-treated mice is mediated by CB2 receptors. (A–D) Representative western blot images show the protein level of IL-1β (A) and iNOS (B) in the colon tissues. Summary data show the relative protein levels of IL-1β (C) and iNOS (D) in the colon tissues. (E) Representative images of immunofluorescence labeled with anti-CD68 and anti-iNOS antibodies in the colon tissues. Summary data show the number of CD68− (F) and iNOS- (G) positive cells per observation field. Data are expressed as mean ± SEM (n = 6 per group). Scale bar, 50 μm *p < 0.05 versus with Control group, #p < 0.05 versus with TNBS group, +p < 0.05 versus with TNBS + EA group. NS: no significance versus Sham EA group as indicated.
DISCUSSION
Disorders of the intestinal immune system play a major role in the pathophysiology of IBD. The macrophages residing in the lamina propria maintain intestinal homeostasis under normal physiological conditions, but after inflammation or infection, the resident monocytes in the intestine and their derived pro-inflammatory macrophages enter the myenteric layer and further recruit more pro-inflammatory macrophages, thus further exacerbating IBD by releasing inflammatory factors (Grainger et al., 2017; Bain and Schridde, 2018). In the present study, we showed that only a small number of macrophages were present in the control group, which is consistent with the finding that in the normal intestine, only a few infiltrating immune cells are present (He et al., 2019). The increased abundance of macrophage expression after TNBS indicates that dysregulated immune/inflammatory responses on play a role in IBD. Importantly, we found that EA suppressed the newly recruited macrophages in the muscle layer, inhibited IL-1β and iNOS overexpression, and attenuated TNBS-induced visceral hypersensitivity. In addition, EA further increased the CB2 receptor expression on the macrophages in the colonic tissues. However, the CB2 receptor antagonist or CB2 receptor deletion antagonized the antinociceptive and anti-inflammatory effects of EA, suggesting that the beneficial effects of EA are mediated by CB2 receptors. Therefore, EA at BL25 points likely reduces TNBS-induced inflammation by activating CB2 receptors. EA may exert anti-inflammatory and antinociceptive effects by inhibiting the accumulation of newly recruited macrophages and reducing the levels of inflammatory cytokines. Collectively, these results suggest that CB2 receptors in the colonic tissues are a major component of the EA-produced anti-inflammatory and antinociceptive actions in the IBD model.
TNBS triggers visceral and somatic hypersensitivity after intracolonic injection (Viana-Cardoso et al., 2015). The onset and maintenance of colonic hypersensitivity may arise from the nociceptive inputs from the colon that sensitize the spinal dorsal horn neurons to cause somatic and visceral hypersensitivity (Zhou et al., 2008). This explanation is supported by the findings that the mechanical pain threshold after TNBS treatment begins to decrease significantly on the third day and reaches a peak on the fifth day. The rat colonic tissues recovered after 7 days of enema administration of 2,4-dinitrobenzene sulfonic acid (Lucarini et al., 2020). Similarly, we found that 7 days after TNBS treatment, histological analysis of the colon showed partial recovery of the mucosa, but a small amount of ulcerated areas were still seen with the loss of lining epithelium and infiltration of wall-permeable immune cells (mainly neutrophils, lymphocytes and macrophages), crypt abscesses, altered goblet cells and edema. Lv et al. reported that EA stimulation reduced the macroscopic pathologic changes and visceral hypersensitive of TNBS-induced colitis in rats (Lv et al., 2019). Similarly, our study also consistently found that EA alleviates visceral hyperalgesia, mechanical allodynia and intestinal pathology induced by TNBS. In a word, EA plays a key role in the recovery of IBD.
Resident macrophages that maintain intestinal homeostasis have a strong phagocytic effect but do not elicit a significant inflammatory response in mouse and human intestines (Bernardo et al., 2018; Bujko et al., 2018). When the homeostasis is disturbed, the composition of the human intestinal macrophage pool will change significantly. In the mucosa of patients with IBD, there is an accumulation of pro-inflammatory macrophages that produce large amounts of IL-1β, IL-6, TNF-α, reactive oxygen intermediates, and nitric oxide, making them different from the macrophages in the healthy intestine (Singh et al., 2016). A similar infiltration of pro-inflammatory monocytes and macrophages is seen in animal models of dextran sulphate sodium (DSS) (Gong et al., 2018; Mei et al., 2019). This infiltration is characterized by the reversal of the ratio of resident macrophages to proinflammatory macrophages, which is due to the accumulation of monocytes and their derived macrophages. Infiltrated macrophages showed typical pro-inflammatory features, including the production of TNF-α, IL-6, IL-1β production, and the expression of iNOS. Similarly, in our TNBS-treated model, intestinal homeostasis was disrupted, as reflected by macrophage activation, increased the expression of IL-1β and iNOS.
Neuron-glia-immune interaction in the DRG, spinal cord and enteric nervous system is now considered to play a key role in the development of visceral hypersensitivity, which is associated with visceral pain accompanying IBD (Qiao and Tiwari, 2020). Inflammatory mediators released by macrophages can directly activate and sensitize colon-innervating afferents, leading to an enhanced response to chemical and mechanical stimuli, known as visceral pain/hypersensitivity (Kwon et al., 2013; Domoto et al., 2021). Thus, inactivation of macrophages may be at least partially underlie the antinociceptive effects of EA. Our results indicated that EA inhibited macrophage activation, along with suppressing the increased expression of IL-1β and iNOS. Thus, EA may regulated immune function and visceral hypersensitive in the gastrointestinal tract by inhibiting macrophage activation.
In the gastrointestinal tract, the activated endogenous cannabinoid system is involved in regulating gut motility, intestinal secretion and epithelial permeability, and immune function through cannabinoid receptors present (Hasenoehrl et al., 2016; Perisetti et al., 2020). The antinociceptive effects of cannabinoid oil used in adolescent and young adult patients with IBD have been clinically demonstrated (Hoffenberg et al., 2019). However, the addictive side effects of cannabis have led to ongoing restrictions on the clinical use of cannabis for IBD. Anandamide (AEA) and 2-arachidonoylglycerol (2-AG) function as retrograde messengers in descending pain regulatory pathways, and they are transported to the peripheral terminals of the CNS and primary afferent neurons to inhibit neurotransmitter release from presynaptic terminals (Gondim et al., 2012; Kano, 2014). In our previous study, in a rat model of CFA-induced inflammatory pain, EA significantly increased the level of AEA in inflammatory skin tissues and produced antinociceptive effects through activation of peripheral CB2 receptors (Chen et al., 2009). Our study showed for the first time that EA exerts antinociceptive effects and inhibits activation of macrophages and suppresses the expression of mature IL-1β and iNOS through activating CB2 receptors in the colonic tissues. The CB2 receptor antagonist AM630 or CB2 receptor knockout blocked the inhibitory effects of EA on macrophages activation in the colon tissues. This is consistent with previous studies showing that activation of CB2 receptors ameliorates DSS-induced colitis by enhancing the inhibition of NLRP3 inflammasome activation in macrophages (Ke et al., 2016).
Therefore, it is reasonable assumption that EA at BL25 appears to reduce TNBS-induced IBD inflammation by increasing endogenous cannabinoids and then increasing CB2 receptors, thereby inhibits activation of macrophages and suppresses inflammatory cytokine levels and visceral hypersensitivity. Thus, CB2 receptor agonists could be used to treat IBD.
Although our findings have great potential for EA in the treatment of IBD patients, there are some limitations to this study. At present, this study is lack of EA for the determination of the content of other components of endocannabinoid system; In addition, other more effective acupoints for IBD should be explored.
CONCLUSION
Our study shows that EA at BL25 is effective in reducing visceral pain in a mouse model of IBD. Our results further suggest that the antinociceptive effect of EA may be attributed to the CB2 receptor-mediated inhibition of macrophage activation and expression of IL-1β and iNOS. Our findings provide new information on the mechanism by which EA activates CB2 receptors to reduce visceral pain associated with IBD.
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Stroke is the second leading cause of death worldwide following coronary heart disease. Despite significant efforts to find effective treatments to reduce neurological damage, many patients suffer from sequelae that impair their quality of life. For this reason, the search for new therapeutic options for the treatment of these patients is a priority. Glial cells, including microglia, astrocytes and oligodendrocytes, participate in crucial processes that allow the correct functioning of the neural tissue, being actively involved in the pathophysiological mechanisms of ischemic stroke. Although the exact mechanisms by which glial cells contribute in the pathophysiological context of stroke are not yet completely understood, they have emerged as potentially therapeutic targets to improve brain recovery. The endocannabinoid system has interesting immunomodulatory and protective effects in glial cells, and the pharmacological modulation of this signaling pathway has revealed potential neuroprotective effects in different neurological diseases. Therefore, here we recapitulate current findings on the potential promising contribution of the endocannabinoid system pharmacological manipulation in glial cells for the treatment of ischemic stroke.
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INTRODUCTION
Stroke is a rapidly developing neurological pathology that involves the appearance of clinical symptoms due to a global or focal disturbance of brain function, generally with vascular origin (Sacco et al., 2013). It is the second leading cause of death worldwide after coronary and heart disease, constituting 10% of total mortality, the first cause of disability, and the second cause of dementia, causing a significant family, healthcare, and socioeconomic cost (Feigin, 2021). Moreover, data from different studies indicate that stroke prevalence is increasing and will continue to rise, probably due to an increment in life expectancy globally (Feigin, 2021). Stroke is a heterogeneous disease and depending on the nature of the brain injury, two major types can be distinguished, hemorrhagic stroke (15% of cases) and ischemic stroke (85% of cases), which in some cases could be transient ischemic attacks (van Asch et al., 2010; Meschia and Brott, 2018). Hemorrhagic stroke is caused by the rupture of a blood vessel in the brain and ischemic stroke, the focus of this review, occurs when a cerebral artery is occluded by a blood clot, causing a cerebral infarction (Pekny et al., 2019). Thrombus formation can have different etiologies, such as atherothrombosis, cardioembolism, small vessel occlusive disease, rare cause (infection, neoplasia, myeloproliferative syndrome, metabolic disorders, coagulation disorders) or even cryptogenic stroke (Díez Tejedor et al., 2001; Meschia and Brott, 2018). As the brain and its proper functioning depend on an adequate supply of oxygen and glucose, its cessation causes neuronal death and glial activation that lead to functional alterations not only in the affected area but also in related brain areas (Pekny et al., 2019).
Due to the high prevalence of ischemic stroke and to a higher opportunity for an effective therapeutic intervention than for hemorrhagic, a great effort has generally been devoted to the study of ischemic stroke. It has been observed that primary prevention, which acts on modifiable or potentially modifiable vascular risk factors, can considerably reduce the incidence of ischemic strokes. Among the modifiable risk factors, the most important are arterial hypertension, tobacco use, diabetes mellitus, hypercholesterolemia, obesity, physical inactivity, and atrial fibrillation (Kuriakose and Xiao, 2020). However, due in part to the estimated global increase in the prevalence of ischemic stroke and the need to find appropriate treatments to reduce sequelae, it is essential to thoroughly study the molecular mechanisms underlying the disease in order to find new treatments that will eventually lead to functional recovery of patients.
Molecular Mechanisms of Ischemic Stroke
After the ischemic event, there is a central zone of irreversibly damaged tissue known as core that receives less than 15% of normal cerebral blood flow (CBF), a surrounding area of damaged tissue that may recover its function known as penumbra, receiving less than 40% of normal CBF, and the peri-infarct region, which receives between 40 and 100% of normal CBF (Meschia and Brott, 2018; Feske, 2021). In the acute phase of cerebral ischemia, precisely due to the reduced CBF, the affected tissue experiences cellular energy depletion, with a dysfunction of the ATP-dependent ionic pumps producing the intracellular accumulation of calcium (Ca2+). This in turn induce the release and accumulation of excitotoxic amino acids like glutamate in the extracellular space (Qureshi et al., 2003; Lai et al., 2014). As a consequence of the intracellular Ca2+ increase, Ca2+-dependent enzymes are activated, resulting in mitochondrial dysfunction and cell death, mainly by necrosis (Fernández-Ruiz et al., 2015; Belov Kirdajova et al., 2020; Kuriakose and Xiao, 2020). In this first stage, microglial cells act as early players and their activation leads to the production of pro-inflammatory mediators, such as tumour necrosis factor-alpha (TNF-α), interleukin-1beta (IL-1β), and reactive oxygen species (ROS) (Lambertsen et al., 2005; Clausen et al., 2008; Allen and Bayraktutan, 2009; Chen et al., 2019). These factors recruit other inflammatory cell populations into the ischemic area, mainly circulating monocytes, which interact with astrocytes through the secretion of cytokines and chemokines, possibly contributing to astrocyte activation (Kim and Cho, 2016; Frik et al., 2018; Hersh and Yang, 2018; Rizzo et al., 2019). Once astrocytes are activated, they shift their morphology and function according to the biological context. Indeed, increasing evidence sustains the critical role of these cells in the brain’s response to stroke (Pekny et al., 2016), but their harmful or beneficial contribution to the ischemic pathway is currently under intense debate (Liddelow et al., 2017). Astrocytes are also critical for glial scar formation surrounding the infarct zone, which may help limit immune cell infiltration (Liddelow and Barres, 2015, 2017). Moreover, vasogenic edema, characterized by extravasation and extracellular accumulation of fluid into the cerebral parenchyma caused by disruption of the blood-brain barrier (BBB), takes place during the subacute phase (24–72 after the ischemic event) (Chen et al., 2019; Belov Kirdajova et al., 2020). Regarding the role of oligodendrocytes in stroke, available data indicate there is a substantial oligodendrocyte loss due to excitotoxicity and oxidative stress in the ischemic core; however, a significant increase in this cell population takes place within the penumbra (for a review see Jadhav et al., 2022). Finally, the chronic phase can extend for weeks after the initial damage, being probably caused by a delayed apoptotic neuronal death involving several factors like an uncontrolled inflammatory response, the persistent presence of neurotoxic/neuroinhibitory factors, and oxidative stress, among others (Allen and Bayraktutan, 2009; Zhang et al., 2012; Belov Kirdajova et al., 2020).
Current Therapeutic Approaches to Ischemic Stroke
In recent years, several effective treatments have been developed for the treatment of ischemic stroke within the acute phase. Besides, the coordination between the emergency teams, neurologists, and hospital stroke units implementing what is known as “stroke code,” allows a faster intervention, which facilitates the patient’s admission to the stroke unit and administration of treatments that help reduce mortality and sequelae (Indredavik et al., 1991). Currently, the reperfusion therapies available for the treatment of ischemic stroke in the acute phase are intravenous (i.v.) thrombolysis and mechanical thrombectomy (Kuriakose and Xiao, 2020; Feske, 2021); however, due to the narrow therapeutic time window for effective intervention, less than 5% of patients can benefit from these treatments (Fernández-Ruiz et al., 2015; Choi et al., 2019). There are two types of thrombolytic treatments: i.v. injection of recombinant tissue plasminogen activator and tenecteplase, which are administered within the first 4.5 h after stroke onset. These treatments improve the patient’s clinical and functional outcome, evaluated within 3 months (Alonso de Leciñana et al., 2014). Another therapeutic option used when thrombolytic treatment cannot be administered or has not been effective is mechanical thrombectomy. There are several randomized studies that demonstrate the efficacy of this procedure when applied within 6 h of symptom onset (Powers et al., 2018).
With the aim of reducing sequelae and improving the functional evolution of patients, neuroprotective treatments are continuously under investigation (Miller et al., 2011; Kolb et al., 2019). Still, despite having promising results in animal models using neuroprotective drugs, these treatments have failed to improve neurological outcomes after ischemic stroke in clinical trials, probably because neuronal survival is not enough to promote brain recovery (Gleichman and Carmichael, 2014; Choi et al., 2019). For that reason, the study of glial cells as novel therapeutic targets in stroke has gained attention recently, not only because these cells have been demonstrated to be essential for proper brain functioning but also for their neuroprotective potential in different neurological pathologies, including stroke (Gleichman and Carmichael, 2014; Hersh and Yang, 2018; Jha et al., 2019).
The Endocannabinoid System
The endocannabinoid system (ECS) constitutes an intercellular communication system that plays a fundamental role in the regulation of multiple physiological processes such as synaptic transmission, memory processes, nociception, inflammation, appetite, or thermoregulation, among others (Fernández-Ruiz et al., 2015; Cristino, Bisogno and Di Marzo, 2020; Estrada and Contreras, 2020). Consequently, the ECS and the elements that constitute it (receptors, endogenous ligands, and synthesis and breakdown enzymes) play a key role in neurotransmission, in the endocrine and the immune system.
Cannabinoids (CBs) exert their effects mainly via cannabinoid receptor 1 (CB1R) and cannabinoid receptor 2 (CB2R) (Matsuda et al., 1990; Munro et al., 1993). CB1R is widely expressed in the central nervous system (CNS), mostly in neurons but also in glial cells, while CB2R is characteristic of the immune system, being expressed as well by CNS cells like microglia, astrocytes and oligodendrocytes (Munro et al., 1993; Howlett, 2002; Molina-Holgado et al., 2002; Gulyas et al., 2004; Núñez et al., 2004; Benito et al., 2007; Navarrete and Araque, 2008; Turcotte et al., 2016; Fernández-Trapero et al., 2017). CBs also activate other receptors such as orphan G protein-coupled receptors (GPCRs), peroxisome proliferator-activated receptors (PPARs), or the adenosine A2A receptor (A2AR) (Morales and Reggio, 2017; Franco et al., 2019; Iannotti and Vitale, 2021).
The main endogenous ligands or endocannabinoids (eCBs) are 2-arachidonoylglycerol (2-AG) (Mechoulam et al., 1995; Sugiura et al., 1995) and N-arachidonoylethanolamine or anandamide (AEA) (Devane et al., 1992). Both eCBs are synthesized “on demand” from membrane lipid precursors. 2-AG is the most abundant eCB and a full CB1R/CB2R agonist (Sugiura et al., 1995; Stella et al., 1997). It is synthesized by the enzyme diacylglycerol-lipase (DAGL) (Tanimura et al., 2010; Shonesy et al., 2015) and metabolized to arachidonic acid and glycerol by monoacylglycerol lipase (MAGL) (Dinh et al., 2002). By contrast, AEA is a partial CB1R agonist and it does not bind to CB2R (Silva et al., 2013; Zou and Kumar, 2018). AEA has a complex synthesis mechanism involving the action of the enzyme N-arachidonoyl phosphatidylethanolamine-phospholipase D (NAPE-PLD) (Di Marzo et al., 1994; Blankman and Cravatt, 2013), meanwhile, its degradation is carried out by the enzyme fatty acid amide hydrolase (FAAH), which metabolizes AEA to arachidonic acid and ethanolamide (Zou and Kumar, 2018).
Role of the ECS in Ischemic Stroke
Similar to other neuropathologies, several studies have proved that the ECS is altered in ischemic stroke, as it has been reviewed elsewhere (Hillard, 2008; Fernández-Ruiz et al., 2015; Kolb et al., 2019; Cristino et al., 2020). However, contradictory and conflicting results have been found and to date, the role of the ECS in stroke has not been elucidated.
Endocannabinoid tone alterations have been reported in clinical studies and plasma levels of AEA were significantly elevated in samples from acute stroke patients (Schäbitz et al., 2002; Naccarato et al., 2010). Moreover, higher levels of 2-AG and other ECS-lipid mediators, such as palmitoylethanolamide (PEA), are positively correlated with neurological impairment (Naccarato et al., 2010). Very recently, an increased expression of CB2R and the microRNA miR-665, a potential CB2R regulator, were found in circulating monocytes of patients with acute ischemic stroke (Greco et al., 2021). These observations at the peripheral level could be reflecting disturbances at the central level, in line with those observed in postmortem tissues (Caruso et al., 2016), or suggesting its involvement in the modulation of the peripheral immune response in stroke patients (Greco et al., 2021).
The involvement of the ECS in the pathophysiology of stroke is even more evident in animal models (Schäbitz et al., 2002; Muthian et al., 2004; Zarruk et al., 2012; Sun, and Fang, 2013). In the transient middle cerebral artery occlusion (tMCAO) model using CB1R−/− mice, a greater lesion volume was observed than in wild-type animals due to a decrease in CBF after reperfusion, probably due to a direct effect of CB1R activation on cerebrovascular smooth muscle cells (Hillard, 2000; Parmentier-Batteur et al., 2002). However, the administration of pharmacological treatments aimed at modulating CB1R function show controversial results. On the one hand, several works have shown that CB1R antagonism has neuroprotective effects in animal models of stroke (Muthian et al., 2004; Zhang et al., 2008; Schmidt et al., 2012; Knowles et al., 2016; Reichenbach et al., 2016). For example, the treatment with CB1R antagonists such as SR141716 (5 mg/kg) increases CBF in the affected brain area, decreases the lesion volume in both the tMCAO and the photothrombotic permanent MCAO (pMCAO) models, and improves the neurological function after stroke (Zhang et al., 2008; Reichenbach et al., 2016). In a rat model of global brain ischemia, the treatment with the CB1R antagonist AM251 (2 mg/kg) also shows neuroprotective effects on areas of the reward system, reducing neuronal death and improving behavioral test performance (Knowles et al., 2016). On the other hand, CB1R activation with the selective CB1R agonist ACEA, both after intracerebral and intraperitoneal (i.p.) administration (10 μM and 1 mg/kg, respectively), has also shown neuroprotective effects in the endothelin-induced MCAO (eMCAO) and pMCAO models, reducing neuronal death and brain injury volume (Schmidt et al., 2012; Caltana et al., 2015). Regarding the role of CB2R in ischemic stroke, there seems to be a greater consensus, since the majority of studies report a neuroprotective effect i.e., a reduction of infarct volume when CB2R agonists are administered in different animal models (Schomacher et al., 2008; Zhang et al., 2008; Reichenbach et al., 2016; Choi et al., 2018).
Although the role of the ECS in stroke may appear more complex than in other neurological pathologies, CB-based therapies begin to acquire special relevance for patients suffering from ischemic stroke (Kolb et al., 2019; Cristino et al., 2020). One of the main features of CB-based therapies is that they are multi-target molecules able to regulate the three main pathological mechanisms involved in neurodegenerative diseases, especially in ischemic stroke: inflammation, excitotoxicity, and oxidative stress. These effects could be mediated not only by CB1R and CB2R but other ECS-related receptors may also be involved, such as PPARγ or G-protein receptor 55 (GPR55) (Fernández-Ruiz et al., 2015; Aymerich et al., 2018). Although considerable progress has been made in the study of the ECS in neurons, there is also extensive evidence supporting the important modulatory role of the glial ECS for the proper function of these cells and their interactions with other cell types. However, the precise role of glial ECS remains a field barely explored but with great potential in stroke and other neurological pathologies (Egaña-Huguet et al., 2021; Jadhav et al., 2022).
MICROGLIA
Microglia, discovered in 1919 by the Spanish physician and histologist Pio del Rio-Hortega, constitute the first line of defense of the CNS (Mecha et al., 2016; Prinz, Jung and Priller, 2019). Microglia are highly dynamic cells included in the phagocytic-mononuclear cell lineage along with peripheral and CNS-associated macrophages (CAMS), monocytes, and dendritic cells (Ginhoux et al., 2010; Goldmann et al., 2016; Mecha et al., 2016; Prinz et al., 2019). However, there is currently an intense debate about its origin, since recent publications suggest that microglial cells originate in the yolk sac from myeloid progenitors during embryonic development whereas peripheral macrophages develop from hematopoietic stem cells (Prinz, Jung and Priller, 2019). After embryogenesis, microglia maintain a population of 5–20% of total glial cells in the mouse brain and around 0.5%–16.6% in the human brain by a process of self-renewal (Mittelbronn et al., 2001; Ginhoux et al., 2010; Askew et al., 2017). Long considered the macrophages of the brain, microglia have multiple functions in physiological and pathophysiological conditions. Very recently, it has been shown that mouse and human microglia also exhibit regional phenotypic heterogeneity (Böttcher et al., 2019), however, whether this heterogeneity correlates with a regional-specific function or if this is relevant for different pathologies, remains to be investigated.
Under physiological conditions, microglial cells participate in important functions like dendritic pruning, neural rewiring, oligodendrocyte precursor cells (OPCs) differentiation, and synaptic plasticity, among other cellular processes (Figure 1A) (Nakajima et al., 2001; Wake et al., 2009; Matcovitch-Natan et al., 2016; Filipello et al., 2018). In vivo imaging studies have demonstrated that resting microglia show a small soma with highly dynamic branching morphology, acting as sensors that detect changes in the brain parenchyma. Following an acute injury, microglia are activated, changing their morphology to an amoeboid shape and modifying their branching pattern that rapidly are directed towards the lesion site (Davalos et al., 2005; Nimmerjahn et al., 2005). Changes also occur at the molecular level, including epigenetic, transcriptomic, and proteomic modifications (Mecha et al., 2015; Prinz et al., 2019). Moreover, once activated after a harmful event in the CNS, microglia undergo the process of phenotypic polarization, shifting toward one of two main opposite phenotypes: the classically activated pro-inflammatory state (M1-like) or the alternative anti-inflammatory protective state (M2-like). In addition, similarly to the phenotypic classification of macrophages, within the M2-like phenotype, different microglial subtypes (M2a, M2b, and M2c) have been associated with repairing, immunoregulatory, or deactivating phenotype functions, respectively (Zawadzka et al., 2012; Mecha et al., 2016; Kanazawa et al., 2017). However, because most studies have been performed in cell culture, further in vivo studies are needed to establish not only the function of the different subtypes of the microglial M2-like phenotype, but even their existence in the pathophysiological context, as recently reviewed by Tanaka et al. (2020).
[image: Figure 1]FIGURE 1 | Microglial ECS function. (A). In healthy conditions, microglia participate in pivotal functions for proper neuronal functioning such as dendritic pruning, neural rewiring, secretion of trophic factors and synaptic plasticity. The main function of resting microglia is to monitor the brain parenchyma through their widely branched morphology and to quickly detect any type of cellular alteration or damage. Cannabinoid receptor activation regulates the phenotypic polarization of microglia, migration, cytokine production and phagocytic capacity of these cells. (B). Microglial response to ischemic stroke follows a spatio-temporal pattern. Initially, in the acute phase, there is a significant increase in the number of M2-like microglial cells in the ischemic area. The M2-like phenotype is considered protective since it acquires phagocytic capacity that allows it to eliminate the dead cells debris. In addition, they release neurotrophic factors and anti-inflammatory cytokines in an attempt to limit neuronal damage. However, during the chronic phase of stroke M1-like cells proliferate and are recruited to the injury area. M1 microglia release pro-inflammatory cytokines and ROS that contribute to exacerbate neuronal death, oligodendrocyte damage and astrocyte activation. The inflammatory response also contributes to BBB rupture and the release of chemoattractant factors from peripheral immune cells. The M1 phenotype is characterized by the acquisition of an amoeboid morphology, without branching and losing its phagocytic capacity thus preventing tissue repair. The expression of CB1R and CB2R as well as other ECS-related receptors has been upregulated in different in vitro and in vivo stroke models. However, its specific role in microglia is still unknown. (C). The protective effects observed after treatment with CBs in different stroke models include modulation of microgliosis. Reduction in the number of microglia cells was not only observed, but also induced polarization towards the M2-like phenotype. The M2-like microglia contributes to tissue repair, as it has phagocytic capacity and releases trophic factors. In addition, it releases anti-inflammatory cytokines limiting brain damage and preserving the BBB, thus decreasing peripheral immune cell extravasation. Green arrows and boxes: eCB-mediated effects; blue arrows and boxes: CB-mediated effects. BBB: brain-blood barrier; CB1R: cannabinoid receptor 1: CB2R: cannabinoid receptor 2; CBs: cannabinoids; eCBs: endocannabinoids; ROS: reactive oxygen species.
The phenotypic polarization of microglial cells to M1 upon stimulation with bacterial-derivative molecules such as lipopolysaccharide (LPS) or even interferon gamma (IFN-γ) has been characterized in vitro. Under these conditions, M1 cells release a wide variety of pro-inflammatory cytokines and chemokines like TNF-α, IL-1α, IL-1β, IL-6, or IL-12 (Michelucci et al., 2009; Zawadzka et al., 2012; Malek et al., 2015; Mecha et al., 2015). Polarization to M1 also induces the expression of genes such as iNOS, ROS production, and the activation of the inflammasome complex (Shi et al., 2012; Gong et al., 2018). Stimulation with anti-inflammatory cytokines, i.e. IL-4 or IL-10 promotes a polarization toward the M2-like phenotype (Michelucci et al., 2009; Lively and Schlichter, 2013). Other cytokines and certain chemokines, including IL-3, IL-21, CCL2, and CXCL4, also induce M2 polarization. M2 cells in turn release anti-inflammatory cytokines such as IL-4, IL-10, IL-13, or TFG-β (Michelucci et al., 2009; Mecha et al., 2015).
The role of the different microglial phenotypes has been the subject of intense study in recent years and is becoming increasingly relevant given the dual functions of these cells in pathophysiological processes associated with acute and chronic diseases, including ischemic stroke (Kanazawa et al., 2017; Qin et al., 2019).
Microglial Function in Ischemic Stroke
The contribution of microglia to the neuroinflammatory context of ischemic stroke is controversial, as microglial cells could exert both detrimental and beneficial effects (for review consult Qin et al., 2019). On the one hand, post-ischemic inflammation has been considered a negative factor that worsens patient outcome, since activated microglia carry out striping processes that disrupt synaptic connections resulting in the functional impairment of neuronal circuits after ischemic damage (Wake et al., 2009). But on the other hand, it seems to be a necessary process for the clearance of cellular debris and dead cells through phagocytosis and to trigger repairing processes that promote functional brain recovery (Ma et al., 2017; Qin et al., 2019; Rajan et al., 2019).
Following an ischemic stroke, activated microglial cells change their morphology and rapidly migrate to the focus of injury as they are sensitive to fluctuations in blood flow and respond to BBB rupture and to cell death occurring in the acute phase of stroke (Nimmerjahn et al., 2005; Masuda et al., 2011; Ju et al., 2018). Besides, in response to damage, CNS resident microglia continuously proliferate, contributing with new cells to the resident microglial pool (Li et al., 2013). The extravasation and migration of peripheral immune cells (Iadecola et al., 2020), as well as the mobilization of pericytes close to the injury, also increase the microglial pool site (Özen et al., 2014; Roth et al., 2019). Despite monocyte extravasation in stroke has recently gained a considerable amount of interest, the specific contribution of individual cell types to the progression or repair of ischemic damage is still under intense study (Urra et al., 2009; Rajan et al., 2019). Overall, the microglial response to ischemic stroke is very complex and follows a spatio-temporal pattern. First, studies in animal models of both permanent and transient ischemia, have demonstrated a dramatic increase in microglial cells between 24 h and 7 days post-ischemia (Michalski et al., 2012; Li et al., 2013; Cotrina et al., 2017; Rajan et al., 2019). This peak in cell number in the ischemic core appears later in models of photothrombotic ischemia, being a slightly more moderate response (Li et al., 2013; Cotrina et al., 2017). Furthermore, in a tMCAO model, M2-like microglia is greatly increased in the ischemic zone, probably as an immediate response to neuronal damage that tries to eliminate cellular debris and limiting the extent of tissue damage (Figure 1B) (Hu et al., 2012). Soon after microglial activation in the pMCAO model, phagocytic microglial cells enclosing MAP2-positive neurons are observed (Cotrina et al., 2017). However, this context changes during the chronic phase of stroke in which M1 microglial cells proliferate and are recruited. M1 microglia release pro-inflammatory cytokines and ROS that contribute to exacerbating neuronal death, BBB breakdown, and also have a reduced phagocytic capacity that prevents tissue repair (Figure 1B) (Hu et al., 2012; Chen et al., 2019). Phenotypic changes of microglia are also region-specific, with amoeboid-shaped cells being located in the core and penumbra of the lesion and less branched cells in the peri-infarct zone (Li et al., 2013; Cotrina et al., 2017; Rajan et al., 2019).
Activated microglia orchestrate the response to ischemic damage by communicating not only with neurons but also with non-neuronal cells and BBB structural components (Mecha et al., 2016; Huang et al., 2020). In fact, the interaction between activated microglia and astrocytes plays a crucial role in the process of neuroinflammation. The release of cytokines and trophic factors by microglia promotes phenotypic change in astrocytes, thus, M1 microglia releases, among other factors TNF-α, IL-1β or C1q, favoring the neurotoxic reactivity state of astrocytes (Liddelow et al., 2017). This communication is bidirectional, such that astrocytes also influence microglial phenotypic changes in a neuroinflammatory context by secreting a wide range of chemokines (for review, Jha et al., 2019; Liu et al., 2020). Besides, activated microglia also interact with oligodendrocytes, with a vast amount of data suggesting a deleterious effect of M1 microglia and the pro-inflammatory cytokines they release, on oligodendrocyte survival (Moore et al., 2015; Fan et al., 2019). On the other hand, in multiple sclerosis models, an increased differentiation of OPCs and, therefore, activation of remyelination processes favored by M2-like microglia has been described (Miron et al., 2013). This oligodendrocyte-protective effect has also been observed in an animal model of bilateral common carotid artery stenosis, where the treatment with the immunomodulatory drug Fingolimod promotes the polarization of microglia towards the M2-like phenotype leading to increased survival of OPCs and favoring myelin repair processes (Qin et al., 2017). In light of the complex microglial response in stroke and the dual effect of the phenotypes described, the search for new therapeutic options with a modulating effect on cell polarization in stroke has intensified in recent years (Qin et al., 2017; Liu et al., 2019; Lu et al., 2021).
Microglia and the ECS
Under physiological conditions, both in animals and humans, microglia hardly express CB1R and CB2R (Benito et al., 2007; López et al., 2018; Egaña-Huguet et al., 2021). However, numerous studies show that the expression pattern of both receptors are altered in microglial cells in neuropathological conditions, e.g., Alzheimer’s disease (Benito et al., 2003; López et al., 2018), multiple sclerosis (Benito et al., 2007), Down’s syndrome (Núñez et al., 2008), spinocerebellar ataxia (Rodríguez-Cueto et al., 2014), immunodeficiency virus infection (Benito, 2005) or Huntington’s disease (Palazuelos et al., 2009).
In general, in an in vivo neuroinflammatory context, an increase in CB2R levels is associated mostly with the presence of microglia around neuropathological hallmarks, e.g., protein aggregates (Benito et al., 2007; Núñez et al., 2008; López et al., 2018). However, in vitro studies show the complexity of the microglial response since microglial activation and polarization seem to vary depending on the stimulus used, the manipulation of the cell culture, or even the intrinsic heterogeneity of these cells (Pietr et al., 2009; Mecha et al., 2016; Gosselin et al., 2017). A few years ago, Mecha and others demonstrated changes in the different constituents of the ECS when microglia polarization proceeds in vitro. The classical activation of rodent microglia with LPS induces a downregulation not only of CB1R and CB2R but also of the eCB synthesis and degradation enzymes (Malek et al., 2015; Mecha et al., 2015). By contrast, alternative activation, which polarizes microglia towards the M2-like phenotype, upregulates the expression of CB2R and the eCB synthesis enzymes. Consequently, M2 microglia are able to produce and release 2-AG and AEA in greater quantities than in the resting state (Walter et al., 2003; Mecha et al., 2015). However, the use of other stimuli, such as IFNɣ, does not seem to influence the expression of CB2R (Carlisle et al., 2002; Maresz et al., 2005). Finally, activation of CB2R regulates pivotal functions of microglia, such as their migration capacity (Walter et al., 2003; Guida et al., 2017), phagocytosis (Tolón et al., 2009), and cytokine release (Malek et al., 2015) (Figure 1A).
Regarding CB1R, it has been recently demonstrated that the human microglial cell line N9 expresses this receptor in the resting state. Although no changes in CB1R expression levels are detected after stimulation with LPS and IFNɣ, proximity ligation assays show that CB1R-CB2R heterodimers are formed following the inflammatory stimulus (Navarro and Borroto-Escuela, 2018). Another study has shown that despite low CB1R expression, the treatment with the selective CB1R antagonist SR141716A (1 μM) induces the polarization of BV-2 microglia towards the M1 phenotype. Moreover, the use of this antagonist prevents the anti-inflammatory effects of the non-selective cannabinoid agonist, WIN55,212-2 (1 μM) (Lou et al., 2018). All these data could suggest the involvement of CB1R in microglial polarization and function, raising the possibility of its pharmacological manipulation to modulate the inflammatory response in neurological diseases.
Microglia also express other non-CB receptors through which certain CBs can exert their effects. This is the case of PPARs, which seem to play a relevant role in microglial polarization (Ji et al., 2018). In particular, PPARα can be activated in vitro by the eCB-like compound PEA, leading to an increase in CB2R expression and 2-AG production (Guida et al., 2017), and the migration capacity of these cells (Franklin et al., 2003; Guida et al., 2017). The orphan receptor GPR55 is also expressed in microglia and is attracting special attention in different neuroinflammatory pathologies (Marichal-Cancino, 2017; Saliba et al., 2018; Burgaz et al., 2021). This receptor appears to follow a similar expression pattern to CB2R when microglia are stimulated with LPS. However, differences have been observed between the use of cell lines and primary microglial cultures. These differences are probably due to an intrinsic heterogeneity in the microglia cell lines used, or even to the possibility that in primary cultures, microglia are in a primed state due to the handling necessary for the development of in vitro assays (Pietr et al., 2009; Saliba et al., 2018). GPR55 blockage has anti-inflammatory effects by reducing prostaglandin production by microglia following LPS stimulation (Saliba et al., 2018). Finally, GPR55 activation by 2-AG or the synthetic cannabinoid abnormal-cannabidiol (abn-CBD), promotes BV-2 cell activation and migration (Franklin and Stella, 2003; Walter et al., 2003; Ryberg et al., 2007).
Microglial ECS Pharmacological Modulation in Stroke
Although the molecular mechanisms involved in CB-based neuroprotection are still not known in detail, we do know that microglia and microglial ECS play a relevant role in stroke. Due to the role of CB2R on microglial migration and polarization and also on extravasation of peripheral immune cells to the CNS, the study of this receptor has received a great interest in stroke (Zhang et al., 2008; Hosoya et al., 2017; Greco et al., 2021). Several reports have shown an increased expression of CB2R in the ischemic penumbra in tMCAO, eMCAO, and also in both adult and neonatal hypoxia-ischemia (HI) murine models (Ashton et al., 2007; Zhang et al., 2008; Fernández-López et al., 2012; Schmidt et al., 2012). This upregulation occurred in macrophage-like cells that could be resident microglia or infiltrated peripheral monocytes (Ashton et al., 2007; Schmidt et al., 2012). A more recent study, using a model of photothrombotic ischemia combined with positron emission tomography and histological techniques, describes an early increase in CB2R expression in the peri-infarct area that colocalizes with some microglial cells showing amoeboid morphology. They even detect CB2R in branched microglia of the contralateral hemisphere that could be in a primed state, highlighting the role of this receptor in the different states of microglial activation (Hosoya et al., 2017). Pharmacological CB2R activation using selective agonists leads to a reduction in lesion volume and cognitive improvement in different animal models of stroke (Ashton et al., 2007; Zhang et al., 2008; Schmidt et al., 2012; Ronca et al., 2015). In addition, improved regional microcirculation in the affected area, decreased leukocyte rolling and extravasation, and preserved BBB integrity (Zhang et al., 2007, 2008). The involvement of microglial CB2R in BBB preservation has also been studied in animal models of intracerebral hemorrhage and traumatic brain injury. In these studies, selective CB2R activation reduces the release of pro-inflammatory cytokines by microglia and upregulates the expression of molecules necessary for the maintenance of tight junctions such as zo-1 or claudin-5, which are essential for BBB integrity (Figure 1C) (Amenta et al., 2012; Li et al., 2018). Recently, the protective and neuroinflammatory-modulating potential of β-caryophyllene (BCP), a terpene derived from Cannabis sativa, which acts as a CB2R agonist, has been demonstrated. In a model of photothrombotic ischemia, the treatment with BCP alone or in combination with cannabidiol (CBD), the main non-psychoactive constituent of Cannabis sativa, reduced the infarct area in a dose-dependent manner, and modulated both the number and morphology of microglial cells (Yokubaitis et al., 2021).
CB1R expression is also altered in stroke patients and in animal models (Zhang et al., 2008; Schmidt et al., 2012; Caltana et al., 2015; Caruso et al., 2016). A study performed in postmortem samples from patients revealed increased CB1R immunohistochemical labeling in the ischemic area. This pattern was associated both with neuronal and non-neuronal cells suggesting a role of CB1R in the glial neuroinflammatory response following acute ischemic damage (Caruso et al., 2016). However, the use of CB1R agonists and antagonists in different animal models of stroke have shown controversial results as previously explained. These results could be explained by the diversity of animal models used that may affect differently the receptor’s abundance after ischemic injury, to CB1R desensitization effects depending on the ligand used and the dose, or even by the different roles played by this receptor depending on the cell type where it is expressed. To date, little is known about the specific role of CB1R in microglia in the context of ischemic stroke. In the tMCAO model, an early and modest increase in CB1R expression has been described in microglia after ischemic damage in the ipsilateral hemisphere (Schmidt et al., 2012). Moreover, CB1R activation by 1 mg/kg i.p. administration of ACEA in a pMCAO model, not only reduces lesion volume, but also reduces glial reactivity, by decreasing the number of lectin-positive cells. Notably, it also reduced the number of microglial cells with amoeboid morphology in favor of cells with a more branched morphology, both in the short and long term (Caltana et al., 2015). These data, together with those previously mentioned (Lou et al., 2018; Navarro and Borroto-Escuela, 2018), indicate that the study of this receptor and its function in relation to the phenotypic polarization of microglia should be further explored.
In recent years, CBD has gained special importance in the context of ischemic brain injury (Hayakawa et al., 2010; Fernández-Ruiz et al., 2015; Mori et al., 2017, 2021; Martínez-Orgado et al., 2021; Yokubaitis et al., 2021; Khaksar et al., 2022). CBD is a multitarget molecule with a complex pharmacology. Although it initially showed a low affinity for CB receptors, it has subsequently been shown that it can act as an antagonist of CB1R and CB2R at low concentrations (Pertwee, 2008; Navarro and Reyes-Resina, 2018). Noteworthy, CBD also has an affinity for other ECS-related receptors such as GPR55, 5-HT1A, TRPA1, TRPV1-4 or PPARɣ (Pertwee, 2008; Britch et al., 2021). In the different animal models of stroke used, it has been shown that CBD treatment improves the motor deficits observed after ischemic damage and reduces the area of injury (Hayakawa et al., 2004; Schiavon et al., 2014; Ceprián et al., 2017; Mori et al., 2017). In adult animals, CBD facilitates neuroplasticity after tMCAO by decreasing glial reactivity, reducing both the number of reactive microglia and astrocytes in the hippocampus, and favoring the release of neurotrophic factors, such as brain-derived neurotrophic factor (Schiavon et al., 2014; Mori et al., 2017). Interestingly, neuroprotective effects of CBD have also been observed in a neonatal HI stroke model, both in the short and long term. Besides, there is an improvement in the performance of motor tests despite the fact that no decrease in lesion volume is observed. In the same study, administration of 5 mg/kg of CBD, also decreased glial reactivity, decreasing the number of microglial cells in the ipsilateral hemisphere (Ceprián et al., 2017). These results are similar to those obtained in neonatal models of HI in piglets and in rodents. In those studies, 1 mg/kg of CBD, shows neuroprotective effects by decreasing neuronal death and anti-inflammatory effects by modulating cytokine release and decreasing the number of reactive astrocytes and microglia after HI injury (Figure 1C) (Lafuente et al., 2011, 2016; Pazos et al., 2012, 2013; Mohammed et al., 2017; Barata et al., 2019). CBD appears to modulate microglial polarization by promoting a less amoeboid and more branching phenotype (Mohammed et al., 2017; Barata et al., 2019). Several pieces of evidence demonstrate the multitarget effect of CBD in stroke and/or HI models involving the CB1R, CB2R, GPR55, 5-HT1A, and PPARɣ receptors (Mishima et al., 2005; Castillo et al., 2010; Pazos et al., 2013; Mori et al., 2021). Since microglia express most of these receptors, this strengthens the idea of the important role played by the ECS in the polarization, cell renewal and migration of microglia particularly in the context of stroke. However, there are still many unknowns about the precise role of the ECS in microglial polarization and function and the molecular mechanisms involved in those processes, which must be addressed to find new CB-based therapies for stroke treatment.
ASTROCYTES
Astrocytes are one of the most numerous cell populations in the CNS, where they exert many crucial homeostatic functions that allow the development and proper function of this system and the brain cells (Sofroniew and Vinters, 2010; Clarke and Barres, 2013; Verkhratsky and Nedergaard, 2018). These functions include the regulation of extracellular concentrations of ions and neurotransmitters, the formation and elimination of synapses, cytokine and neurotrophin secretion, CBF and metabolism regulation, among others (Figure 2A) (Sofroniew, 2020). Classically, astroglial cells have been classified in two different groups according to their location and morphology with protoplasmic astrocytes located mainly in gray matter, and fibrous astrocytes predominantly found in white matter (Miller and Raff, 1984). However, over the last years, increasing evidence has changed this conception and now it is acknowledged that astrocytes are highly heterogeneous, exhibiting important morphological and physiological differences among brain regions and significant differences in gene expression and protein content (Molofsky et al., 2012; Höft et al., 2014; John Lin et al., 2017; Miller, 2018). Thus, astrocyte functions vary depending on the neural populations they are associated with and/or the biological environment surrounding them. Moreover, astrocyte heterogeneity is species-dependent, with higher morphological and possibly functional complexity in the human brain compared to rodents (Kettenmann and Verkhratsky, 2008). In the healthy brain, astroglial cells provide structural support for neurons, actively participating in the regulation of neuronal growth and synapse formation, maturation, maintenance, and pruning (Sofroniew and Vinters, 2010; Clarke and Barres, 2013). They also play an active role in synaptic transmission, by being part of the tri-partite synapse, they support neuronal signaling, neurotransmitter uptake regulation, gliotransmitter and calcium release, modulating in this way synaptic plasticity and learning (Pereira and Furlan, 2010; Sofroniew and Vinters, 2010; Verkhratsky et al., 2012). One important function of astrocytes is their involvement in the maintenance and functionality of the BBB, particularly via astrocyte endfeet, together with endothelial cells and pericytes (Alvarez et al., 2013; Siqueira et al., 2018). Astrocytes are responsible for the selective diffusion of molecules through the BBB, allowing ion diffusion and regulating the entry of small molecules and water to the CNS. At the same time, these cells regulate the supply of oxygen and nutrients to neurons by taking up glucose, lactate, or ketone bodies from the bloodstream and transferring them to neurons as a source of energy, and/or by releasing trophic factors that are essential for neuronal survival (Rouach et al., 2008; Alvarez et al., 2013; Dezonne et al., 2013; Sotelo-Hitschfeld et al., 2015; Benarroch, 2016). In addition, these cells directly regulate BBB function by releasing molecules i.e. sonic hedgehog, nitric oxide, and vascular endothelial growth factor, which are involved in tight junction development, vasodilation, and angiogenesis (Nian et al., 2020).
[image: Figure 2]FIGURE 2 | The ECS functioning in astrocytes. (A). In physiological conditions, astrocytes regulate processes that are crucial for neuronal functioning, e.g., providing metabolic and trophic support for neurons, controlling CBF, BBB permeability, and regulating synapse maintenance and plasticity, among others. Astrocytes participate in synapse plasticity through the tripartite synapse. When neurotransmitter is released by presynaptic neurons, it increases intracellular Ca2+ both in post-synaptic terminals and in astrocytes. In post-synaptic neurons, Ca2+ elevation induces eCB release to the extracellular space, inhibiting neurotransmitter release from the presynaptic neuron. In astrocytes, eCB binding to their receptors mobilize Ca2+ from internal stores, triggering gliotransmitter release, i.e., glutamate, which in turn promotes mGluR1-mediated neurotransmitter release from the presynaptic neuron, a phenomenon called synaptic potentiation. Besides, as Ca2+ spreads intracellularly in the astrocyte, it is able to release glutamate at distal points, stimulating synapsis that are at a certain distance from the synapse that was initially stimulated. This results in the so-called lateral synaptic potentiation. (B). During the acute/subacute phase after an ischemic event, astrocytes undergo significant morphological and functional changes like hypertrophy, hyperplasia and increased GFAP levels. To increase neuronal survival, astrocytes release neurotrophic factors and anti-inflammatory cytokines. Nevertheless, they also release pro-inflammatory cytokines that negatively affect neuronal survival. Moreover, at the neurovascular unit, astrocytes upregulate the expression of surface receptors and enzymes that are strongly associated with inflammatory responses that actively contribute to BBB disruption and leukocyte infiltration into the CNS, becoming a source of inflammation if this process becomes chronic. Over time, reactive glial cells rearrange, creating a barrier composed of densely packed cells that separate the ischemic core from the penumbra. (C). Main molecular changes induced in astrocytes by CBs after stroke. CB modulation of astrocyte reactivity includes reduced GFAP immunoreactivity and release of catalytic enzymes, leading to attenuation of BBB disruption. These molecules also increase neuronal survival after ischemia; however, it remains unclear whether the neuroprotection exerted by CBs is mediated by astrocytes. Green arrows and boxes: eCB-mediated effects; blue arrows and boxes: CB-mediated effects. BBB: brain-blood barrier; CB1R: cannabinoid receptor 1: CB2R: cannabinoid receptor 2; CBs: cannabinoids; CSF: cerebrospinal fluid; eCB: endocannabinoids; ROS: reactive oxygen species.
In homeostatic conditions, astrocytes are in a quiescent or resting state and become reactive in response to different stimuli or insults to the CNS like infections, trauma, neurodegenerative diseases, and stroke (Moulson et al., 2021). Astrocyte reactivity is in the first instance a physiological response that involves phenotypic and molecular changes aimed at restoring homeostasis and neurological function through diverse mechanisms (Sofroniew, 2020). However, in pathological conditions, these cells have biphasic functions, being beneficial or detrimental through cell-autonomous or non-cell-autonomous mechanisms, depending on the biological context. For example, if the initial insult is not resolved and becomes chronic, astrocytes can contribute to exacerbating the damage either by losing/gaining functions (Sofroniew, 2020). Recently, it was demonstrated the existence of at least two different types of reactive astrocytes (Zamanian et al., 2012; Liddelow et al., 2017). Under neuroinflammatory conditions, astrocytes polarize toward an A1-neurotoxic reactivity state, expressing different pro-inflammatory proteins and possibly other toxic molecules that induce synapse loss and neuronal death, whilst A2-neuroprotective reactive astrocytes are induced after an ischemic insult and promote neuronal survival (Liddelow et al., 2017; Guttenplan et al., 2021). Nevertheless, late discoveries on regional and local heterogeneity of astrocytes are shedding light on their complex developmental, morphological, molecular, physiological, and functional diverseness, modifying this dual classification of astrocytes (for a review on this topic see (Pestana et al., 2020). Newer hypotheses sustain the existence of mixed populations (subtypes) of astroglial cells that coexist in the resting state with a continuum in the intensity of reactivity states (Miller, 2018; Khakh and Deneen, 2019; Pestana et al., 2020; Sofroniew, 2020). Thus, the existence of different astrocyte subtypes in the resting state could explain different responses to the same insult, resulting in a variety of reactive states, an idea supported by data from various neurodegenerative disease models (Clarke et al., 2018; Yun et al., 2018; Smith et al., 2020). As the knowledge of astrocyte biology is constantly evolving due to the development and availability of new tools/experimental approaches, like single-cell transcriptomics, which provides valuable data on astrocyte heterogeneity and reactivity (Moulson et al., 2021), we could expect more refined and possibly unified concepts in the forthcoming years, as recently discussed by Escartin et al. (2021).
Astrocyte Function in Ischemic Stroke
Similar to what occurs with other CNS cells, astrocytes undergo significant morphological, molecular, and functional modifications after an ischemic event (Figure 2B). These changes are very dynamic and rely not only on astrocytes but also on interactions and intercommunication with other CNS cells, notably neurons, microglia, and oligodendrocytes. In pathological circumstances like stroke, injured neurons and other cells communicate with astrocytes by releasing cytokines and other molecules, triggering astrocyte activation and causing profound changes in the synthesis and expression of other molecules (Sofroniew, 2009; Scarisbrick et al., 2012). After the stroke, there is a massive response of astrocytes, called reactive astrogliosis, but the timeline of astroglial activation is slower than in neurons or in microglia (Revuelta et al., 2019). Reactive astrogliosis is characterized by an increased expression of the glial fibrillary acidic protein (GFAP) and changes in cell morphology like hyperplasia and hypertrophy (Sofroniew, 2009; Scarisbrick et al., 2012; Kozela et al., 2017). Moreover, activated astrocytes release pro-inflammatory cytokines, like IL-1β, IL-6, and TNF-⍺, modulating the immune response and actively participating in the inflammatory process initiated after an ischemic event (Zamanian et al., 2012). Reactive astrocytes also synthesize and release some anti-inflammatory cytokines and neurotrophic factors that protect neurons, enhance neuronal synapses and plasticity, and improve functional outcomes after the stroke (Swanson et al., 2004; Li et al., 2008; Cekanaviciute et al., 2014). Noteworthy, astrocyte response after an ischemic event will significantly depend on the astrocyte subtype and possibly on the brain region affected. On the one hand, proliferative reactive astrocytes will increase their number and form limitant borders surrounding the infarcted area, constituting in conjunction with other cells a physical barrier around the necrotic tissue in the brain. These limitant borders allow setting boundaries to the damaged area, releasing molecules that promote neuronal growth and survival, and avoiding the spreading of neuroinflammation (Swanson, Ying and Kauppinen, 2004; Li et al., 2008; Huang et al., 2014; Sofroniew, 2020). However, these densely packed reactive astrocytes are also considered a source of pro-inflammatory molecules, ROS, and neurotoxicity that ultimately inhibit axonal regeneration (Gris et al., 2007). On the other hand, nonproliferative reactive astrocytes acquire diverse reactivity states. In contrast to microglial cells, which are very mobile, these astrocytes do not migrate from the penumbra to the ischemic core, instead, they polarize their processes to be able to exert their phagocytic abilities (Huang et al., 2014), having as well the ability to change their gene expression pattern and functions depending on their particular context. If the acute initial insult is not resolved and becomes chronic, nonproliferative reactive astrocytes can contribute to exacerbating the damage either by losing/gaining functions, as mentioned lines above (Sofroniew, 2020).
Another major event that occurs after stroke is BBB integrity disruption (Fernández-López et al., 2012; Arba et al., 2017), which favors ROS generation, the infiltration of inflammatory cells like leukocytes, and the production of proteolytic enzymes that ultimately exacerbate brain edema and neuroinflammation (Figure 2B) (Fernández-López et al., 2012; Arba et al., 2017). The BBB is constituted by endothelial cells, pericytes, and astrocytes. Some evidence indicates that changes in astrocytic proteins involved in BBB maintenance like metalloproteinase-2 and the toll-like receptor 4/metalloproteinase-9 (TLR4/MMP9) signaling pathway are upregulated after stroke, contributing to the disruption of astrocyte-endothelial junctions, consequently altering BBB permeability (Liu et al., 2017; Rosciszewski et al., 2018).
There are apparently contradictory roles of reactive astrocytes after stroke regarding the extent of their putative toxic or protective effects that could be difficult to measure, but several studies using GFAP−/− mice in models of stroke and acute trauma are shedding some light on this matter (Nawashiro et al., 2000; Wilhelmsson et al., 2004; Li et al., 2008). For example, GFAP−/− mice showed an impaired physiological response to ischemia in the pMCAO with transient carotid artery occlusion (CAO) model (Nawashiro et al., 2000), and GFAP−/−Vimentin−/− mice had a higher infarct area and decreased glutamate transport by astrocytes than wild type mice after MCA transection (Li et al., 2008). Besides, GFAP−/−Vimentin−/− mice subjected to an acute entorhinal cortex lesion model showed an attenuated astrocyte reactivity response, evidenced by fewer processes and dysregulation of endothelin B receptors, which allowed synaptic recovery in the hippocampus, changes that were associated with improved post-traumatic regeneration (Wilhelmsson et al., 2004).
Recently, Rakers and co-authors explored in more detail astrocyte reactivity in mice subjected to the tMCAO stroke model and found an upregulation of the canonical markers of reactive astrogliosis, the so-called pan-reactive transcripts, and a prominent increase of A2-reactivity specific transcripts (Rakers et al., 2019). Their observations suggest that these A2-like reactive astrocytes protect neurons and promote neuroregeneration after stroke. Moreover, they also observed significant changes in the expression of genes related to extracellular matrix composition, cell migration, cell-cell adhesion, and glial scar formation, further indicating that A2-astrocytes may help contain and restrict neuroinflammation and support neuronal survival (Rakers et al., 2019). Nevertheless, among the upregulated genes they found were several genes related to neuroinflammation, the complement cascade, apoptosis, and leukocyte transendothelial migration. Thus, they observed the coexistence of genes with potentially neurotoxic and neuroprotective functions in astrocytes from brain homogenates of mice subjected to tMCAO. Whether this phenomenon is due to the presence of astrocytes with a spectrum of different phenotypes that vary from neuroprotective to neurotoxic, or due to the activation of neuroprotective and neurotoxic signaling pathways within individual astrocytes remains to be determined.
Astrocytes and the ECS
The presence of CB1R, CB2R, and other CB-like receptors has been demonstrated in astrocytes (Pazos et al., 2005; Sheng et al., 2005; Navarrete and Araque, 2008; Stella, 2010; Yang et al., 2019; Cristino et al., 2020). Besides, these glial cells are able to produce and release the endogenous ligands 2-AG and AEA and also express the intracellular degradation enzymes FAAH and MAGL (Stella et al., 1997; Walter et al., 2002; Vázquez et al., 2015; Grabner et al., 2016). CB1R activation in astrocytes not only controls their metabolic functions and signaling but also regulates synaptic transmission, through the tripartite synapse (Gorzkiewicz and Szemraj, 2018). When the electrical impulse causes neurotransmitter release from a presynaptic neuron, depolarization of the postsynaptic neuron occurs, leading to eCB release into the synaptic cleft and their binding to receptors located both in neurons and astrocytes (Stempel et al., 2016). While eCB binding to CB1R inhibits neurotransmitter release in presynaptic neurons, a process known as retrograde signaling (Stempel et al., 2016), it increases intracellular Ca2+ levels in neighboring astrocytes (Navarrete and Araque, 2010; Covelo and Araque, 2016). This Ca2+ increase stimulates glutamate release from astrocytes, which in turn causes a synaptic potentiation through mGluR1 receptors located in the presynaptic neuron. As the intracellular Ca2+ signal extends within astrocytes, it stimulates glutamate release in distal astrocyte regions, modulating in this way the synaptic transmission of many lateral synapses to the original source of eCBs (Figure 2A) (Navarrete and Araque, 2010; Covelo and Araque, 2016). In addition, CB1R activation in astrocytes also contributes to the regulation of CBF and the energy supply to neurons by increasing the glucose oxidation rate and ketogenesis (Shivachar et al., 1996; Bermudez-Silva et al., 2010; Stella, 2010; Jimenez-Blasco et al., 2020). Notably, most perivascular astrocytes express CB1R, highlighting their importance for CBF and metabolism (Rodriguez et al., 2001). On the other hand, despite CB2R expression in astrocytes is limited under physiological conditions, data show a significant upregulation of this receptor and the endocannabinoid tone in general upon different insults. Moreover, it also changes in neuroinflammatory conditions, suggesting an important role of the astroglial ECS in processes associated with brain damage and/or recovery (Shohami et al., 2011; Fernández-Ruiz et al., 2015; Cassano et al., 2017). In this sense, the study of different CBs has attributed them anti-oxidant and anti-inflammatory effects in experimental models of several pathologies (Cristino et al., 2020). In astrocytes, CBs regulate astrocyte activation and astrocyte-mediated neurotoxicity by reducing the release of inflammatory mediators and increasing prosurvival factors (Fernández-Ruiz et al., 2015; Estrada and Contreras, 2020). In different experimental settings, ECS modulation in astrocytes reduces TNF-α and IL-1β levels, which are upregulated following various inflammatory challenges (Grabner et al., 2016; Labra et al., 2018; Rodríguez-Cueto et al., 2018; Jia et al., 2020), suggesting that modulation of these cells with CBs could be contributing to neuroprotection through non-cell-autonomous mechanisms.
Astrocyte ECS Pharmacological Modulation in Stroke
After an ischemic event, astrocytes are more resilient than neurons, being important for the post-acute phase because they preserve their viability and remain metabolically active both at the infarct core and penumbra regions (Thoren et al., 2005; Gürer et al., 2009). Considering the critical functions of these cells in the CNS, astrocytes are gaining notoriety as possible therapeutic targets for different neurological conditions including hypoxia and/or brain ischemia. At the same time, given their potent anti-oxidant and immunomodulatory effects, numerous studies have focused on the neuroprotective effects of CBs, mainly CBD, for stroke therapy (England et al., 2015). However, limited evidence is available concerning the mechanisms by which CBs modulate astrocyte function and astrocyte-mediated effects in the context of ischemic stroke. Here, we summarize the findings regarding the effects of CBs on astrocyte activation in the tMCAO, pMCAO and related models in adult animals, the HI model in neonate animals, and the oxygen and glucose deprivation/re-oxygenation (OGD/R) in vitro model of stroke.
In adult animals subjected to transient or permanent ischemia, the most consistent outcome in astroglial cells is increased astrogliosis, i.e., high GFAP immunoreactivity in CNS areas such as the motor cortex, the striatum, the hippocampus, or the spinal cord. Astrocytes with longer and wider projections, and other parameters that suggest a functional impairment of these cells are also observed (Figure 2B) (Hayakawa et al., 2008, 2009; Schiavon et al., 2014; Caltana et al., 2015; Kossatz et al., 2016; Ceprián et al., 2017; Jing et al., 2020). The inhibition of stroke-induced reactive gliosis was also observed in the pMCAO mouse model at 7 and 28 days after administering 1 mg/kg of ACEA (Caltana et al., 2015). In that study, CB1R expression was downregulated in ischemic conditions, which could be contributing to increase inflammation, neuronal degeneration, and astroglial reactivity, suggesting that upregulation of the eCB tone with ACEA could help revert these deleterious effects (Caltana et al., 2015). On the other hand, GFAP staining was significantly elevated in different brain areas of both adult wild type and CB2R−/− mice after HI (Kossatz et al., 2016), and in rats subjected to HI in the spinal cord (Jing et al., 2020). In the study by Jing et al. (2020), i.p. pretreatment of rats with 1 mg/kg of the CB2R selective agonist JWH-133 1 h before ischemia not only inhibited astrocyte reactivity, determined by GFAP immunostaining but also reduced perivascular expression of TLR4/MMP9. Notably, TLR4 upregulation in astrocytes has been associated with a pro-inflammatory reactivity phenotype in astrocytes and with BBB disruption in the cortical devascularization brain ischemia model (Rosciszewski et al., 2018). The TLR4/MMP9-mediated reduction of astrocyte reactivity after ECS activation via CB2R is of special interest for stroke, as it has been suggested elsewhere that attenuation of the inflammatory process could be neuroprotective after tMCAO in rats (Piao et al., 2003). Although it remains to be determined whether the limitation of inflammation in those experimental conditions is mediated by astrocytes. In summary, in addition to having neuroprotective effects, the administration of different CB compounds like CBD, ACEA, and JWH-133 at various doses, duration of administration, and delivery methods prevented the increase in GFAP immunoreactivity, limiting astrocyte activation (Hayakawa et al., 2008, 2009; Schiavon et al., 2014; Caltana et al., 2015; Ceprián et al., 2017). In the majority of the aforementioned studies, the reduction of astroglial activation was observed with the administration of CBs that act through different receptors. For instance, while ACEA and JWH-133 are CB1R and CB2R agonists, respectively, it has been demonstrated that CBD preferentially binds to other receptors. Nevertheless, the precise molecular mechanism(s) by which the activation of the ECS is able to limit astrogliosis after stroke is not known yet and remains to be addressed experimentally. Moreover, there is scarce direct evidence showing that the modulation of astrocyte activity with CBs increases neuronal survival after stroke. Even so, a recent study in mice has shown that the increase in the eCB tone through the inhibition of FAAH and MAGL with the compound JZL195 (20 mg/kg, i.p.), induces long-term depression (LTD) at CA3-CA1 synapses in the hippocampus, and confers astrocyte-mediated neuroprotection after stroke (Wang et al., 2019). In that study, JZL195-induced LTD was used as a preconditioning insult to determine its potential neuroprotective effect against subsequent ischemia. Noteworthy, it was observed that preconditioning before tMCAO increased the number of surviving neurons through a mechanism dependent on a sequential activation of astroglial CB1R, and not neuronal CB1R, and postsynaptic glutamate receptors (Wang et al., 2019).
Over the years, the neuroprotective effects of CBD have been clearly demonstrated in experimental models of HI in rodents and notably in newborn pigs (Kicman and Toczek, 2020), but only a limited number of studies have characterized/evaluated astroglial reactivity as a neurological outcome. Evidence of GFAP immunoreactivity reduction after CBD treatment (5 mg/kg) has been reported both in newborn rats after tMCAO (Ceprián et al., 2017), and in newborn mice (1 mg/kg) after HI (Mohammed et al., 2017). In addition to decreasing perilesional gliosis volume in rats, CBD treatment limited astrocyte dysfunction, evidenced by the recovery of the ex vivo H+-MRS myoinositol/creatinine ratio, which had diminished after tMCAO (Ceprián et al., 2017). However, another work found that the number of activated astrocytes and IL-1β expression levels were downregulated in TRPV1−/− neonatal mice following HI, indicating that TRPV1 is modulating astrocyte reactivity. These results might suggest that in vivo, the neuroprotective effects of CBD may not involve TRPV1 binding, at least in astrocytes (Yang et al., 2019). On the other hand, in newborn pigs, some data indicate that CBD modulates astrogliosis after HI-induced brain damage. In the short term, i.v. administration of CBD (1 mg/kg) after acute HI promotes an increase in the number of astrocytes in the peri-infarct area (Pazos et al., 2013). However, by using the same animal model but conducting histological analyses 72 h after the induction of HI, CBD treatment (0.1 mg/kg) preserved the number, size, and morphology of GFAP-positive astrocytes in newborn pigs (Lafuente et al., 2011). Apart from analyzing GFAP reactivity by immunohistochemistry, some studies have detected high levels of the protein S100β, a possible biomarker of astrocyte damage, in the cerebrospinal fluid (CSF) of piglets after HI (Lafuente et al., 2011; Garberg et al., 2016, 2017). Noteworthy, in only one of those studies CBD administration decreased S100β levels (Lafuente et al., 2011), but this result might be explained by the lack of neuroprotective effects of i.v. administration of 1 mg/kg and 50 mg/kg of CBD observed in the works by Garber and co-authors (Garberg et al., 2016, 2017). Future research will clarify the ability of CBD to revert or not the increase in S100β levels observed after HI.
The most widely used experimental paradigm to investigate in vitro the effects of ischemia is OGD/R. Given the relevance of the BBB and the neurovascular unit in this pathology, the status of the ECS, as well as the effects of CBs have been studied in BBB models. In normoxia, the ECS has a modulatory role in BBB permeability in co-cultures of endothelial cells and astrocytes. In specific, AEA (10 µM) and OEA (10 µM) decrease BBB permeability through CB2R, TRPV1, CGRP, and PPARα receptors (Hind et al., 2015). Besides, in astrocyte monocultures, CBD diminishes IL-6 and vascular cell adhesion molecule-1 and increases lactate dehydrogenase release (LDH) values when administered at high concentrations (10 µM) (Hind et al., 2016). In these same in vitro BBB models, the eCB-like molecules OEA, PEA, and virodhamine (all 10 µM), as well as CBD (100 nM and 10 µM) attenuated the increase in BBB permeability induced by OGD/R (Hind et al., 2015; Hind et al., 2016). In a similar way, it was recently demonstrated that cannabidivarin (CBDV) and cannabigerol (CBG), two phytocannabinoids, are protective against OGD/R in human endothelial cells, astrocytes, and pericytes, the different cells that form the BBB (Stone et al., 2021). In astrocyte monocultures, CBG (10 nM–3 µM) and CBDV (30 nM, 1 and 3 µM) diminished IL-6 levels after OGD/R. And 1 and 3 µM of CBG and 10 nM, 1 and 3 µM of CBDV, reduced OGD/R-induced levels of LDH release, but the mechanisms by which these two compounds provide protection need to be further investigated (Stone et al., 2021). Despite the evidence indicating an active role of the ECS in regulating astrocyte metabolism in vitro, there is a generalized lack of evidence regarding the newest findings on the role of astrocytes as neuroprotectors or neurotoxic in this and other in vitro models of stroke or in ex vivo experiments. Overall, the evidence available so far indicates that the modulation of astrocyte function/reactivity with CBs could be used as a possible therapeutic approach to limit/arrest neurotoxic processes or promote recovery mechanisms in ischemic stroke (Figure 2C).
OLIGODENDROCYTES
Oligodendrocytes are the myelinating cells of the CNS. The myelin layers, composed mostly of water and lipids but also proteins, enwrap the axon and form a multilamellar compacted myelin sheath, protecting and isolating the axon (Morell and Quarles, RH, 1999). Myelin electrically isolates axons, allowing the saltatory impulse propagation and speeding the impulse transmission (Nave and Trapp, 2008). Besides this structural function, oligodendrocytes play a key role in the metabolic support of axons by producing lactate that is then transported to axons (Figure 3A) (Fünfschilling et al., 2012; Jha and Morrison, 2020). OPCs are widely distributed throughout the adult rat brain and participate in the modulation of the BBB and in angiogenesis (Dawson et al., 2003; Maki et al., 2015; Maki, 2017). Thus, oligodendrocytes are vital for brain circuit activity and neuron support, and their death and later remyelination failure have deleterious consequences in stroke outcome.
[image: Figure 3]FIGURE 3 | The ECS functioning in oligodendrocytes. (A). Under physiological conditions, oligodendrocytes play a key role in the metabolic support of axons, myelin sheath synthesis and BBB regulation, among others. In the CNS, the endocannabinoid system, particularly 2-AG, is involved in oligodendrocyte proliferation, maturation, migration and myelination of oligodendrocytes. 2-AG is produced in an autocrine manner and exerts its effects through its binding to CB1R and CB2R. (B). An ischemic event induces mature oligodendrocytes cell death due to the high sensitivity of these cells to: 1) glutamate and ATP receptor-induced excitotoxicity, 2) oxidative stress, i.e., high iron content and deficient antioxidant system, and 3) inflammation, through release of cytokines like TNF-α. In an attempt to repair the damage caused by stoke there is a strong oligoproliferative response. However, the maturation of these new oligodendrocytes is impaired, and they do not reach the mature myelinating oligodendrocyte stage, perpetuating myelinating deficits that contribute to motor and sensitive impairment observed after stroke. (C). Although the evidence of the oligoprotective potential of CBs after stroke is scarce, they seem to reduce the myelination impairment by 1) reducing oligodendrocyte cell death and 2) promoting oligodendrocyte proliferation and maturation into myelinating oligodendrocyte after the insult. Green arrows and boxes: eCB-mediated effects; blue arrows and boxes: CB-mediated effects. 2-AG: 2-Arachidonoylglycerol; BBB: blood-brain barrier; CB1R: cannabinoid receptor 1: CB2R: cannabinoid receptor 2; CBs: cannabinoids; MBP: myelin binding protein; OL: oligodendrocyte; OPC: oligodendrocyte progenitor cell.
Oligodendrocytes in Ischemic Stroke
Although the majority of studies on stroke focus on gray matter damage, the relevance of white matter injury has rapidly grown over the last years. Noteworthy, white matter injury occupies approximately half of the infarct area after a stroke (Ho et al., 2005), and myelinating disturbances resulting from stroke directly correlate with a poorer cognitive and motor outcome (Wang et al., 2016).
Oligodendrocytes are particularly susceptible to stroke due to their sensitivity to excitotoxicity and oxidative stress. In these cells, the expression of AMPA and NMDA receptors is developmentally regulated and correlates with their maturation from OPCs to mature myelinating oligodendrocytes (Káradóttir et al., 2005; Salter and Fern, 2005; Spitzer et al., 2019). The activation of AMPA and NMDA receptors in oligodendrocytes induces the retraction of their processes and causes oligodendrocyte cell death in the OGD model, effects that are prevented by blocking both receptors (Salter and Fern, 2005). Oligodendrocytes are also sensitive to the increase in the excitatory neurotransmitter ATP that takes place in stroke, through the P2X7 receptor (Domercq et al., 2009).
Oligodendrocytes are the brain cells with the highest concentration of iron, which is used to synthesize myelin (Reinert et al., 2019). This makes them extremely sensitive to variations in oxidative stress, as nicely reviewed elsewhere (Bresgen and Eckl, 2015). Furthermore, mature oligodendrocytes and, especially OPCs, are characterized by having limited antioxidant defenses (Fragoso et al., 2004; Spaas et al., 2021). This vulnerability is particularly strong in earlier stages of oligodendrocyte maturation, which may affect the stroke-induced oligoreparative response (Fragoso et al., 2004). Confirming this high oligodendrocyte sensitivity to stroke, oligodendrocyte cell death can be identified in vivo as early as 30 min after stroke (Pantoni et al., 1996). Meanwhile, alterations in the morphology of oligodendrocytes that survive have been described 24 h after insult (Mages et al., 2019). On the other hand, stroke induces a strong proliferative response of OPCs, which migrate to the affected area and mature into myelinating oligodendrocytes (Figure 3B) (Zhang et al., 2011; Bonfanti et al., 2017). This proliferative response seems to be age-dependent (Dingman et al., 2018). However, the proportion of the newly formed oligodendrocytes that reach a mature stage after stroke is surprisingly low (Bonfanti et al., 2017; Dingman et al., 2018). The mechanisms of this developmental impairment are not yet clear, although excitotoxicity, inflammation, and oxidative stress seem to play a key role (Figure 3B).
Oligodendrocytes and the ECS
The ECS modulates oligodendrocyte maturation at every step: from the proliferation of OPCs, to their migration and maturation until the final step of myelination (Gomez et al., 2010; Fernández-López et al., 2012; Sanchez-Rodriguez et al., 2018; Tomas-Roig et al., 2020). In these cells, CB receptors are found along white matter tracts, and the first experiments activating CB1R showed that it promotes myelin basic protein (MBP) expression in the rat subcortical white matter (Herkenham et al., 1991; Arévalo-Martín et al., 2007). Particularly important for oligodendrocyte development is the constitutive production of 2-AG (Gomez et al., 2010, 2015; Sanchez-Rodriguez et al., 2018). The expression of the 2-AG synthesis enzymes, DAGL⍺ and DAGLβ, is higher in OPCs than in mature oligodendrocytes, whereas the degradation enzyme MAGL is upregulated in mature oligodendrocytes The effect of 2-AG in these cells is mediated by CB1R/CB2R (Figure 3A) (Gomez et al., 2010). The administration of different antagonists of these receptors reduces oligodendrocyte proliferation and migration. It also impairs oligodendrocyte maturation, revealed by a reduced arborization of immature oligodendrocytes, and myelin production in vitro, with lower expression levels of MBP and myelin-associated glycoprotein (Gomez et al., 2011, 2015; Sanchez-Rodriguez et al., 2018). Actually, CB1R−/− animals are characterized by having less cell proliferation, evidenced by BrdU+ cells, in the subventricular zone (SVZ) and in the dentate gyrus of rats (Jin et al., 2004). Although the molecular pathways associated with these effects are not well characterized, the PI3K/mTOR pathway has been proved to be involved in the proliferative effect of 2-AG in oligodendrocytes, and the ERK/MAPK signaling pathway has been associated with oligodendrocyte maturation (Gomez et al., 2010, 2011).
Interestingly, the pharmacological modulation of the ECS has direct effects on oligodendrocyte maturation and migration, and increased survival of OPCs has been observed in models of white matter injury. The in vitro administration of the MAGL inhibitor JZL-184 at 1 mg/kg, which increases 2-AG levels, accelerates oligodendrocyte differentiation, and increases the percentage of migrating cells (Gomez et al., 2010; Sanchez-Rodriguez et al., 2018). Indeed, it has been observed that the direct administration of 2-AG promotes oligodendrocyte migration (Sanchez-Rodriguez et al., 2018). The therapeutic effects of 2-AG have also been described in pathologies like spinal cord injury. For instance, the administration of 5 mg/kg of 2-AG 30 min after a moderate contusive SCI in rats reduced white matter injury and promoted oligodendrocyte survival, even 28 days after injury (Arevalo-Martin, Garcia-Ovejero and Molina-Holgado, 2010). Furthermore, the inhibition of 2-AG degradation with the MAGL inhibitor UCM03025 (5 mg/kg) improved motor impairment and recovered MBP expression in a multiple sclerosis model, with higher BrdU+/Olig2+ cells, i.e., new OPCs, in the spinal cord of affected mice that were treated with the compound (Feliú et al., 2017).
CB1R/CB2R selective agonists or even non-selective agonists, such as WIN55,212-2, also promote OPCs proliferation, oligodendrocyte maturation, with cells showing a more complex morphology, and myelinization, by increasing MBP production (Arévalo-Martín et al., 2007; Gomez et al., 2011, 2015; Tomas-Roig et al., 2020). The daily administration of 0.5 mg/kg of WIN55,212-2 prevented demyelination and promoted remyelination, increasing the number of myelinated axons, in a cuprizone model of demyelination in mice (Tomas-Roig et al., 2016; Tomas-Roig et al., 2020). However, the CB dose should be thoroughly tested, as the daily administration of 1 mg/kg potentiated axonal demyelination, probably due to a downregulation of CB1R (Tomas-Roig et al., 2016; Tomas-Roig et al., 2020).
CB2R activation has also been shown to be oligoprotective in vitro with the CB2R agonist BCP. This compound reduced LPS-induced oligodendrocyte death by decreasing oxidative stress and TNF-α (Askari and Shafiee-Nick, 2019). Actually, administration of tetrahydrocannabinol (THC), the main psychoactive compound in Cannabis sativa, for 5 days at 3 mg/kg in the cuprizone mouse model, reduced myelin loss and improved motor impairment (Aguado et al., 2021). In this study, electron microscopy analysis showed lower g-ratios in the THC-treated group versus control, indicating that THC effect is on remyelination (Aguado et al., 2021). CBs can also promote oligodendrocyte survival by CB1R and CB2R independent mechanisms. For example, 1 μM CBD was able to prevent oligodendrocyte death induced by inflammatory and oxidative stress stimuli through the reduction of endoplasmic reticulum stress in primary cell cultures (Mecha et al., 2012).
In summary, the evidence suggests that, due to its role in promoting oligodendrocyte lineage survival and remyelination, the ECS is a promising therapeutic target for functional recovery after demyelinating pathologies, including stroke.
Oligodendrocyte ECS Pharmacological Modulation in Stroke
Despite the aforementioned data on the possible therapeutic effects of the ECS modulation in oligodendrocytes, very few works have explored either the ECS system itself or the oligoprotective potential of CBs during or after an ischemic event. In agreement with the above-mentioned results, the administration of WIN55,212-2, at the high concentration of 9 mg/kg, increased the proliferation rate of OPCs in the ipsilateral SVZ of adult rats 24 h after pMCAO (Sun and Fang, 2013). Moreover, WIN55,212-2 was also able to increase the number of NG2+-OPCs within the stroke penumbra and reduce the NG2+/caspase-3+ cells during 14 days post-damage in a pMCAO model, an effect that could be related to the increased expression of CB1R in that area (Sun and Fang, 2013). Interestingly, this increased proliferation/protection in OPCs seemed to translate into new mature myelinating oligodendrocytes, an effect that was partially mediated by CB1R (Figure 3C). In addition, the amelioration of MBP loss was also prevented via CB1R activation and that was associated with an increase in the number of myelinated axons and lower g-ratio values (Sun and Fang, 2013; Sun and Fang, 2013). In a rodent model of neonatal HI, 1 mg/kg WIN55,212-2 also promoted oligodendrocyte proliferation in the SVZ up to 14 days after the insult. This increase positively correlated with the presence of new APC+/BrdU+ mature oligodendrocytes in the injured dorsal striatum observed 28 days after the damage. In addition, an upregulation of CB2R expression was observed in the SVZ in the short term; however, it is not known whether WIN55,212-2 modulates the expression of this receptor in the SVZ (Fernández-López et al., 2010). This CB-mediated protection of oligodendrocytes and myelin has also been observed with the administration of CBD, a compound with excellent antioxidant and anti-inflammatory properties (Atalay et al., 2019). Notably, the administration of the low dose of 1 mg/kg CBD in a neonatal model of HI was oligoprotective in the ipsilateral cortex and corpus callosum. Similar to what happens in humans, the hypomyelination induced by the insult was directly related to the motor and cognitive impairment outcomes. Interestingly, CBD treatment reduced insult-induced oligodendrocyte impairment and preserved myelin (Figure 3C) (Ceprián et al., 2019).
We can conclude from these studies that the modulation of the oligodendroglial ECS is a promising field for the treatment of myelin disturbances associated with stroke and its motor/cognitive sequelae. Although more experimental evidence is necessary, the results obtained so far in stroke and other pathologies that share key points in pathophysiology, have shown that CBs may help reduce myelin loss, promote oligodendrocyte development and/or recovery, and eventually reduce the behavioral impairment associated with stroke.
CONCLUDING REMARKS
In recent years, significant efforts have been devoted to searching for new therapeutic options aimed at limiting/arresting the post-stroke inflammatory response, including the possibility of modulating glial cells. These cells, mainly microglia and astrocytes, are gaining notoriety as potential therapeutic targets in part because they exert critical functions in the CNS and rapidly respond to the lack of blood supply to the brain, contributing to the subsequent immune response. In this review, we have summarized the role and function of microglia, astrocytes, and oligodendrocytes in homeostatic conditions and their response to harmful challenges like an ischemic event.
The ECS, among other physiological functions, participates in the regulation of the immune system and the inflammatory response in the healthy brain, and substantial evidence suggests a neuroprotective effect after the pharmacological manipulation of this system in stroke. However, the experimental evidence regarding the possible therapeutic effects of manipulating the ECS in glial cells is promising but less abundant. Thus, we have also analyzed the evidence of pharmacologically modulating the ECS on microglia, astrocytes, and oligodendrocytes in the context of ischemic stroke.
As we have reviewed here, glial cells are highly dynamic and complex heterogeneous cells that work synergistically and in a highly coordinated way in the CNS. Their role in the pathophysiology of stroke is extraordinarily complex and depends on the timing after stroke, the affected region, the inherent heterogeneity of glial cells, and the interactions between different cell types. Therefore, we must take into account that similar to what occurs in other pathological conditions, an ischemic event perturbs their functioning both individually and collectively. In this sense, it is fundamental to comprehend and consider that in addition to inducing changes that are region-specific, hypoxia alters neuron-glia intercommunications at all levels. Thus, new approaches targeting glial cells in stroke should also investigate the interplay among all the aforementioned cellular players; microglia-astrocytes-oligodendrocytes-neurons. These future studies should also consider evaluating intercellular interactions at all possible levels, morphological, functional, and even metabolically.
The ECS seems to have a significant role in the modulation of glial cell function, not only on cell reactivity or phenotype polarization but also by promoting cell survival and/or preventing their functional impairment. Notably, all glial cells described in this review express to a greater or lesser degree the different elements that integrate the ECS. Indeed, ischemic stroke induces an imbalance of different elements of the glial ECS that would potentially have an impact on neurons and other glial cells, most probably altering cell-to-cell interactions as well. Recently, microglia-astrocyte crosstalk has gained attention, due to the putative dual effect that these cells have under pathological conditions, being able to incline the balance toward a neuroprotective or a neurodegenerative environment. Thus, it is likely that in addition to having beneficial effects on each cell type individually, the pharmacological manipulation of the ECS would have a positive impact on intercellular interactions that would in turn contribute to inclining the balance toward a neuroprotective microenvironment. However, due to the dual effects reported in astrocytes/microglia in stroke, the precise molecular mechanisms underlying the effects of the ECS modulation in these cells and their interaction with other cells must be thoroughly investigated. Further studies are needed to understand the precise role of the ECS on glial cell function and to consider if CBs could be used as therapeutic agents aimed at protecting glial cells per se or if CB-treated glial cells could be used as a neurorepair strategy for stroke.
Finally, we are now beginning to understand the significance of white matter damage in stroke, the sensitivity of oligodendrocytes to the insult, and the impaired remyelination directly related to stroke’s sequelae. In that sense, the ECS and its modulation seem to be a promising target to promote oligodendrocyte survival and remyelination, not only because it directly influences oligodendrocyte maturation and myelination; but also by an indirect influence on astrocytes and microglia, promoting an improvement of the microenvironment that in turn could induce a successful oligodendrocyte remyelinating response.
In summary, due to the profound implication of glial cells in stroke, the pharmacological modulation of the glial ECS could represent a significant advantage to help reduce/limit neuronal damage and stroke-associated sequelae.
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AEA, N-arachidonoylethanolamine or anandamide; BBB, blood-brain barrier; BCP, β-caryophyllene; CBD, cannabidiol; CBDV, cannabidivarin; CBG, cannabigerol; CB, cannabinoid; CB1R, cannabinoid receptor type 1; CB2R, cannabinoid receptor type 2; CBF, cerebral blood flow; CNS, central nervous system; DAGL, diacylglycerol-lipase; eCB, endocannabinoid; ECS, endocannabinoid system; GFAP, glial fibrillary acidic protein; HI, hypoxia-ischemia; IL-1β, interleukin-1beta; intraperitoneal, i.p.; intravenous, i.v.; LPS, lipopolysaccharide.
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The therapeutic effects of electroacupuncture (EA) on the comorbidity of visceral pain and anxiety in patients with inflammatory bowel disease (IBD) is well known. It has been known that the ventral hippocampus (vHPC) and the cannabinoid type 1 receptors (CB1R) are involved in regulating anxiety and pain. Therefore, in this study, we determined whether EA reduces visceral pain and IBD-induced anxiety via CB1R in the vHPC. We found that EA alleviated visceral hyperalgesia and anxiety in TNBS-treated IBD mice. EA reversed over-expression of CB1R in IBD mice and decreased the percentage of CB1R-expressed GABAergic neurons in the vHPC. Ablating CB1R of GABAergic neurons in the vHPC alleviated anxiety in TNBS-treated mice and mimicked the anxiolytic effect of EA. While ablating CB1R in glutamatergic neurons in the vHPC induced severe anxiety in wild type mice and inhibited the anxiolytic effect of EA. However, ablating CB1R in either GABAergic or glutamatergic neurons in the vHPC did not alter visceral pain. In conclusion, we found CB1R in both GABAergic neurons and glutamatergic neurons are involved in the inhibitory effect of EA on anxiety but not visceral pain in IBD mice. EA may exert anxiolytic effect via downregulating CB1R in GABAergic neurons and activating CB1R in glutamatergic neurons in the vHPC, thus reducing the release of glutamate and inhibiting the anxiety circuit related to vHPC. Thus, our study provides new information about the cellular and molecular mechanisms of the therapeutic effect of EA on anxiety induced by IBD.
Keywords: acupuncture, visceral pain, anxiety, CB1 receptors, ventral hippocampus
1 INTRODUCTION
Inflammatory bowel disease (IBD), including Crohn’s disease and ulcerative colitis, is a prevalent clinical problem worldwide (Mittermaier et al., 2004; Molodecky et al., 2012; Neuendorf et al., 2016). In addition to gastrointestinal symptoms, patients with IBD also experience emotion disorders, such as anxiety and depression (Ng et al., 2017), which in turn exaggerate gastrointestinal symptoms (Ananthakrishnan, 2015). Several reports have shown that the comorbidity of visceral pain and anxiety in IBD mice resulted from the bidirectional communication between the gut microbiota and the brain (Moloney et al., 2016; Banfi et al., 2021). Electroacupuncture (EA) is an effective treatment for gastrointestinal diseases, pain symptoms and mood disorders through electrical stimulation of needles inserted into specific acupoints (Wu et al., 1999; Errington-Evans, 2012; Lv et al., 2019; Smith et al., 2019; Song et al., 2019; Wang et al., 2019). However, the underlying mechanism of the therapeutic effects of EA on IBD remains largely unknown.
Several pieces of evidence indicate that the ventral hippocampus (vHPC) plays a key role in modulating anxiety-like behaviors (Allsop et al., 2014; Bannerman et al., 2014; Shah et al., 2021) and pain process (Fasick et al., 2015; Vasic and Schmidt, 2017; Liu et al., 2018). Pathological anxiety and chronic stress lead to structural degeneration and impaired function of the hippocampus (Mah et al., 2016; Price and Duman, 2020). In addition, the hippocampus plays an important role in the development and maintenance of pain disorder (Fasick et al., 2015; Vasic and Schmidt, 2017). It needs to be determined whether EA attenuates IBD induced visceral pain and anxiety via the vHPC.
Cannabinoid type 1 receptors (CB1R) are highly expressed in the brain areas (Evans and Van'T, 1975; Tsou et al., 1998; Fletcher-Jones et al., 2020) and are related to the control of anxiety response (Haller et al., 2004; Rey et al., 2012) and pain process (Padilla-Coreano et al., 2016; Wang et al., 2020), such as vHPC in particular. CB1R are mainly located at presynaptic terminals and inhibit the release of several classic neurotransmitters, including glutamate and GABA (Egertova et al., 1998; Lisboa et al., 2015). CB1R are preferentially expressed in GABAergic neurons (Hill et al., 2013), but less expressed in glutamatergic neurons (Katona and Freund, 2012). Moreover, CB1R in glutamatergic and GABAergic neurons in the cortex have an opposing role in controlling anxiety-like behaviors (Lafenetre et al., 2009; Haring et al., 2011; Ruehle et al., 2013). However, little is known about the role of CB1R in glutamatergic and GABAergic neurons in the vHPC in visceral pain and anxiety in IBD. It is also unclear whether EA attenuates these symptoms via CB1R expressed in the vHPC.
Based on these pieces of evidence, the present study investigated whether EA alleviate visceral pain and anxiety in 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced IBD mice. Then, we observed the distribution of CB1R in glutamatergic or GABAergic neurons in the vHPC before and after TNBS and EA treatment. We determined whether genetically ablating CB1R expressed in glutamatergic or GABAergic neurons in the vHPC altered the effects of EA on visceral pain and anxiety in IBD mice. Our findings provide new evidence that CB1R expressed in the vHPC might be involved in the effects of EA on IBD induced anxiety, but not on IBD induced visceral pain.
2 MATERIALS AND METHOD
2.1 Animals
Adult male C57BL/6 mice (8 weeks old; 20—25 g) were raised in home-cages in the environment of 23°C ± 2°C and a 12 h light/dark cycle. The mice had free access to food and water. All CB1R-flox mice (mCnr1flox/flox) and their wild-type littermate (WT) mice (male, aged 8 weeks, and 18–21 g) were bought from the Cyagen biosciences laboratory (Nanjing, China). All animal procedures were approved by the Institutional Animal Care and Use Committee at Huazhong University of Science and Technology and conformed to the ethical guidelines of the International Association for the Study of Pain and Anxiety.
2.2 Viruses Constructs and Surgery
The Cre/loxP system (Kos, 2004) was used to delete CB1R in GABAergic and glutamatergic neurons. The recombinant adeno-associated viruses (rAAV)-mDIX-cre-WPRE-pA viruses were used to delete CB1R in GABAergic neurons. The rAAV-CaMKII-cre-WPRE-pA viruses were used to delete CB1R in glutamatergic neurons. All viruses used in this research were purchased from the Brain VTA scientific and technical corporation (Wuhan, China).
Before microinjection, the mice received an intraperitoneal injection (i.p.) of 100 mg/kg of tribromoethanol for anesthesia and were fixed in the stereotaxic apparatus (RWD Instruments, China). An incision with a length of 1.5 cm was made along the midline of the skull and the periosteum on the surface of the skull was removed. Then, a small hole was grinded by ironic rotor. Viruses injection was performed based on the coordinate of vHPC (2.95 mm backward from the bregma, 2.75 mm lateral from the midline, and 3.75 mm ventral to the skull) (Allsop et al., 2014). Designed viruses vectors (200 nl) were injected into vHPC at a rate of 50 nl per 60 s. Data were excluded from analysis if the viruses infection exceeded area of the vHPC.
2.3 IBD Model
IBD was induced in mice as described previously (Silva et al., 2019). Mice were anesthetized with tribromoethanol. A PVC-Fr4 catheter (Φ 2.7 mm, YN Medical Instrument, Yangzhou, China) lubricated by corn oil was inserted into the anus to the colon at a distance of 4 cm, and the other end of PVC-Fr4 catheter was attached with a 1 ml syringe. The TNBS intra-rectal (IR) solution included 50 μl of 5% w/v TNBS solution (Sigma-Aldrich, St. Louis, MO, United States) and 50 μl absolute ethanol, which was injected into the colon of anesthetized mice. Mice of the vehicle control group received an injection solution comprised of 50 μl distilled water and 50 μl absolute ethanol. After injection, mice were kept in an upside-down position for 5 min to prevent solution leakage. The mice were placed on a heating pad until recovery from anesthesia.
2.4 EA Treatment
EA treatment was applied to bilateral “Dachangshu” (BL25) acupoints 1 day after TNBS injection. The BL25 acupoints were located at both side of the waist and 7 mm lateral to the fourth lumbar spinous. After mice were restrained by specialized fabric equipment, acupuncture needles were inserted into acupoints with a depth of 2.5 mm. Then, acupuncture needles were connected to an EA stimulator (Huatuo brand, Suzhou, China) and electrical stimulation pulses (1 mA, 2 Hz, intermittent wave) were applied for 30 min.
As for sham EA, acupuncture needles only adhered to the specific points, neither penetrated the skin nor received electrical stimulation pulses. Half an hour after EA treatment, the related behavior tests were performed.
2.5 Behavioral Tests
2.5.1 Measurement of Visceral Hyperalgesia
Measurements were made continuous 5 days after TNBS injection. The colorectal distension (CRD) method was used to obtain the abdominal withdrawal reflex (AWR) score of mice to evaluate the degree of visceral hyperalgesia. The mice were placed in a plexiglass compartment (20 cm × 20 cm × 10 cm) for 5 min. The PVC-Fr4 catheter was inserted into the latex balloon (length 4–5 cm), and the end of the balloon was firmly tied to the test catheter. The catheter is connected with one end of the disposable medical three-way tubing, one end of the three-way tubing was connected to a sphygmomanometer. The other end is connected with 20 ml disposable syringe, and 20 ml of 20°C water was injected into the syringe. The balloon was inserted into the rectum until the catheter reached the colon (2 cm from the end of the balloon). The balloon catheter was fixed to the bottom of the tail to prevent it from sliding out.
The CRD test was performed in a step-by-step compression mode (20/40/60/80 mmHg). Each pressure value was measured twice. Each test lasted 30s with an interval of 4 min. The AWR score was calculated based on Al-Chaer’s method (Al-Chaer et al., 2000): no behavioral response to CRD was rated as 0 point, short pauses in head or body movements during stimulation was rated as 1 point; abdominal muscle contraction during stimulation was rated as 2 point; abdominal lifting was rated as 3 point; body arch, pelvic cavity or scrotum lifting was rated as 4 point.
2.5.2 Open Field Test
OFT was used to evaluate anxiety-related behaviors of mice (Choleris et al., 2001). Mice were placed in the center of a polystyrene enclosure (50 cm × 50 cm × 50 cm) and recorded by videotape instrument for 5 min. The center area was defined as the centric 25 cm × 25 cm area. The open field was cleaned with 75% ethanol between each trial and the track was analyzed using LabState software (Xinruan information technology co., LTD, Shanghai, China). Time spent in the center area was recorded.
2.5.3 Elevated Plus-Maze
Anxiety-related behaviors were also tested on an EPM apparatus, which was comprised of 100 cm open arms and 100 cm close arms (Campos et al., 2013). Free-moving mice were recorded by videotape instrument for 5 min. The elevated plus-maze was cleaned with 75% ethanol between each trial and the track was analyzed using ANY-maze software (Xinruan information technology co., LTD, Shanghai, China). Time spent in the open arm was recorded.
2.6 Immunofluorescence Labeling
Mice were deeply anesthetized with tribromoethanol and were transcardially perfused with 100 ml of 37°C normal saline followed by 50 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (PBS, pH 7.4) at 4°C for fixation. The brain tissues were quickly separated and post-fixed for 6–8 h in the same fixative solution and dehydrated in 20% sucrose in 0.1 M PBS for 24 h and 30% sucrose in 0.1 M PBS for 24 h at 4 C. The brain were removed immediately and post-fixed in PFA. The optimal cutting temperature compound (OCT) embedded blocks were sectioned to 30 μm thickness.
Sections from each group were rinsed in 0.01M PBS and blocked for 2 h with blocking solution (5% donkey serum and 0.2% Tween 20 in 0.01 M PBS) at room temperature. The sections were incubated with the following antibodies: rabbit anti-CB1R (1:500, Santa Cruz, United States), mouse anti-neurogranin (1:1000, Abcam, United States), guinea pig anti-GABA (1:1000, Abcam, United States) and mouse anti-GAD 67 (1:500, Abcam, United States). Subsequently, the free-floating sections were washed with 0.01M PBS 3 times and incubated with following secondary antibodies for 2 h: donkey anti-rabbit IgG conjugated with Dylight 594 (1:500, Abcam, United States), donkey anti-rabbit IgG conjugated with Dylight 488 (1:500, Abcam, United States), donkey anti-mouse IgG conjugated with Dylight 594 (1:500, Abcam, United States), goat anti-mouse IgG conjugated with Dylight 488 (1:500, Abcam, United States), and goat anti-guinea pig IgG conjugated with Dylight 594 (1:500, Abcam, United States). The sections were washed 3 times in 0.01M PBS and then cover-slipped. Olympus BX51 fluorescence microscope was used to view the sections, and images were captured using Qimaging Camera and QCapture software. Images were analyzed using the NIH Image J software (Bethesda, MD, United States). The layouts of the images were based on Photoshop CS5 (ADOBE Company, United States).
2.7 Western Blotting
Mice were deeply anesthetized with tribromoethanol and were transcardially perfused with 100 ml of 37°C normal saline. The brain tissues (vHPC regions) were immediately removed and stored at -80°C. The tissues were lysed by adding 40 mg/ml RIPA lysis buffer (Biosharp, China) and 40 mg/ml phenylmethyl sulfonyl fluoride (Biosharp, China) to the samples for 30 min. The lysed tissues were centrifuged at 12,000 rpm for 15 min at 4°C and supernatant liquids were collected. The protein contents were quantified by using the Enhanced BCA Protein Assay Kit (Beyotime Biotechnology, China).
The protein (40 mg) was denatured in loading buffer at 95°C for 5 min, separated on a 10%/12% glycine-SDS-PAGE gel (Beyotime Biotechnology, China), and then transferred onto a PVDF membrane (Millipore Immobilon-P, United States). The membranes were blocked with 5% BSA (Beyotime Biotechnology, China) at room temperature for 1 h, followed by incubation with primary antibodies at 4°C overnight: rabbit anti-CB1R antibody (1:500, Santa Cruz, United States) and rabbit anti-GAPDH antibody (1:1000, Thermo Scientific, United States). The membranes were washed in 0.01M Tris-HCI buffer salt solution and 0.2% Tween 20 (TBST) 6 times and incubated with following secondary antibodies for 2h: goat anti-rabbit IgG (1:5000, Abcam, United States). The signals were recorded using Super Signal West Pico chemiluminescent substrate (Thermo Scientific, United States). The densitometric analysis of the protein band images was performed using the NIH Image J software (Bethesda, MD, United States).
2.8 Statistical Analysis
The analysis for behavioral tests was performed by experimenters who were blinded to the treatment. All data were presented as mean ± standard errors of means (s.e.m.), unless otherwise specified. Each data set was firstly tested for normal distribution and those fitted Gaussian distribution were used for parametric analysis. Student t-test (paired or unpaired) was used for comparison between two groups and one-way analysis of variance was used to analyze the difference among more than two groups, followed by Tukey post-hoc comparison. When two independent variables were considered, two-way ANOVA was used. For those data that did not fit the Gaussian distribution, Wilcoxon matched-pairs rank test was used for paired comparison and Kolmogorov-Smirnov test was employed to compare between two independent samples. A statistical significance was defined as p < 0.05. All statistical analysis and data plotting were performed by GraphPad Prism ver8.0 (GraphPad Inc, United States).
3 RESULTS
3.1 EA Alleviated Visceral Hyperalgesia and Anxiety in TNBS-Treated IBD Mice
Five days after TNBS injection, the AWR score of CRD in TNBS group was significantly increased compared with vehicle control mice (Figures 1A–D, p < 0.05), suggesting the presence of visceral hyperalgesia. Treatment with EA dramatically lowered the increased AWR score in TNBS-treated mice (Figures 1A–D, p < 0.05). These results support the analgesic effect of EA on visceral hyperalgesia in TNBS-treated IBD mice.
[image: Figure 1]FIGURE 1 | EA relieved the visceral hyperalgesia and anxiety-like behaviors of IBD mice. (A) Experimental flowchart. (B) Schematic diagram of Dachangshu points (BL25) on the skin surface. (C,D) Visceral hyperalgesia was evaluated by CRD. (E) Anxiety-related behaviors were recorded as time in center zone in the OPF. (F) Anxiety-related behaviors were recorded as time in open arms in the EPM. The data are expressed as mean ± SEM (n = 9 mice). *represents p < 0.05 between marked groups.
In addition, compared with the vehicle control group, TNBS-treated IBD mice spent much less time in the center zone of OPF and the open arms of EPM. However, EA-treated mice spent more time in the center zone of OPF and the open arms of EPM than TNBS-treated mice (Figures 1E,F, p < 0.05). These results suggest that EA can reduce anxiety behaviors of TNBS-treated IBD mice. Of note, sham EA had no effects on pain and anxiety behaviors in TNBS-treated IBD mice.
3.2 EA Reversed Over-Expression of CB1R in GABAergic Neurons But Not Glutamatergic Neurons in the vHPC of IBD Mice
The CB1R is associated with chronic pain and associated emotion disorders, such as anxiety (Davis, 2014; Patel et al., 2017; Yin et al., 2019). However, it is not clear whether CB1R in the vHPC play a role in the inhibitory effects of EA on anxiety and visceral hyperalgesia. To explore this question, we compared the expression of CB1R in the vHPC of TNBS-treated mice and vehicle control mice. Our results showed that the protein level of CB1R in the vHPC of the TNBS group was higher than that of the vehicle control group. EA reduced the protein level of CB1R in TNBS-treated IBD mice (Figures 2A,B, p < 0.05). These data suggest that EA reversed CB1R upregulation. However, EA have no effect on the protein level of CB1R in the amygdala (Supplementary Figures S1A,B).
[image: Figure 2]FIGURE 2 | EA reversed over-expression of CB1R and decreased the percentage of CB1R-expressed GABAergic neurons in the vHPC of IBD mice. (A) Representative immunoblots of CB1R and GAPDH protein expression in the vHPC. (B) Densitometric analysis of CB1R protein normalized to the loading control. (C) Immunofluorescence images showed CB1R (green) co-expressed with GABA (red) in the vHPC. (D) Percentage of CB1R-expressed neurons co-labeled with GABA, which is (CB1R and GABA co-labeled neurons /total GABA neurons) *100%. Scale bar for merge images, 100 μm. Scale bar for high magnification images (high mag), 20 μm. The data are expressed as mean ± SEM (n = 9 mice). *represents p < 0.05 between marked groups.
To dissect the roles of CB1R in GABAergic or glutamatergic neurons in the vHPC, we investigated the co-localization of CB1R and GABA or neurogranin (a marker of glutamatergic neurons) (Xiang et al., 2020). Our results showed that the percentage of CB1R-expressed GABAergic neurons in the vHPC of TNBS-treated group was significantly higher than that of vehicle control group. Compared with TNBS-treated IBD mice, EA significantly reduced the percentage of CB1R and GABA co-labeled neurons (Figures 2C,D, p < 0.05). However, there were no difference in the percentage of CB1R-expressed glutamatergic neurons in the vHPC among four groups (Figures 3A,B).
[image: Figure 3]FIGURE 3 | TNBS and EA had no effect on the percentage of CB1R-expressed glutamatergic neurons in the vHPC of IBD mice. (A) Immunofluorescence images showed CB1R (green) co-expressed with neurogranin (a marker of glutamatergic neurons, red) in the vHPC. (B) Percentage of CB1R-expressed neurons co-labeled with neurogranin, which is (CB1R and neurogranin co-labeled neurons /total neurogranin neurons) *100%. Scale bar for merge images, 100 μm. Scale bar for high magnification images (high mag), 20 μm. Ns represents p > 0.05 between marked groups.
3.3 Ablating CB1R in GABAergic Neurons in the vHPC Alleviated Anxiety in TNBS-Treated Mice and Mimicked the Anxiolytic Effect of EA
Based on the above findings, we further determined whether EA may reduce visceral pain and anxiety associated with IBD by acting on CB1R in GABAergic neurons in the vHPC. The rAAV-mDlX-CRE-WPRE-pA viruses were bilaterally injected into the vHPC of CB1R-flox mice to ablate CB1R in GABAergic neurons in the vHPC (Figure 5A). Four weeks after viruses injection, the percentage of CB1R and GAD67 co-labeled neurons in the vHPC was decreased in the CB1R-flox mice compared with wild type mice (Figure 4A) and the knockout efficiency was 82.2% (Figure 4C). Ablating CB1R in GABAergic neurons in the vHPC had no effect on the AWR score and can’t reverse the effect of EA on visceral hyperalgesia (Figures 5A–C).
[image: Figure 4]FIGURE 4 | Specific knockout of the CB1R in GABAergic and glutamatergic neurons in the vHPC. (A) After rAAV-mDIX-cre-WPRE-pA viruses were injected into bilateral vHPC of CB1R-flox mice, immunofluorescence images showed CB1R (red) co-expressed with GAD67 (labeled GABAergic neurons, green) in the vHPC. Scale bar for merge images, 200 μm. Scale bar for high magnification images (high mag), 40 μm. (B) After rAAV-CaMKII-cre-WPRE-pA viruses were injected into bilateral vHPC of CB1R-flox mice, immunofluorescence images showed CB1R (red) co-expressed with neurogranin (a marker of glutamatergic neurons, green) in the vHPC. Scale bar for merge images, 100 μm. Scale bar for high magnification images (high mag), 20 μm. (C) Summary data show the percentage of GABAergic neurons whose CB1 receptors were knocked out (red). (D) Summary data show the percentage of glutamatergic neurons whose CB1 receptors were knocked out (red). Data are expressed as the means ± SEM (n = 3 mice in each group).
[image: Figure 5]FIGURE 5 | Specific knock out of the CB1R in GABAergic neurons in the vHPC mimicked the anxiolytic but not analgesic effect of EA on IBD mice. (A) Experimental flowchart. (B,C) Visceral hyperalgesia was evaluated by CRD. (D) Anxiety-related behaviors were recorded as time in center zone in the OPF. (E) Anxiety-related behaviors were recorded as time in open arms in the EPM. The data are expressed as mean ± SEM (n = 8 mice). * represents p < 0.05 between marked groups, ns represents p > 0.05 between marked groups.
In the OPF and EPM test, CB1R deletion in GABAergic neurons in the vHPC increased the time of mice staying in the center zone and open arms in the TNBS group, compared with TNBS-treated wild type mice (Figures 5D,E, p < 0.05). However, there was no difference in the time of mice stayed in center zone and open arms between the TNBS group and the EA group after ablating CB1R in GABAergic neurons in the vHPC (Figures 5D,E). It is possible that the anxiolytic effect of ablating CB1R in GABAergic neurons in the TNBS group had reached a peak and could not be further increased by EA. Thus, inhibiting the expression of CB1R in GABAergic neurons in the vHPC likely mediates the anxiolytic effect of EA.
3.4 CB1R in Glutamatergic Neurons in the vHPC Participated in the Anxiolytic Effect of EA
In order to determine the role of CB1R in glutamatergic neurons in the analgesic and anxiolytic effects of EA, the rAAV-CaMKII-CRE-WPRE-pA viruses were bilaterally injected into the vHPC of CB1R-flox mice to ablate CB1R in glutamatergic neurons in the vHPC (Figure 6A). The percentage of CB1R and neurogranin (a marker of glutamatergic neurons) co-labeled neurons was decreased in CB1Rf/f:CaMKII-cre mice compared with wild type mice (Figure 4B) and the knockout efficiency was 90.9% (Figure 4D). Ablating CB1R in glutamatergic neurons in the vHPC did not affect AWR score and can’t reverse the effect of EA on visceral hyperalgesia (Figures 6A–C).
[image: Figure 6]FIGURE 6 | Specific knock out of the CB1R in glutamatergic neurons in the vHPC reversed the anxiolytic but not analgesic effect of EA on IBD mice. (A) Experimental flowchart. (B,C) Visceral hyperalgesia was evaluated by CRD. (D) Anxiety-related behaviors were recorded as time in center zone in the OPF. (E) Anxiety-related behaviors were recorded as time in open arms in the EPM. The data are expressed as mean ± SEM (n = 8 mice). *represents p < 0.05 between marked groups, ns represents p > 0.05 between marked groups.
In the OPF and EPM tests, the time of mice stayed in the center zone and open arms was decreased in the vehicle control group but not TNBS group in CB1Rf/f:CaMKII-cre mice, compared with the corresponding groups in wild type mice (Figures 6D,E, p < 0.05). Moreover, after CB1R deletion in glutamatergic neurons in the vHPC, there was no difference between the vehicle control group and the TNBS group (Figures 6D,E). It is possible that vehicle control mice with CB1R deletion in glutamatergic neurons showed a high level of anxiety, which could not be further increased by TNBS treatment. The time of mice stayed in center zone and open arms in the EA group was not significantly different with the TNBS group of CB1Rf/f:CaMKII-cre mice, but was significantly lower than the EA group of wild type mice (Figures 6D,E, p < 0.05). These data suggested that EA attenuates anxiety via activation of CB1R in glutamatergic neurons in the vHPC.
4 DISCUSSION
Patients with IBD have several chronic visceral disorders, including abdominal pain, rectal bleeding, and diarrhea (Gracie et al., 2018). In addition, these patients often have mood disorders, such as anxiety or depression (Walker et al., 2008; Neuendorf et al., 2016; Gracie et al., 2018). Our study found that TNBS-treated IBD mice displayed visceral hyperalgesia and anxiety-like behaviors. Several reports showed that EA relieved mechanical allodynia and visceral hyperalgesia associated with IBD (Ji et al., 2013; Lv et al., 2019; Wang et al., 2019). In addition, EA had an anxiolytic effect (Errington-Evans, 2012; Yue et al., 2018). Our present study showed that EA is effective in reducing visceral hyperalgesia and anxiety in a mouse model of IBD.
The hippocampus is not only a key region for memory and learning but also is closely involved in chronic pain and anxiety (Jones and Gebhart, 1986; Covey et al., 2000; Li et al., 2017; Parfitt et al., 2017). Direct manipulation of the hippocampus alters nociceptive behaviors (Lathe, 2001; Reckziegel et al., 2021). Moreover, hippocampus, especially vHPC has been viewed a target to treat anxiety (Li et al., 2017; Parfitt et al., 2017). The CB1R play a role in the regulation of mood disorder and chronic pain processes (Jones and Gebhart, 1986; Davis, 2014; Seltzman et al., 2016; Yin et al., 2019). In this study, EA reduced the protein level of CB1R in the vHPC of TNBS-treated IBD mice. We wonder whether CB1R in the vHPC may be involved in analgesic or anxiolytic effect of EA.
Peripherally restricted CB1R agonists may hold promise as a viable treatment for visceral pain (Di Sabatino et al., 2011). Also, CB1R in the hippocampus may be targeted for treating anxiety disorders (Jiang et al., 2005; Lisboa et al., 2015). In the hippocampus, the CB1R is present on both GABAergic and glutamatergic axon terminals (Marsicano and Lutz, 1999). Deletion of CB1R in GABAergic neurons decreases hippocampal long-term potential (LTP). In contrast, ablating CB1R in glutamatergic neurons seems to enhance hippocampal LTP (Monory et al., 2015). In order to distinguish the different effects of CB1R of excitatory and inhibitory neurons on EA, we observed the distribution of CB1R and the influence of conditional deletion of CB1R in analgesic and anxiolytic effects of EA. We found that EA reversed the upregulation of CB1R in GABAergic neurons but not glutamatergic neurons in the vHPC.
In addition, our study showed that ablating CB1R of GABAergic neurons in the vHPC alleviated anxiety in TNBS-treated IBD mice and also mimicked the anxiolytic effect of EA. Previous study found that stimulating CB1R in GABAergic neurons in the vHPC can lead to an anxiogenic response via a decreasing GABAergic transmission (Roohbakhsh et al., 2009). We hypothesized that in TNBS-induced IBD mice, CB1R was over-expressed in GABAergic neurons in the vHPC, which was activated by endocannabinoid and reduced the release amount of GABA. Since glutamatergic neurons in the brain are usually regulated by inhibitory GABAergic neurons, the release amount of glutamate is increased because of decreased inhibition of GABA (Katona and Freund, 2008). The increased release of glutamate in the vHPC may excite anxiogenic neuronal circuits starting from vHPC, to basolateral amygdala (BLA) (Allsop et al., 2014) or the medial prefrontal cortex (mPFC) (Adhikari, 2014), thus inducing anxiety-related behaviors in IBD mice (Figure 7A). Interestingly, EA may exert anxiolytic effect by downregulating CB1R in GABAergic neurons in the vHPC, which in turn increased release of GABA and subsequently inhibited the release of glutamate, thus alleviating anxiety-like behaviors (Figure 7B).
[image: Figure 7]FIGURE 7 | Hypothesis diagram of EA inhibiting IBD induced anxiety via CB1R in the vHPC. (A) In TNBS-induced IBD mice, CB1R was over-expressed in GABAergic neurons in the vHPC, which was activated by endocannabinoid and the release amount of GABA was reduced. As a result, the release amount of glutamate is increased because of decreased inhibition of GABA. The increased release of glutamate in the vHPC may excite anxiety-related neuronal circuits starting from vHPC, thus inducing anxiety-related behaviors in IBD mice. (B) In TNBS-induced IBD mice with EA treatment, EA downregulated CB1R in GABAergic neurons in the vHPC, which disinhibit the release of GABA. In turn, excessive GABA inhibited the release of glutamate. Meanwhile, CB1R in glutamatergic neurons can also be activated by EA induced endocannabinoid, which can also decrease the release amount of glutamate. To sum up, EA may exert anxiolytic effect via downregulating CB1R in GABAergic neurons and activating CB1R in glutamatergic neurons in the vHPC, thus reducing the release of glutamate and inhibiting the anxiety-related neuronal circuits.
In contrast, ablating CB1R in glutamatergic neurons in the vHPC only induced severe anxiety in vehicle control mice, but did not deteriorate anxiogenic response of TNBS-treated IBD mice. Since the CB1R in glutamatergic terminals may reduce the release amount of glutamate (Marsicano and Lutz, 1999), the reason of anxiety in vehicle control mice may be that the absence of CB1R in glutamatergic neurons in the vHPC induces excessive glutamate release, thus exciting the neuronal circuits for anxiety. Since the level of anxiety in vehicle control mice has reached a peak, it would not further increase after TNBS injection (Figure 7A). Moreover, CB1R deletion in glutamatergic neurons also inhibited the anxiolytic effect of EA. It suggested that EA may exert anxiolytic effect via activation of CB1R in glutamatergic neurons in the vHPC, thus reducing the release of glutamate and inhibiting the activation of neuronal circuits of anxiety (Figure 7B).
To our surprise, ablating CB1R in either GABAergic or glutamatergic neurons in the vHPC did not alter visceral hyperalgesia. It suggested that CB1R in the vHPC may not contribute to visceral pain. In our previous study, we found that EA can increase the level of endocannabinoid 2-arachidonoylglycerol in the midbrain in chronic pain, which can bidirectionally regulate GABAergic and glutamatergic neurons via the CB1R in the vlPAG to produce analgesic effects (Yuan et al., 2018; Zhu et al., 2019). In our study, CB1R in other brain region, such as vlPAG, may be responsible for the analgesic effect of EA in IBD induced visceral pain.
In conclusion, our findings reveal that CB1R expressed on GABAergic and glutamatergic neurons are involved in the inhibitory effect of EA on anxiety in IBD mice. EA may exert anxiolytic effect via downregulating CB1R in GABAergic neurons and activating CB1R in glutamatergic neurons in the vHPC, thus reducing the release of glutamate and inhibiting the anxiogenic neuronal circuits related to vHPC. Thus, our study provides new information about the cellular and molecular mechanisms of the therapeutic effect of EA on anxiety induced by IBD.
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Cannabis sativa contains more than 120 cannabinoids and 400 terpene compounds (i.e., phytomolecules) present in varying amounts. Cannabis is increasingly available for legal medicinal and non-medicinal use globally, and with increased access comes the need for a more comprehensive understanding of the pharmacology of phytomolecules. The main transducer of the intoxicating effects of Cannabis is the type 1 cannabinoid receptor (CB1R). ∆9-tetrahydrocannabinolic acid (∆9-THCa) is often the most abundant cannabinoid present in many cultivars of Cannabis. Decarboxylation converts ∆9-THCa to ∆9-THC, which is a CB1R partial agonist. Understanding the complex interplay of phytomolecules—often referred to as “the entourage effect”—has become a recent and major line of inquiry in cannabinoid research. Additionally, this interest is extending to other non-Cannabis phytomolecules, as the diversity of available Cannabis products grows. Here, we chose to focus on whether 10 phytomolecules (∆8-THC, ∆6a,10a-THC, 11-OH-∆9-THC, cannabinol, curcumin, epigallocatechin gallate, olivetol, palmitoylethanolamide, piperine, and quercetin) alter CB1R-dependent signaling with or without a co-treatment of ∆9-THC. Phytomolecules were screened for their binding to CB1R, inhibition of forskolin-stimulated cAMP accumulation, and βarrestin2 recruitment in Chinese hamster ovary cells stably expressing human CB1R. Select compounds were assessed further for cataleptic, hypothermic, and anti-nociceptive effects on male mice. Our data revealed partial agonist activity for the cannabinoids tested, as well as modulation of ∆9-THC-dependent binding and signaling properties of phytomolecules in vitro and in vivo. These data represent a first step in understanding the complex pharmacology of Cannabis- and non-Cannabis-derived phytomolecules at CB1R and determining whether these interactions may affect the physiological outcomes, adverse effects, and abuse liabilities associated with the use of these compounds.
Keywords: cannabinoid, phytomolecule, terpene, type 1 cannabinoid receptor, molecular pharmacology, cAMP, βarrestin
INTRODUCTION
In 2018, Canada became the first G7 country to legalize Cannabis sativa for non-medical purposes. Despite decades of research and significant legislative and policy advances, our scientific understanding of Cannabis and cannabinoid pharmacology remains quite limited. Gaining a more comprehensive understanding of cannabinoid pharmacology to better shed further light on the beneficial and harmful effects of cannabis is critically important. There are many biologically active compounds in cannabis. “Phytocannabinoids” are generally 21-carbon bicyclic compounds, some of which are known to act at the cannabinoid receptors. Terpenes, on the other hand, are a large and structurally diverse group of hydrocarbon molecules present in nearly all plants that produce characteristic odors. Here, we will refer to these groups collectively as “phytomolecules.” The two best known phytocannabinoids are ∆9-tetrahydrocannabinol (∆9-THC) and cannabidiol (CBD). All vertebrates studied to date also naturally produce endogenous cannabinoids anandamide (AEA) and 2-arachidonoylglycerol (2-AG). These cannabinoids act to modulate the brain and body’s cannabinoid receptors: CB1R and CB2R, which act to limit neurotransmitter release throughout the brain and inflammatory processes, respectively (Pertwee, 2008). Beyond ∆9-THC and CBD, more than 500 phytomolecules have been identified in extracts from the Cannabis plant (Figure 1) (Howlett and Abood, 2017). The pharmacodynamic and pharmacokinetic properties of these compounds alone and in unique combinations present in plant chemotypes remain largely unknown (Pertwee, 2008; Howlett and Abood, 2017).
[image: Figure 1]FIGURE 1 | Compounds assessed in this study. Chemical structures were drawn in Microsoft PowerPoint by the authors. Egc G, epigallocatechin gallate.
In Canada, ∆9-THC and CBD content in legal Cannabis products is monitored and must be labeled on Cannabis products for retail sale because these constituents are recognized as being pharmacologically active drug compounds, and in the case of ∆9-THC, are known to produce intoxication and other effects. However, it is possible that minor constituents of Cannabis products may also be psychoactive and/or intoxicating, and it is important to explore that aspect further to better understand the risks of cannabis use. The cannabis product market is also rapidly evolving. Products such as cannabis extracts, cannabis topicals, and edible cannabis often contain ingredients in addition to cannabis. As the variety of cannabis products increases, so does the landscape of ingredients that are being or could be combined with cannabis. It is unknown whether some of the ingredients used in cannabis products, or components thereof, activate or modulate cannabinoid receptor activity. While the majority of ingredients are likely to be benign, it is important to understand those that may impact cannabinoid receptor activity and impact the risk profile of such products. Furthermore, phytomolecules may activate or modulate cannabinoid receptor activity via inhibitory, agonist, partial agonist, or allosteric mechanisms. This novel pharmacology would increase our knowledge about what types of substances change cannabinoid receptor activity—and how—which we can then correlate to their chemical structures. Knowledge of the structure–activity relationship between a substance’s structure and its function at a receptor can lead to the creation of a “novel drug scaffold;” that is, a bare minimum chemical structure required to produce some known biological effect. Therefore, the research undertaken here could yield novel drug scaffolds based on phytomolecules for new—previously unknown—therapies.
The potential unique pharmacological effects arising through unique combinations of Cannabis phytomolecules are referred to as “the entourage effect” (Russo 2011). Several in vitro studies have shown that some terpenes present in Cannabis—α- and β-pinene, β-caryophyllene, β-myrcene, linalool, α-humulene, and limonene—do not have direct modulatory effects on CB1R, CB2R, transient receptor potential ankyrin 1 (TRPA1), or transient receptor potential vanilloid 1 (TRPV1) (Santiago et al., 2019; Finlay et al., 2020; Heblinski et al., 2020). Our group recently demonstrated that select, isolated, minor cannabinoids display weak partial agonist activity on CB1R and CB2R (Zagzoog et al., 2020). Also, there is mounting evidence from rodent studies that Cannabis products produce different pharmacology from isolated ∆9-THC or CBD (Devsi et al., 2020; LaVigne et al., 2021; Roebuck et al., 2022). In addition, our group and several others have shown that cannabinoids may behave as allosteric ligands in cell culture models, modulating the signaling of GPCRs via indirect means (Laprairie et al., 2015; Martinez-Pinilla et al., 2017; Tham et al., 2018; Navarro et al., 2021). Consequently, cannabinoids are phytomolecules likely capable of affecting cellular signaling through a myriad of mechanisms. It is important to continue assessing combinations of phytomolecules to determine how these mixtures may alter the pharmacodynamics and pharmacokinetics of Cannabis products.
CB1R is activated by a wide spectrum of structurally diverse molecules (Howlett and Abood, 2017). CB1R modulates intracellular signaling through Gαi/o-dependent inhibition of cAMP, inhibition of Ca2+ currents and inwardly rectifying K+ channels, and recruitment of βarrestins. Therefore, in order to understand the potential effects that phytomolecules may have on CB1R, it is important to assess several endpoints, such as ligand binding, G-protein-dependent signaling, and βarrestin recruitment.
The purpose of this study was to assess 10 select phytomolecules (∆8-THC, ∆6a,10a-THC, 11-OH-∆9-THC, cannabinol [CBN], curcumin, epigallocatechin gallate [Egc G], olivetol, palmitoylethanolamide [PEA], piperine, and quercetin) in combination with ∆9-THC to determine how these compounds modulate ligand binding and signaling via CB1R in vitro, and catalepsy, body temperature, and nociception in vivo. These data represent an initial step in determining whether phytomolecules could alter the pharmacological effects of cannabinoids and cannabis.
MATERIALS AND METHODS
Compounds
Compounds were purchased from Sigma-Aldrich (Oakville, ON), with the exceptions of ∆9-THC, which was purchased from Toronto Research Chemicals (Toronto, ON) and SR141716A, which was purchased from Cayman Chemicals (Ann Arbor, MI). [3H]CP55,940 (174.6 Ci/mmol) was obtained from PerkinElmer (Guelph, ON). All reagents were obtained from Sigma-Aldrich unless specifically noted. Compounds were dissolved in DMSO (final concentration of 0.1% in assay media for all assays) and added directly to the media at the concentrations and times indicated. For all experiments, 0.1% DMSO was used as the vehicle control.
Cell culture
Chinese hamster ovary (CHO)-K1 cells stably expressing human cannabinoid CB1R (hCB1R) were maintained at 37°C and 5% CO2 in F-12 DMEM containing 1 mM L-glutamine, 10% FBS, and 1% penicillin–streptomycin as well as hygromycin B (300 μg/ml) and G418 (600 μg/ml) (Bolognini et al., 2012). For membrane preparation, cells were removed from flasks by scraping, centrifuged, and then frozen as a pellet at −80°C until required. Before use in a radioligand binding assay, cells were defrosted, diluted in Tris buffer (50 mM Tris–HCl and 50 mM Tris–base), and homogenized with a 1 ml hand-held homogenizer (Bolognini et al., 2012). HitHunter (cAMP) and PathHunter (βarrestin2) CHO-K1 cells stably expressing hCB1R from DiscoveRx® (Eurofins, Fremont, CA) were maintained at 37°C and 5% CO2 in F-12 DMEM containing 10% FBS and 1% penicillin–streptomycin with 800 μg/ml geneticin (HitHunter) or 800 μg/ml G418 and 300 μg/ml hygromycin B (PathHunter).
CHO cell membrane preparation and radioligand displacement assay
As described in previous work from our group, CHO-K1 hCB1R cells were disrupted by cavitation in a pressure cell and membranes were sedimented by ultracentrifugation (Zagzoog et al., 2020). The pellet was resuspended in TME buffer (50 mM Tris–HCl, 5 mM MgCl2, and 1 mM EDTA, pH 7.4), and membrane proteins were quantified with a Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, United States).
Radioligand binding assays were carried out as described previously (Zagzoog et al., 2020). Briefly, binding was initiated by mixing CHO-K1 hCB1R cell membranes (25 μg protein per well) with 1 nM [3H]CP55,940 in Tris binding buffer (50 mM Tris–HCl, 50 mM Tris–base, and 0.1% BSA, pH 7.4; total assay volume 2 ml), followed immediately by the addition of the compounds or vehicle (0.1% DMSO). All assays were performed at 37°C for 120 min before termination by the addition of ice-cold Tris-binding buffer, followed by vacuum filtration using a 24-well sampling manifold (Brandel Cell Harvester; Brandel Inc., Gaithersburg, MD, United States). Each reaction well was washed six times with a 1.2 ml aliquot of Tris-binding buffer. The filters were air-dried and then placed in 5 ml of scintillation fluid overnight (Ultima Gold XR, PerkinElmer). Radioactivity was quantified by liquid scintillation spectrometry. Specific binding was calculated as the difference between the binding that occurred in the presence and absence of 1 μM unlabeled CP55,940.
HitHunter cAMP assay
Inhibition of forskolin (FSK)-stimulated cAMP was determined using the DiscoveRx HitHunter assay in CHO-K1 hCB1R cells as described previously (Zagzoog et al., 2020). A total of 20,000 CHO-K1 hCB1R cells/well were grown in low-volume 96-well plates and incubated overnight in Opti-MEM containing 1% FBS at 37°C and 5% CO2. Opti-MEM was removed and replaced with cell assay buffer (DiscoveRx), and the cells were simultaneously treated at 37°C with 10 μM FSK and compounds for 90 min. cAMP antibody solution and cAMP working detection solutions were added according to the manufacturer’s directions (DiscoveRx), and cells were incubated for 60 min at room temperature. cAMP solution A was added (DiscoveRx), and cells were incubated for an additional 60 min at room temperature before chemiluminescence was measured on a Cytation5 plate reader (top read, gain 200, integration time 10,000 ms).
PathHunter βarrestin2 assay
βarrestin2 recruitment was measured as described previously (Zagzoog et al., 2020). A total of 20,000 CHO-K1 hCB1R cells/well were grown in low-volume 96-well plates and incubated overnight in Opti-MEM containing 1% FBS at 37°C and 5% CO2. Cells were simultaneously treated at 37°C with compounds for 90 min. A detection solution was added to the cells according to the manufacturer’s directions (DiscoveRx), and the cells were incubated for 60 min at room temperature. Chemiluminescence was measured on a Cytation5 plate reader (top read, gain 200, integration time 10,000 ms).
In vivo analyses
Male C57BL/6 mice between 8 and 12 weeks of age were used for these studies. Animals were group housed at the Laboratory Animal Services Unit (LASU) at the University of Saskatchewan (3 animals/cage) with a standard 12:12 light-dark cycle, ad libitum access to food and water, and environmental enrichment. Compounds were prepared in the vehicle [ethanol and cremophor in saline (1:1:8)] and administered intraperitoneally (i.p.). Catalepsy was assessed in the bar holding assay 5 min after compound administration with animals placed so that their forepaws clasped a 0.7-cm ring clamp 4.5 cm above the surface of the testing space (Garai et al., 2020). The length of time the ring was held was recorded up to 60 s (i.e., percent maximum possible effect [MPE] 60 s) with the trial ending if the mouse turned its head or body or made three consecutive escape attempts. Body temperature was measured 15 min after compound administration by using a rectal thermometer. Anti-nociceptive effects were measured in warm water (52 ± 2°C) using the tail-flick test 20 min after compound administration to a maximum of 20 s (i.e., percent maximum possible effect [MPE] 20 s). Compounds were administered at the doses indicated. Experimenters were blinded to treatment for all behavioral assessments and analyses. Animals were purchased, rather than bred, to reduce animal numbers. In all cases, experiments were performed with the approval of the University Animal Care Committee (UACC) at the University of Saskatchewan and in keeping with the guidelines of the Canadian Council on Animal Care (CCAC).
Statistical analyses
[3H]CP55,940 binding data are represented as % change from maximal [3H]CP55,940 bound (i.e., 100%). Change in [3H]CP55,940 binding is represented as a downward deflection of the curve, and efficacy data are, therefore, represented as Emin (Table 1). HitHunter cAMP and PathHunter βarrestin2 data are shown as % of maximal CP55,940 response (i.e., 100%). Change in these assays is represented as an upward deflection of the curve, and efficacy data are, therefore, represented as Emax (Table 1). Concentration–response curves (CRCs) were fit using non-linear regression with variable slopes (four parameters) and used to calculate EC50, Emin, and Emax (GraphPad, Prism, v. 9.0). Statistical analyses were conducted by one-way analysis of variance (ANOVA) using GraphPad. Post hoc analyses were performed using Tukey’s tests. Homogeneity of variance was confirmed using Bartlett’s test. All results are reported as the mean ± the standard error of the mean (SEM) or 95% confidence interval (CI), as indicated. In vivo data were analyzed via one-way ANOVA followed by Tukey’s post hoc test. GraphPad Prism 9.0 was used to analyze in vivo data, and p < 0.05 was considered to be statistically significant.
TABLE 1 | Activity of compounds at hCB1R.
[image: Table 1]RESULTS
Radioligand binding
When tested alone, the cannabinoids (∆8-THC, ∆6a,10a-THC, 11-OH-∆9-THC, and CBN) reduced [3H]CP55,940 binding to hCB1R to some extent (Figure 2A). However, only ∆6a,10a-THC was able to fully compete [3H]CP55,940 from hCB1R (Figure 2A). The observed affinity (Ki) for ∆8-THC, ∆6a,10a-THC, and 11-OH-∆9-THC was less than that of CP55,940 or ∆9-THC (Table 1). The affinity of CBN for hCB1R was less than that of CP55,940 but not different from ∆9-THC (Table 1). ∆8-THC, CBN, ∆6a,10a-THC, and 11-OH-∆9-THC displayed greater Emin values than either CP55,940 or ∆9-THC, indicating that they did not completely displace [3H]CP55,940 from hCB1R and suggesting an incomplete overlap of binding sites between these compounds and [3H]CP55,940 (Table 1). These cannabinoids were further assessed in the presence of 100 nM ∆9-THC to determine whether these cannabinoids altered the binding of ∆9-THC to hCB1R (Figure 2B). Each of these cannabinoids augmented the displacement of [3H]CP55,940 from hCB1R by 100 nM ∆9-THC relative to 100 nM ∆9-THC alone (∼20%; Figure 2B). ∆8-THC and ∆6a,10a-THC displayed lower Ki values when co-administered with 100 nM ∆9-THC for hCB1R relative to being administered alone, suggesting some form of cooperativity between these compounds. No change in Ki was observed for 11-OH-∆9-THC + 100 nM ∆9-THC or CBN + 100 nM ∆9-THC compared to these compounds alone, suggesting that 11-OH-∆9-THC and CBN were primarily responsible for [3H]CP55,940 displacement in the presence of 100 nM ∆9-THC (Figure 2B; Table 1). These data indicate that select cannabinoids were able to displace [3H]CP55,940 from hCB1R either alone or in concert with ∆9-THC. For ∆8-THC and ∆6a,10a-THC, these ligands may have engaged hCB1R cooperatively to displace [3H]CP55,940, but this is not a reflection of functional signaling outcomes at hCB1R.
[image: Figure 2]FIGURE 2 | [3H]CP55,940 displacement from hCB1R CHO cell membranes. Compound activity was quantified for [3H]CP55,940 binding in CHO cells stably expressing hCB1R and treated with 0.1 nM—10 µM (A) cannabinoids; (B) cannabinoids + 100 nM ∆9-THC; (C) phytomolecules; and (D) phytomolecules + 100 nM ∆9-THC. Data were fit to a variable slope (four parameters) non-linear regression in GraphPad (v. 9). n ≥ 6 independent experiments were performed in duplicate. Data are expressed as mean ± SEM. Ki and Emin are reported in Table 1.
In contrast to cannabinoids, when the other phytomolecules were tested alone, only olivetol produced a clear reduction in [3H]CP55,940 binding to hCB1R with an estimated Ki that was not different from CP55,940 or ∆9-THC but did not completely displace [3H]CP55,940 from hCB1R, suggesting that the displacement was not competitive (Figure 2C). Other phytomolecules tested produced some minimal degree of [3H]CP55,940 displacement at the highest concentrations tested (i.e., 1 and 10 μM) (Figure 2C; Table 1). These phytomolecules were further assessed in the presence of 100 nM ∆9-THC to determine whether they altered the binding of ∆9-THC to hCB1R (Figure 2D). Curcumin, olivetol, PEA, piperine, and quercetin did not significantly alter [3H]CP55,940 displacement from hCB1R in the presence of 100 nM ∆9-THC (Table 1). Egc G augmented the displacement of [3H]CP55,940 from hCB1R by ∆9-THC as indicated by the decrease in observed Ki relative to ∆9-THC alone (Table 1).
Inhibition of forskolin-stimulated cAMP
All tested cannabinoids increased hCB1R-mediated inhibition of cAMP accumulation (Figure 3A). All cannabinoids tested were partial agonists of cAMP inhibition except for ∆6a,10a-THC, which was a full agonist with low potency (Figure 3A). ∆8-THC, CBN, and ∆6a,10a-THC were approximately 440x, 49x, and 600x less potent, respectively, than C55,940, whereas the ∆9-THC metabolite, 11-OH-∆9-THC, was not statistically different in its potency compared to CP55,940 and ∆9-THC (Table 1). Similarly, ∆8-THC, CBN, and 11-OH-∆9-THC displayed lower efficacy than CP55,940 and ∆9-THC, consistent with previous observations that all of these compounds are hCB1R partial agonists (Table 1) (Ross et al., 1999; ElSohly et al., 2017). In the presence of 100 nM ∆9-THC, neither ∆8-THC nor CBN produced a significant change in cAMP inhibition relative to 100 nM ∆9-THC (Figure 3B), likely due to their weak hCB1R affinity as observed in [3H]CP55,940 competition binding experiments. Also, 11-OH-∆9-THC inhibited the activity of 100 nM ∆9-THC in a concentration-dependent manner and to the level of 11-OH-∆9-THC agonism consistent with this ligand’s competition for hCB1R binding and activation (Figure 3B). ∆6a,10a-THC elevated cAMP inhibition above the activity of 100 nM ∆9-THC in a concentration-dependent manner and to the level of ∆6a,10a-THC agonism consistent with that ligand’s higher efficacy at hCB1R, but with greater potency than ∆6a,10a-THC alone (Figure 3B; Table 1). This observation with ∆6a,10a-THC may suggest that the compound is able to engage hCB1R cooperatively with ∆9-THC to facilitate G-protein-dependent signaling, consistent with the observations made with [3H]CP55,940. Whether this in vitro observation has a direct outcome in vivo is not clear from these data.
[image: Figure 3]FIGURE 3 | hCB1R-dependent inhibition of forskolin-stimulated cAMP accumulation. Compound activity was quantified for inhibition of 10 µM forskolin-stimulated cAMP accumulation in CHO cells stably expressing hCB1R and treated with 0.1 nM—10 µM (A) cannabinoids; (B) cannabinoids + 100 nM ∆9-THC; (C) phytomolecules; and (D) phytomolecules + 100 nM ∆9-THC for 90 min according to the standard operating procedures of the HitHunter assay. Data were fit to a variable slope (four parameters) non-linear regression in GraphPad (v. 9). n ≥ 6 independent experiments were performed in triplicate. Data are expressed as mean ± SEM. EC50 and Emax are reported in Table 1.
Among the other phytomolecules tested, only PEA produced weak partial agonist inhibition of cAMP accumulation, having potency and efficacy significantly lower than either CP55,940 or ∆9-THC (Figure 3C; Table 1). Olivetol and piperine did not change the cAMP inhibitory effects of 100 nM ∆9-THC, confirming that although these compounds produced some displacement of [3H]CP55,940, they are not agonists of hCB1R (Figure 3D; Table 1). Curcumin, Egc G, and quercetin inhibited the activity of 100 nM ∆9-THC in a concentration-dependent manner inconsistent with these ligands’ weak hCB1R affinity in [3H]CP55,940 binding experiments (Figure 3D; Table 1). Therefore, curcumin, Egc G, and quercetin likely inhibited ∆9-THC-dependent cAMP inhibition via an indirect mechanism such as altering membrane dynamics, G-protein coupling, or adenylate cyclase activity (Jonsson et al., 2001; Balasubramanyam et al., 2004; Ho et al., 2008; Choi et al., 2009). If such in vitro observations manifested in vivo, then curcumin, Egc G, and quercetin could limit the effects of ∆9-THC, such as intoxication. Lastly, PEA augmented the activity of 100 nM ∆9-THC in a concentration-dependent manner inconsistent with PEA’s weak hCB1R affinity in [3H]CP55,940 binding experiments (Figure 3D; Table 1). PEA has been described as a partial hCB1R agonist and bears structural similarity to the endogenous cannabinoid anandamide (AEA) (Jonsson et al., 2001; Ho et al., 2008). Therefore, PEA’s activity may be consistent with allosteric agonism of hCB1R (Laprairie et al., 2019; Garai et al., 2020, 2021).
βarrestin2 recruitment
All tested cannabinoids were weak partial agonists of βarrestin2 recruitment, although only ∆9-THC produced quantifiable potency within the concentration range used (Figure 4A; Table 1). The maximum efficacy observed for ∆8-THC and CBN was lower than that of CP55,940 and ∆9-THC (Figure 4A; Table 1). Given the minimal activity observed in the βarrestin2 recruitment assay, it is not surprising that the cannabinoids did not drastically alter βarrestin2 recruitment in the presence of 100 nM ∆9-THC (Figure 4B). At the highest concentration tested, 10 μM 11-OH-∆9-THC and ∆6a,10a-THC elevated βarrestin2 recruitment above the activity of 100 nM ∆9-THC in a concentration-dependent manner and to the level of their agonism consistent with those ligands’ efficacy at hCB1R (Figure 4B).
[image: Figure 4]FIGURE 4 | hCB1R-dependent recruitment of βarrestin2. Compound activity was quantified for βarrestin2 recruitment in CHO cells stably expressing hCB1R and treated with 0.1 nM—10 μM (A) cannabinoids; (B) cannabinoids + 100 nM ∆9-THC; (C) phytomolecules; and (D) phytomolecules+ 100 nM ∆9-THC for 90 min according to the standard operating procedures of the PathHunter assay. Data were fit to a variable slope (four parameters) non-linear regression in GraphPad (v. 9). n ≥ 6 independent experiments were performed in triplicate. Data are expressed as mean ± SEM. EC50 and Emax are reported in Table 1.
None of the phytomolecules tested promoted βarrestin2 recruitment when tested alone (Figure 4C). Only one of the phytomolecules tested—PEA—altered the recruitment of βarrestin2 by 100 nM ∆9-THC (Figure 4D; Table 1). Similar to its activity in the cAMP inhibition assay, PEA slightly increased βarrestin2 recruitment in the presence of 100 nM ∆9-THC, consistent with the notion that PEA may be an allosteric agonist of hCB1R (Figure 4D; Table 1).
Confirming hCB1R dependence of PEA-mediated cAMP inhibition
In general, we observed partial agonism by the tested cannabinoids and an absence of hCB1R-dependent activity by the other phytomolecules tested. One exception to this generalization was PEA. PEA augmented hCB1R-dependent cAMP inhibition and βarrestin2 recruitment with ∆9-THC but displayed little to no affinity for the orthosteric site of hCB1R as observed by radioligand binding experiments. The ability of PEA to activate hCB1R was tested in the cAMP inhibition assay in the absence or presence of SR141716A as an hCB1R antagonist/inverse agonist (Figure 5). Co-treatment of hCB1R CHO cells with 1 μM PEA and 1 μM SR141716A—or a combination of 1 μM PEA, 1 μM ∆9-THC, and 1 μM SR141716A—completely prevented PEA-dependent cAMP inhibition (Figure 5). Previous reports have shown that allosteric or indirect agonism of hCB1R is blocked by SR141716A even when those allosteric ligands are not displaced in radioligand binding experiments (Garai et al., 2020, Garai et al., 2021). Therefore, the collective evidence supports PEA indirectly augmenting the activity of hCB1R in vitro.
[image: Figure 5]FIGURE 5 | hCB1R-dependent inhibition of forskolin-stimulated cAMP accumulation. Compound activity was quantified for inhibition of 10 μM forskolin-stimulated cAMP accumulation in CHO cells stably expressing hCB1R and treated with compounds as indicated for 90 min according to the standard operating procedures of the HitHunter assay. Data were analyzed in GraphPad (v. 9). n = 6 independent experiments were performed in triplicate. Data are expressed as mean ± SEM. **p < 0.01, ****p < 0.0001 as determined by one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons.
In vivo evaluation
Given our in vitro observations, we wanted to determine whether minor cannabinoids and combinations of ∆9-THC with select phytomolecules affected catalepsy, body temperature, and nociception in mice, which are three physiological parameters well known to be affected by ∆9-THC. Specifically, we chose to examine whether 10 mg/kg PEA, curcumin, or quercetin altered physiological responses to 10 mg/kg ∆9-THC because these phytomolecules had augmented (PEA) or inhibited (curcumin and quercetin) ∆9-THC-dependent inhibition of cAMP to the greatest extent. A dose of 10 mg/kg was chosen because it has been used previously to demonstrate ∆9-THC-dependent intoxicating effects in rodent models by ourselves and others; and ∆9-THC plasma levels similar to intoxicating levels were observed after acute cannabis use in humans (Craft and Leitl, 2008; Wakley et al., 2014; Grim et al., 2017; Nguyen et al., 2018; Moore et al., 2021).
Among the cannabinoids tested, ∆8-THC, CBN, and ∆6a,10a-THC did not produce catalepsy or reduce body temperature in male mice (Figures 6A,B). ∆8-THC produced an anti-nociceptive effect that was not different from ∆9-THC, but CBN and ∆6a,10a-THC did not produce such effect (Figure 6C). Also, 11-OH-∆9-THC produced equal catalepsy and greater hypothermia and anti-nociceptive responses relative to ∆9-THC (Figures 6A–C).
[image: Figure 6]FIGURE 6 | In vivo effects of cannabinoids and select phytomolecules in male C57BL/6 mice. Male mice were treated with 10 mg/kg cannabinoids (A–C) or 10 mg/kg ∆9-THC + 10 mg/kg select phytomolecules i. p. (D–F) and assessed for catalepsy 5 min post-injection (A,D), body temperature 15 min post-injection (B,E), and nociception in the tail-flick assay 20 min post-injection (C,F). Data for catalepsy are represented as % MPE during a maximum 60 s trial. Data for the tail-flick assay are represented as % MPE during a maximum 20 s trial. All data were analyzed in GraphPad (v. 9). n = 5–10 animals per treatment group. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, and ****p < 0.001 as determined by one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons.
When 10 mg/kg PEA, curcumin, or quercetin was tested in combination with 10 mg/kg ∆9-THC, each of these phytomolecules was capable of blocking ∆9-THC’s effects on catalepsy and body temperature (Figures 6D,E). Curcumin and quercetin also blocked ∆9-THC’s effect in the nociception test, but PEA did not block the effect (Figure 6F). In the case of PEA, the mechanism underlying the observation is unclear because in vitro PEA had augmented ∆9-THC’s effects. PEA may have multiple intracellular targets including peroxisome proliferator-activated receptor α (PPARα), GPR55, and GPR119 (Lo Verme et al., 2005; Godlewski et al., 2009). Our results and earlier studies also indicate PEA is unlikely to be a CB1R ligand (O’Sullivan and Kendall, 2010). Therefore, the observed in vivo effects of PEA here may be due to PEA acting on other ligand targets not present in our in vitro model.
DISCUSSION
In general, we observed that all cannabinoids tested—∆9-THC, ∆8-THC, ∆6a,10a-THC, 11-OH-∆9-THC, and CBN—behaved as CB1R partial agonists in the cAMP inhibition assay and were able to partially displace [3H]CP55,940 from CB1R in the competition binding assay. Together, these data support the hypothesis that the cannabinoids tested here are all weak and/or partial agonists of CB1R. These data are in agreement with previously published findings on ∆8-THC, CBN, and 11-OH-∆9-THC (Ross et al., 1999; Pertwee, 2008), and this study represents the first report of activity for ∆6a,10a-THC. The incomplete competition of ∆8-THC, CBN, and 11-OH-∆9-THC with [3H]CP55,940 suggests that the occupied binding site of these ligands differs slightly from that of CP55,940. It is possible that only a subset of amino acids in the CB1R ligand-binding site is engaged by these cannabinoids compared to CP55,940, as shown for CBD, Org27569, rimonabant, and anandamide (Iliff et al., 2011; Baillie et al., 2013; Laprairie et al., 2015; Hua et al., 2017). Future experiments utilizing site-directed mutagenesis are needed to assess this question directly.
After the most abundant phytocannabinoid ∆9-THC, ∆8-THC, ∆6a,10a-THC, and CBN are the phytocannabinoids that are most commonly found as less abundant THC-like isoforms in Cannabis products (Pertwee, 2008; ElSohly and Gul, 2014; Howlett and Abood, 2017). Previous work has shown that ∆8-THC behaves as a weak partial agonist of CB1R in GTP binding experiments, consistent with our observations (Ross et al., 1999; Pertwee, 2008). Comparatively, little is known about ∆6a,10a-THC; however, its structural similarities to ∆9-THC suggest that it is likely to have some cannabinoid receptor modulatory activity (Howlett and Abood, 2017). CBN is both a minor phytocannabinoid and an oxidation product of ∆9-THC found to accumulate in Cannabis products during storage (Felder et al., 1995; Showalter et al., 1996; Howlett and Abood, 2017). Our data suggesting that CBN is a weak partial CB1R agonist are in agreement with previous findings for CBN for both relative potency and efficacy in CHO and AtT-20 cells expressing human CB1R and ex vivo tissue studies (Felder et al., 1995; Showalter et al., 1996). The ∆9-THC metabolite 11-OH-∆9-THC has previously been shown to produce CB1R-dependent effects in the rodent tetrad model; our data support earlier work showing CB1R activity for this ligand (Huestis, 2005). The potency and efficacy of 11-OH-∆9-THC approximate data observed in earlier works (Felder et al., 1995; Showalter et al., 1996; Huestis, 2005). The weak partial agonist effects displayed by these ligands suggest that they may in fact be functionally antagonistic in the presence of higher agonist concentrations and in vivo. This functional antagonism has been previously demonstrated for ∆9-THC itself (Laprairie et al., 2015; Grim et al., 2017). Future work assessing the potential antagonist activity of these compounds in the presence of a full agonist such as CP55,940 will be able to better classify the mechanisms of action for these compounds beyond what has been performed here.
Comparing our in vitro data with our in vivo observations suggests that although cannabinoids may be capable of activating CB1R-dependent pathways in vitro, these observations may not translate to in vivo effects. Of note, however, 11-OH-∆9-THC displayed the greatest estimated binding affinity to CB1R, greatest potency in the cAMP inhibition assay among minor phytocannabinoids, and similar efficacy to ∆9-THC in the βarrestin2 recruitment assay and proved to have the greatest in vivo activity. Additional work is required to determine other pharmacological targets of the minor cannabinoids in vivo beyond CB1R.
Among the non-cannabinoid phytomolecules tested here, we observed generally weak, minimal, and partial displacement of [3H]CP55,940 in competition binding assays. One notable exception to this was olivetol, which produced a concentration-dependent reduction in [3H]CP55,940 binding. It is unclear whether this loss of [3H]CP55,940 binding was a consequence of direct competition or indirect changes in membrane integrity and lipid dynamics that may occur with these highly lipophilic ligands (Howlett and Abood, 2017). Of note, olivetol did not significantly impact CB1R-dependent signal transduction in other assays. Additional data are required to assess the specific mechanism of competition occurring for olivetol in these experiments. PEA only reduced [3H]CP55,940 binding at concentrations exceeding 1 μM but augmented CB1R- and ∆9-THC-dependent inhibition of cAMP and βarrestin2 recruitment at approximately 1 μM. These observations for PEA are consistent with a partial agonist or positive allosteric modulator (Jonsson et al., 2001; Ho et al., 2008). PEA is structurally similar to both endogenous cannabinoids anandamide and 2-arachidonoylglycerol, and given this structural similarity, it would not be surprising if the compound activated CB1R. Additional experiments are required to assess whether these effects are allosteric in nature, as indirectly assessed by others (Jonsson et al., 2001; Ho et al., 2008). Finally, the three polyphenolic terpenoid compounds—quercetin, Egc G, and curcumin—all displayed minimal competition with [3H]CP55,940 at CB1R but surprisingly produced a concentration-dependent and potent antagonistic inhibition of CB1R- and ∆9-THC-mediated inhibition of cAMP. Given these data, we propose that the polyphenolic terpenes tested here indirectly inhibit signaling downstream of CB1R. Quercetin, Egc G, and curcumin have all been shown to have widespread and non-specific antioxidant, lipid raft, and transcription factor modulatory effects that could interfere with GPCR-dependent signaling and trafficking (Balasubramanyam et al., 2004; Choi et al., 2009). When exploring a subset of these phytomolecules in vivo, curcumin’s and quercetin’s effects are congruent with in vitro observations where both phytomolecules inhibited ∆9-THC-dependent catalepsy, hypothermia, and anti-nociception.
The limitation of this work is that it is an assessment of the pharmacology for a subset of Cannabis- and non-Cannabis-derived phytomolecules at a single cannabinoid receptor, CB1R. Importantly, this study also focused only on male mice. Planned future studies will incorporate female mice as we and others have observed cannabinoid-dependent sex differences in vivo (Craft and Leitl, 2008; Wakley et al., 2014; Kim et al., 2022). Although caution should be exercised when extrapolating in vitro cell culture data into the whole animal in vivo systems, three observations from our dataset warrant further consideration with regard to effecting cannabis pharmacology. First, the majority of compounds tested—exceptions being curcumin and Egc G—partially or fully competed with [3H]CP55,940 for receptor binding. Therefore, it is possible that these phytomolecules could reduce ∆9-THC binding at CB1R and thus diminish its medicinal and intoxicating effects if given at least at equimolar concentrations. In particular, ∆8-THC, ∆6a,10a-THC, and olivetol, with their more potent and near complete competition of CP55,940, could limit ∆9-THC’s binding to CB1R. Second, the cannabinoids tested all yielded CB1R-dependent inhibition of cAMP with less potency and efficacy than ∆9-THC, with the exception of ∆6a,10a-THC which displayed greater efficacy. When administered alone, we observed that 11-OH-∆9-THC was able to reproduce or exceed the effects of ∆9-THC in vivo. If, however, both ∆9-THC and the cannabinoids tested were present together, it is unlikely that their actions would be additive or synergistic as these effects appear to be CB1R-dependent. In contrast, two compounds—curcumin and quercetin—were able to diminish the intoxicating effects of ∆9-THC via indirect inhibition of CB1R-dependent signaling. Third, two cannabinoids—∆6a,10a-THC and 11-OH-∆9-THC—produced βarrestin2 recruitment similar to that of ∆9-THC. At other GPCRs, such as the μ-opioid and serotonin 2A receptors, βarrestin2 recruitment is associated with the intoxicating and impairing effects of receptor activation (Bohn et al., 1999; Schmid et al., 2017; Wacker et al., 2017). Given 11-OH-∆9-THC’s in vivo activity observed here, it is possible that this compound specifically could yield intoxicating effects akin to ∆9-THC via βarrestin2 (Felder et al., 1995; Showalter et al., 1996; Huestis, 2005), whereas the other compounds tested here would not yield βarrestin2-dependent intoxicating effects.
Although changes in [3H]CP55,940 binding were observed for several cannabinoids and phytomolecules, it is not presently clear whether changes in signaling or protein recruitment were the result of direct, orthosteric activity as opposed to allosteric modulation, or modulation of a separate target whose signaling converges on the same output measure (e.g., membrane fluidity and adenylate cyclase, etc.). In the past, our group and others have explored cannabinoid allostery (Laprairie et al., 2015; Martinez-Pinilla et al., 2017; Tham et al., 2018; Navarro et al., 2021), but this was not the focus of the present study. ∆9-THC and other cannabinoids affect signaling via many other proteins, including the type 2 cannabinoid receptor (CB2R), the orphan GPCR GPR55, 5HT1A receptor, μ-opioid receptor, peroxisome proliferator-activated receptors (PPARs), and the transient receptor potential vanilloid 1 Ca2+ channel (TRPV1), among others (Howlett and Abood, 2017). Therefore, in order to understand the poly-pharmacology of cannabinoids and terpenes in whole organisms, other receptor targets and pharmacokinetic outcomes must be considered.
In conclusion, there exists a great wealth and array of phytomolecules present in cannabis whose pharmacology as single chemicals is still being determined, let alone as a milieu of more than five hundred compounds. Our studies are the first steps toward characterizing the complex mixture of compounds present in cannabis as well as their effects and interactions. It is our goal and the goal of many researchers exploring the potential of an entourage effect (Santiago et al., 2019; Devsi et al., 2020; Finlay et al., 2020; Heblinski et al., 2020; LaVigne et al., 2021) and to determine if and how cannabinoids and terpenes may influence one another’s pharmacology. As interest continues to accrue with respect to the use of cannabis for medical and non-medical purposes, the aim of this work was to understand how cannabis and non-cannabis phytomolecules work alone and in combination with one another so they can be used safely.
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Cannabidiol prevents methamphetamine-induced neurotoxicity by modulating dopamine receptor D1-mediated calcium-dependent phosphorylation of methyl-CpG-binding protein 2
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In the past decade, methamphetamine (METH) abuse has sharply increased in the United States, East Asia, and Southeast Asia. METH abuse not only leads to serious drug dependence, but also produces irreversible neurotoxicity. Currently, there are no approved pharmacotherapies for the treatment of METH use disorders. Cannabidiol (CBD), a major non-psychoactive (and non-addictive) cannabinoid from the cannabis plant, shows neuroprotective, antioxidative, and anti-inflammatory properties under METH exposure. At present, however, the mechanisms underlying these properties remain unclear, which continues to hinder research on its therapeutic potential. In the current study, computational simulations showed that CBD and METH may directly bind to the dopamine receptor D1 (DRD1) via two overlapping binding sites. Moreover, CBD may compete with METH for the PHE-313 binding site. We also found that METH robustly induced apoptosis with activation of the caspase-8/caspase-3 cascade in-vitro and in-vivo, while CBD pretreatment prevented these changes. Furthermore, METH increased the expression of DRD1, phosphorylation of Methyl-CpG-binding protein 2 (MeCP2) at serine 421 (Ser421), and level of intracellular Ca2+ in-vitro and in-vivo, but these effects were blocked by CBD pretreatment. The DRD1 antagonist SCH23390 significantly prevented METH-induced apoptosis, MeCP2 phosphorylation, and Ca2+ overload in-vitro. In contrast, the DRD1 agonist SKF81297 markedly increased apoptosis, MeCP2 phosphorylation, and Ca2+ overload, which were blocked by CBD pretreatment in-vitro. These results indicate that CBD prevents METH-induced neurotoxicity by modulating DRD1-mediated phosphorylation of MeCP2 and Ca2+ signaling. This study suggests that CBD pretreatment may resist the effects of METH on DRD1 by competitive binding.
Keywords: methamphetamine, cannabidiol, dopamine receptor D1, methyl-CpG-binding protein 2, calcium
INTRODUCTION
Methamphetamine (METH) use has markedly increased in North America, East Asia, and Southeast Asia in recent years (UNODC, 2021). Of concern, the continuous use of METH can trigger serious neurotoxicity (Kim et al., 2020; Jayanthi et al., 2021), ultimately leading to neurological impairment, tissue damage, and neuropsychological disturbance (Cadet and Krasnova, 2009; Lappin et al., 2018; Shukla and Vincent, 2020). Evidence suggests that METH-induced neurotoxicity involves many mechanisms (Jayanthi et al., 2021), including dopamine (DA) release, oxidative stress, mitochondrial stress, endoplasmic reticulum (ER) stress, microglial and astrocyte activation, ubiquitin/proteasome system (UPS) dysfunction, immediate early gene (IEG) modification, and autophagy. However, the specific mechanisms underlying METH-induced neurotoxicity remain poorly understood.
As a methyl DNA-binding transcriptional regulator, methyl-CpG-binding protein 2 (MeCP2) participates in transcription repression (Jones et al., 1998; Nan et al., 1998) and activation (Chahrour et al., 2008), RNA splicing regulation (Young et al., 2005), and transcriptional noise suppression (Skene et al., 2010). MeCP2 is also a critical regulator of neurodevelopment and adult brain function (Gulmez Karaca et al., 2019), and dysfunction in MeCP2 can cause Rett syndrome and other neuropsychiatric disorders (Amir et al., 1999; Chin and Goh, 2019). Furthermore, MeCP2-mediated neurotoxicity may also contribute to neuropsychiatric disorders (Russell et al., 2007; Dastidar et al., 2012; Montgomery et al., 2018) and participate in METH-induced behavioral disorders in rodents (Lewis et al., 2016; Wu et al., 2016; Fan et al., 2020). However, the role of MeCP2-mediated neurotoxicity in METH use disorders remains poorly understood. Phosphorylation has been suggested as a potential mechanism by which MeCP2 modulates gene expression (Chao and Zoghbi, 2009; Damen and Heumann, 2013). The phosphorylation of MeCP2 (pMeCP2) at serine 80 (Ser80) increases MeCP2 binding to target gene promoters and restricts transcription, while phosphorylation of MeCP2 at serine 421 (Ser421) increases MeCP2 dissociation from promoters and transcription activation (Chen et al., 2003; Chao and Zoghbi, 2009). Phosphorylation of MeCP2 at Ser421 is mediated by a calcium-dependent mechanism (Chen et al., 2003; Buchthal et al., 2012). Phosphorylation of MeCP2 at Ser421 contributes to neural and behavioral responses to psychostimulants in mice, whereas phosphorylation of MeCP2 in the nucleus accumbens (NAc) is mediated by D1-like DA receptors, including DA receptors D1 (DRD1) and D5 (DRD5) (Deng et al., 2010). There is growing evidence that both calcium signaling and DRD1 are involved in METH-induced neurotoxicity (Ares-Santos et al., 2012; Ares-Santos et al., 2013; Friend and Keefe, 2013; Andres et al., 2015; Sun et al., 2015; Nguyen et al., 2018), and activation of DRD1 can significantly induce neuronal damage (Park et al., 2019). Therefore, DRD1-mediated phosphorylation of MeCP2 may be a critical mechanism in METH-induced neurotoxicity.
Cannabidiol (CBD) is a primary non-psychoactive cannabinoid in the cannabis plant and exhibits considerable therapeutic potential in the treatment of neuropsychiatric disorders, including epilepsy, Parkinson’s disease (PD), Alzheimer’s disease (AD), depression, anxiety, psychosis, and drug dependence (Elsaid et al., 2019; Premoli et al., 2019; Vitale et al., 2021). Recent research has indicated that CBD exerts neuroprotective effects on METH-induced neurotoxicity in rats (Razavi et al., 2021). Furthermore, some evidence has suggested that CBD modulates several receptors in METH exposure, such as D1-like DA receptors (Nouri et al., 2021; Shen et al., 2022), D2-like DA receptors (Hassanlou et al., 2021), Sigma-1 receptors (Yang et al., 2020), and Toll-like type-4 receptors (TLR4) (Majdi et al., 2019). We previously showed that CBD may modulate DRD1 to attenuate METH-induced DA release (Shen et al., 2022). However, the underlying mechanism related to the neuroprotective effects of CBD on METH-induced neurotoxicity remains elusive. In the current study, we hypothesized that METH induces neurotoxicity via DRD1-mediated phosphorylation of MeCP2 at Ser421 with calcium influx, and CBD treatment prevents METH-induced neurotoxicity via modulation of DRD1.
MATERIALS AND METHODS
Molecular docking
Molecular docking was performed using AutoDock v4.2.6 in accordance with previous research (Bian et al., 2019; Zhang et al., 2021). Structural information on rat DRD1 was obtained from the AlphaFold Protein Structure Database (https://alphafold.ebi.ac.uk/), and structural information on METH and CBD was obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/). First, preparation of DRD1 was performed using AutoDockTools v1.5.6, including the addition of hydrogens and calculation of atomic charges with the Kollman all-atom approach (Bian et al., 2019). The atomic charges of CBD and METH were calculated using the Gasteiger-Hückel approach with AutoDockTools v1.5.6 (Bian et al., 2019). A three-dimensional (3D) search grid with 40 × 44 × 40 points was created using the AutoGrid algorithm, and the maximum number of poses per ligand was set to 200. Next, all postures for CBD and METH were docked using AutoDock v4.2.6. The docking parameters were set to default, as per previous research (Zhang et al., 2021). The docking scores of all postures were extracted using AutoDockTools v1.5.6. The affinity score was greater than −5 kcal/mol, indicating a reliable docking process. The best docking posture was then selected. Finally, binding site analysis was performed using Discovery Studio Visualizer v4.5 and visualized using PyMol v2.5.2.
Drugs
For the in-vitro experiments, methamphetamine hydrochloride (National Institutes for Food and Drug Control, #171212–200603, Beijing, China) was dissolved in phosphate-buffered saline (PBS; pH 7.2; Biological Industries, #02-024-1ACS, Beit HaEmek, Israel). SCH23390 hydrochloride (Bio-Techne, #0925, Minneapolis, MN, United States) or SKF81297 hydrobromide (Bio-Techne, #1447, Minneapolis, MN, United States) was dissolved in PBS with gentle warming. In addition, CBD (Pulis Biological Technology Co. Ltd., #PD0155, Chengdu, China) was dissolved in dimethyl sulfoxide (DMSO) (MP Biomedicals, #196055, CA, United States). The final concentration of DMSO in the culture medium was not more than 0.1%. For the in-vivo experiments, methamphetamine hydrochloride was dissolved in saline and CBD was mixed with 5% DMSO and 5% Tween-80 (Solarbio Life Sciences, #T8360, Beijing, China) in saline with gentle warming. Preparation of CBD was based on research from other laboratories (Hampson et al., 1998; Ryan et al., 2009; Hay et al., 2018; Luján et al., 2018) and our previous studies (Yang et al., 2020; Shen et al., 2022).
Primary culture of neurons
Neurons for primary culture were isolated from the brain of early postnatal Sprague-Dawley rats following previous research, with slight modification (Chen et al., 2016; Li et al., 2019; Ding et al., 2020). Briefly, mesaticephalic and cortical tissues were gathered from brains of early postnatal rats and digested with trypsin solution (Gibco, #25200–072, Grand Island, NE, United States of America). Tissue mixtures were filtered with a 70-μm cell strainer (Biosharp Life Sciences, #BS-70-XBS, Hefei, China) and centrifuged at 3,000 × rpm for 5 min at 4°C. The sediments were resuspended in high glucose culture medium (Biological Industries, #06-1055-57-1ACS, Beit HaEmek, Israel) with 10% fetal bovine serum (Biological Industries, #04-001-1ACS, Beit HaEmek, Israel) and 2% penicillin/streptomycin (Gibco, #15140-122, Grand Island, NE, United States). After 24-h in-vitro culture, the medium was replaced with neurobasal medium (STEMCELL Technologies, #05790, Canada) containing 10% fetal bovine serum, 2% B-27 (Gibco, #17504-044, Grand Island, NE, United States), 1% glutamine (Gibco, #35050-061, Grand Island, NE, United States), and 2% penicillin/streptomycin, which was replaced every 3 days. We identified the purity of primary neurons before all experiments in our previous work (Shen et al., 2022). Therefore, the results of neuronal purity are reported in our earlier manuscript (Shen et al., 2022). For the cell viability test, neurons were treated with 50, 100, 200, 400, 800, or 1,000 μM METH for 24 h, and subsequently treated with 400 μM METH for 3, 6, 12, 24, or 48 h. In addition, 0.1, 1, or 10 μM CBD was used as a pretreatment for 1 h before the addition of METH. For the DRD1 experiment, 10 μM SCH23390 (DRD1 antagonist) was used as a pretreatment for 1 h before the addition of METH, and 10 μM SKF81297 (DRD1 agonist) was used for 1 h after the addition of CBD. The concentrations were based on research from other laboratories, with slight modification (Sun et al., 2015; Chakraborty et al., 2016; Chen et al., 2016; Uno et al., 2017; Branca et al., 2019).
Cell counting kit-8 assay
Neurons were seeded at a density of 5 × 103 cells/well in a 96-well plate. After the neurons were incubated with drugs following the above procedures, cell viability was detected using Cell counting kit-8 (CCK-8) reagent (Dalian Meilun Biotechnology Co. Ltd., #MA0218, Dalian, China). Absorbance was obtained on a microplate reader at 450 nm. Cell viability was calculated according to the formula provided by the kit.
Western blotting
Neurons and brain tissue from rats were suspended in RIPA lysis buffer (Beyotime, #P0013B, Shanghai, China) containing protease inhibitors (Beyotime, #ST506-2, 1:100, Shanghai, China) and phosphatase inhibitor cocktail A (Beyotime, #P1082, 1:50, Shanghai, China). After the neurons and tissue samples were homogenized using a sonicator, the homogenate was lysed for 30 min on ice. The lysates were then centrifuged at 12,000 × g for 15 min at 4°C, and the supernatant was subjected to BCA protein assay (Beyotime, #P0012, Shanghai, China) to determine protein concentration. Total protein (25 μg) was separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Beyotime, #P0012AC, Shanghai, China) and transferred onto polyvinylidene fluoride (PVDF) membranes (Sigma-Aldrich, IPVH00010, St. Louis, MO, United States). The membranes were blocked with 5% dry skimmed milk in Tris-buffered saline and incubated overnight at 4°C in blocking solution containing primary antibodies against DRD1 (Bio-Techne, #NB110-60017, 1:800, Minneapolis, MN, United States), pMeCP2 (phospho Ser421) (Abcam, #ab254050, 1:1,000, Cambridge, United Kingdom), caspase-8 (Abcam, #ab25901, 1:1,000, Cambridge, United Kingdom), cleaved caspase-8 (Proteintech, #66093-1-Ig, 1:2,000, IL, United States), caspase-3 (Cell Signaling Technology, #9662, 1:1,000, MA, United States), cleaved caspase-3 (Cell Signaling Technology, #9664, 1:1,000, MA, United States), and β-actin (Proteintech, #66009–1, 1:5,000, IL, United States). After rinsing three times with Tris-buffered saline containing Tween-20 (TBST) (Solarbio Life Sciences, #T8220, Beijing, China), the membranes were incubated with rabbit horseradish peroxidase (HRP) (Cell Signaling Technology, #7074S, 1:5,000, MA, United States) or mouse HRP secondary antibodies (Cell Signaling Technology, #7076S, 1:5,000, MA, United States), followed by rinsing three times with TBST. Immunoreactive proteins were detected using a chemiluminescence reaction (Biosharp Life Sciences, #BL520A, Hefei, China). Images were obtained using an immunoblotting detection system (Bio-Rad Laboratories, Hercules, CA, United States) and analyzed with ImageJ software.
Immunofluorescence staining
After incubation with drugs, the neurons were fixed in 4% paraformaldehyde (Biosharp Life Sciences, #BL539A, Hefei, China) for 30 min and rinsed three times with PBS. For immunolabeling, the neurons were first penetrated with 0.2% Triton X-100 (Solarbio Life Sciences, #T8200, Beijing, China) for 30 min, then blocked with 10% goat serum (Solarbio Life Sciences, #SL038, Beijing, China) for 2 h at room temperature. The neurons were then incubated with PBS containing antibodies against DRD1 (Bio-Techne, #NB110-60017, 1:200, Minneapolis, MN, United States), pMeCP2 (phospho Ser421) (Abcam, #ab254050, 1:200, Cambridge, United Kingdom), cleaved caspase-8 (Proteintech, #66093-1-Ig, 1:200, IL, United States), or cleaved caspase-3 (Cell Signaling Technology, #9664, 1:200, MA, United States) overnight at 4°C. Correspondingly, species-specific fluorescent-conjugated secondary antibodies were applied to detect immunoreactive proteins. The nucleus was labeled with DAPI (Cell Signaling Technology, #8961S, MA, United States). Images were obtained using a fluorescent microscope (Olympus Corporation, #BX53, Tokyo, Japan) and analyzed with ImageJ.
Intracellular Ca2+ detection
Intracellular Ca2+ was detected as per previous study (Sun et al., 2015). For the in-vitro experiments, drug-treated neurons were rinsed three times with Hanks’ balanced salt solution (HBSS, Sigma-Aldrich, #H6648, St. Louis, MO, United States) and incubated with HBSS containing 10 μM Fluo-3-AM solution (Sigma-Aldrich, #39294, St. Louis, MO, United States) for 60 min at 37°C. For the in-vivo experiments for Ca2+ detection, tissue sections were first penetrated with HBSS containing 0.2% Triton X-100 and 0.1% sodium citrate (Solarbio Life Sciences, #C1032, Beijing, China) for 30 min, then incubated with HBSS containing 10 μM Fluo-3-AM solution for 60 min at 37°C. After incubation with Fluo-3-AM solution, the neurons and tissue sections were rinsed three times with HBSS. Observations were performed with a fluorescent microscope at a detection wavelength of 488 nm. Obtained images were analyzed with ImageJ.
Terminal deoxynucleotidyl transferase dUTP nick-end labeling staining
Apoptosis was detected using a Terminal Deoxynucleotidyl Transferase dUTP Nick-end Labeling (TUNEL) assay kit (Sigma-Aldrich, #11684817 910 or #12156792910, St. Louis, MO, United States) according to the manufacturer’s protocols. For the in-vitro experiments, neurons were fixed in 4% paraformaldehyde for 30 min and rinsed with PBS. For the in-vivo experiments, tissue sections were rinsed three times with PBS. After incubation with 3% H2O2 for 10 min at room temperature, the neurons and tissue sections were rinsed with PBS, then penetrated with PBS containing 0.2% Triton X-100 and 0.1% sodium citrate for 2 min on ice. For TUNEL staining, the samples were incubated with TUNEL reaction mixture for 60 min at 37°C. After the samples were rinsed three times with PBS, DAPI was used to localize nuclei. A fluorescent microscope was used to obtain images with the detection wavelength at 488 nm or 580 nm. DAPI- and TUNEL-positive cells were counted using ImageJ (n = 5). TUNEL-positive cell ratio = TUNEL-positive cells/DAPI-positive cells.
Animals
Adult male Sprague-Dawley rats (8–9 weeks old, n = 40) were purchased from the Laboratory Animal Center, Kunming Medical University. The rats were housed in a humidity- (50% ± 10%) and temperature-controlled (22°C ± 1°C) room on a 12-h reverse light/dark cycle. Food and water were available ad libitum. All animal procedures were conducted according to the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals and were approved by the Animal Care and Use Committee of Kunming Medical University (permit number: kmmu2020403). The rats were randomly distributed into four groups: i.e., Saline (n = 10), CBD 40 mg/kg (n = 10), METH 15 mg/kg (n = 10), and CBD 40 mg/kg + METH 15 mg/kg (n = 10) groups.
Animal treatments
After 1 week of habituation, the rats received intraperitoneal injections of METH (eight injections, 15 mg/kg/injection, 12-h intervals). Injections were performed at 08:00 and 20:00 for 4 days. This exposure paradigm was selected based on previous studies (Qiao et al., 2014; Huang et al., 2015; Xie et al., 2018; Xu et al., 2018; Huang et al., 2019; Chen et al., 2020). CBD was injected intraperitoneally at a dose of 40 mg/kg 1 h before METH administration, following our previous studies (Yang et al., 2020; Shen et al., 2022). During treatment, body weights were recorded every day. In addition, METH-stereotyped behavior was observed as described previously (Sams-Dodd, 1998; Roberts et al., 2010; Qiao et al., 2014). Briefly, an observer blind to the experiment visually assessed several classified behaviors, including: (0) No repetitive head movements; 1) Weak repetitive side-to-side head movements; 2) Strong repetitive side-to-side head movements; and 3) Stationary stereotyped behavior with strong side-to-side or circular head movements. Rats were anesthetized 24 h after the last injection, and perfused transcardially with saline. After perfusion with saline, the brains of rats were removed, and the prefrontal cortex (PFC) and hippocampus (Hip) were dissected bilaterally on ice and stored at −80°C for detection of proteins. For tissue sections, the rats were perfused transcardially with 4% paraformaldehyde and brains were preserved in 4% paraformaldehyde at 4°C. After 2 weeks of fixation, the brains were sunk in increasing concentrations of sucrose (10%, 20%, and 30%). Brains were sectioned (15 μm) along the coronal plane incorporating the PFC and Hip on a freezing microtome (Leica Biosystems, #CM 1860, Nussloch, Germany) kept at −20°C.
Statistical analyses
All data were analyzed using SPSS v26.0 and presented as mean ± standard deviation (SD). One-way analysis of variance (ANOVA) was used to analyze data from parts A and B of the CCK-8 assay, with factors defined as METH treatments (corresponding to “METH dose” and “treatment time” levels). Three-way repeated-measures ANOVA was used to analyze data from the behavioral experiment, with factors defined as CBD treatment, METH treatment, and Time. Two-way ANOVA (no repeated measures) was used to analyze data from other in-vitro and in-vivo experiments. For the first part of the in-vitro experiments and other in-vivo experiments, factors were defined as CBD and METH treatments. For the second part of the in-vitro experiments, factors were defined as SCH23390 and METH treatments. For the third part of the in-vitro experiments, factors were defined as CBD and SKF81297 treatments. ANOVA was followed by Tukey HSD post-hoc tests. Before ANOVA, normality and homogeneity of equal variance were confirmed. The level of significance was set to 0.05.
RESULTS
Methamphetamine and cannabidiol bind with DA receptors D1
We first screened the METH-binding pocket in the DRD1 model from 7 reliable binding pockets. We chose the METH-binding pocket with the highest affinity (−5.8 kcal/mol). Specially, 12 amino acid residues of DRD1 formed the boundary of the pocket, including PHE-289, SER-198, ILE-103, ASN-292, PHE-288, PHE-313, ASP-102, TRP-321, THR-188, TRP-98, VAL-99, and LEU-190 (Figure 1A). Among these amino acids, one hydrogen bond was observed between residue ASP-102 from transmembrane (TM) 3 and METH at 3.1 Å. In addition, residue PHE-288 from TM6 and METH formed a Pi-Pi T-shaped non-covalent interaction at 4.9 Å, while residue ILE-103 from TM3 and METH formed a Pi-Alkyl non-covalent interaction at 3.7 Å (Figure 1A). We also performed docking simulation with the DRD1 model and CBD. In total, 15 reliable CBD-binding pockets were found, with the highest affinity of −7.3 kcal/mol. The best CBD-binding pocket in the DRD1 model consisted of 14 amino acid residues, including ALA-83, ASN-185, ARG-189, PHE-313, VAL-295, THR-188, SER-310, ASP-187, ASP-314, GLY-87, LYS-80, TRP-89, CYS-186, and PHE-88 (Figure 1B). A hydrogen bond was observed between residue ASP-314 from TM7 and CBD at 1.9 Å, while residue ASP-187 from TM5 and CBD formed a Pi-Anion non-covalent interaction at 5.8 Å. In addition, several Alkyl-Alkyl interactions were found between CBD and TRP-89, CYS-186, ALA-83, ARG-189, and PHE-313. To determine whether CBD competes with METH for binding sites, we docked METH and CBD with DRD1 based on the above pockets simultaneously. Results showed that CBD was bound to DRD1 near the METH-binding pocket (Figure 1C). Interestingly, for CBD and DRD1 interactions, the hydrogen bond between residue ASP-314 and CBD (Figure 1B) was converted to van der Waals force (Figure 1C), while the Alkyl-Alkyl interaction between residue PHE-313 (Figure 1B) was transformed into a Pi-Sigma covalent bond (Figure 1C). However, no differences were observed in the interactions between METH and DRD1 compared with METH docking alone (Figure 1C). Overlaps between CBD-binding sites and METH-binding sites were found, e.g., PHE-313 and THR-188 (Figure 1C). The bond strength between CBD and DRD1 was stronger than that of METH in PHE-313, but not that of METH in THR-188 (Figure 1C). This is likely because the covalent Pi-Sigma bond is stronger than van der Waals force for drug loading (Li and Yang, 2015).
[image: Figure 1]FIGURE 1 | Protein-drug binding simulations. Seven transmembrane domains of DRD1 are shown as multicolor bands. METH or CBD are marked in cyan, while key DRD1 residues are marked in yellow. (A) Docking pose, binding sites, and interactions between DRD1 model and METH. (B) Docking pose, binding sites, and interactions between DRD1 model and CBD. (C) Docking pose, binding sites, and interactions among CBD, METH, and DRD1 model.
Cannabidiol prevented methamphetamine-induced decrease in cell viability
Cultured neurons were treated with various concentrations of METH (50, 100, 200, 400, 800, 1,000 μM) for 24 h, with cell viability then detected using the CCK-8 assay. Cell viability decreased gradually with the increase in METH concentration [Figure 2A; F (6, 14) = 30.603, p < 0.05, p < 0.01, p < 0.001]. Based on morphological changes in neurons and other previous studies (Sun et al., 2015; Chen et al., 2016), the 400 μM concentration of METH was chosen for subsequent experiments. The neurons were exposed to 400 μM METH for different times (3, 6, 12, 24, 48 h). As indicated in Figure 2B, cell viability showed a significant and time-dependent decrease [Figure 2B; F (5, 12) = 36.953, p < 0.01, p < 0.001]. These results suggest that METH induces neuronal death in a dose-dependent and time-dependent manner. As cellular damage was easy to detect, we also selected the 400 μM concentration of METH to incubate neurons for 24 h. Before METH exposure, the neurons were incubated with CBD (0.1, 1, and 10 μM) or vehicle (0.1% DMSO) for 1 h. Results showed that cell viability diminished significantly after 400 μM METH exposure [Figure 2C; F (6, 14) = 18.449, p < 0.001], increased markedly with CBD pretreatment (≥1 μm) [Figure 2C; F (6, 14) = 18.449, p < 0.01], and showed no change under CBD or vehicle alone [Figure 2C; F (6, 14) = 18.449, p = 1.000, p = 0.999]. Therefore, CBD appears to show a neuroprotective effect on METH exposure. Based on our findings and previous research (Branca et al., 2019), the 1 μM concentration of CBD was chosen to perform subsequent experiments.
[image: Figure 2]FIGURE 2 | Cell viability of neurons incubated with different drugs. (A) Cell viability of neurons incubated with METH for 24 h at different concentrations (50, 100, 200, 400, 800, and 1,000 μM). (B) Cell viability of neurons incubated with 400 μM METH at different time points (3, 6, 12, 24, and 48 h). (C) Cell viability of neurons incubated with CBD (0.1, 1, and 10 μM) and/or METH (400 μM). *p < 0.05, **p < 0.01, or ***p < 0.001 compared with control group, ##p < 0.01 compared with METH group; Tukey HSD post-hoc comparison after significant ANOVA.
Cannabidiol blocked expression of DA receptors D1, phosphorylation of MeCP2, and apoptosis-related proteins induced by methamphetamine exposure in-vitro
We next explored the mechanisms underlying the neuroprotective effects of CBD. To corroborate the cell viability findings, we detected the expression levels of apoptosis-related proteins (caspase-8, cleaved caspase-8, caspase-3, and cleaved caspase-3) in primary neurons. We found that METH significantly induced the expression levels of cleaved caspase-8 [Figure 3A; F (3, 8) = 30.841, p < 0.001], caspase-3 [Figure 3A; F (3, 8) = 20.211, p < 0.01], and cleaved caspase-3 [Figure 3A; F (3, 8) = 48.091, p < 0.001] in-vitro, but had no significant effect on caspase-8. However, CBD pretreatment prevented the high levels of cleaved caspase-8 [Figure 3A; F (3, 8) = 30.841, p < 0.001] and cleaved caspase-3 [Figure 3A; F (3, 8) = 48.091, p < 0.001] induced by METH. These findings were further verified by immunofluorescence staining [Figure 3C; F (3, 16) = 85.584, p < 0.001; F (3, 16) = 47.347, p < 0.001]. METH administration also significantly induced phosphorylation of MeCP2 at Ser421 [Figure 3A; F (3, 8) = 55.573, p < 0.001], which was prevented by CBD pretreatment [Figure 3A; F (3, 8) = 55.573, p < 0.001]. In addition, DRD1 and pMeCP2 were also expressed in the primary neurons (Figure 3B). Significant increases in DRD1 [Figure 3B; F (3, 16) = 71.533, p < 0.001] and pMeCP2 [Figure 3B; F (3, 16) = 320.272, p < 0.001] were observed after METH administration, but were prevented by CBD pretreatment [DRD1; Figure 3B; F (3, 16) = 71.533, p < 0.001; pMeCP2; Figure 3B; F (3, 16) = 320.272, p < 0.001]. These results suggest that the neuroprotective effects of CBD may involve DRD1 levels and MeCP2 phosphorylation at Ser421 in neurons.
[image: Figure 3]FIGURE 3 | Protein levels and colocalization in neurons incubated with CBD and/or METH. (A) Levels of pMeCP2 and apoptosis-related proteins. (B) DRD1 and pMeCP2 levels and their colocalization. (C) Cleaved caspase-8 and cleaved caspase-3 levels and their colocalization. **p < 0.01 or ***p < 0.001 compared with control group, #p < 0.05 or ###p < 0.001 compared with METH group; Tukey HSD post-hoc comparison after significant ANOVA.
Cannabidiol prevented Ca2+ overload and apoptosis induced by methamphetamine in neurons
As the phosphorylation of MeCP2 at Ser421 is calcium-dependent (Chen et al., 2003; Buchthal et al., 2012), we further investigated the level of intracellular Ca2+ in neurons. Results showed that METH significantly increased intracellular Ca2+ in the neurons [Figure 4A; F (3, 16) = 159.367, p < 0.001], whereas CBD pretreatment prevented the high level of Ca2+ [Figure 4A; F (3, 16) = 159.367, p < 0.001]. We applied TUNEL staining to detect neuronal apoptosis. Results showed a significant increase in the level of apoptosis after METH administration [Figure 4B; F (3, 16) = 37.384, p < 0.001], but a significant decrease in apoptosis with CBD pretreatment [Figure 4B; F (3, 16) = 37.384, p < 0.001]. Thus, intracellular Ca2+ may play an important role in the neuroprotective effects of CBD.
[image: Figure 4]FIGURE 4 | Intracellular Ca2+ and apoptosis levels in neurons incubated with CBD and/or METH. (A) Apoptosis level in neurons. (B) Intracellular Ca2+ level in neurons. ***p < 0.001 compared with control group, ###p < 0.001 compared with METH group; Tukey HSD post-hoc comparison after significant ANOVA.
Inhibition of DA receptors D1 activity prevented phosphorylation of MeCP2 and apoptosis-related protein expression induced by methamphetamine in-vitro
To clarify whether DRD1 signaling mediates apoptosis induced by METH, we applied the DRD1 antagonist SCH23390 to inhibit DRD1 activity in the neurons. Results showed that SCH23390 not only prevented METH-induced expression of cleaved caspase-8 [Figure 5A; F (3, 8) = 37.934, p < 0.01] and cleaved caspase-3 [Figure 5A; F (3, 8) = 44.214, p < 0.01, p < 0.001], but also blocked the phosphorylation of MeCP2 [Figure 5A; F (3, 12) = 127.199, p < 0.001] induced by METH. In addition, the phosphorylation of MeCP2 [Figure 5A; F (3, 12) = 127.199, p < 0.001] and levels of cleaved caspase-8 [Figure 5A; F (3, 8) = 37.934, p < 0.01] and cleaved caspase-3 [Figure 5A; F (3, 8) = 44.214, p < 0.01] were lower than that in the control when SCH23390 was administered alone. Immunofluorescence staining showed the preventive effects of SCH23390 on DRD1 expression [Figure 5B; F (3, 16) = 194.609, p < 0.001]. The pMeCP2 [Figure 5B; F (3, 16) = 89.432, p < 0.01, p < 0.001], cleaved caspase-8 [Figure 5C; F (3, 16) = 255.105, p < 0.001], and cleaved caspase-3 [Figure 5C; F (3, 16) = 103.056, p < 0.001] results were confirmed by immunofluorescence staining. Thus, METH appears to induce neuronal apoptosis via DRD1-mediated phosphorylation of MeCP2. However, DRD1 antagonist SCH23390 did not completely block the METH induction of DRD1 expression [Figure 5B; F (3, 16) = 194.609, p < 0.01], pMeCP2 expression [Figure 5A; F (3, 12) = 127.199, p < 0.001; Figure 5B; F (3, 16) = 89.432, p < 0.01], cleaved caspase-8 expression [Figure 5A; F (3, 8) = 37.934, p < 0.01; Figure 5C; F (3, 16) = 255.105, p < 0.001], or cleaved caspase-3 expression [Figure 5C; F (3, 16) = 103.056, p < 0.001]. Therefore, other pathways may also be involved in METH-induced caspase cascade.
[image: Figure 5]FIGURE 5 | Protein levels and colocalization in neurons incubated with SCH23390 and/or METH. (A) Levels of pMeCP2 and apoptosis-related proteins. (B) DRD1 and pMeCP2 levels and their colocalization. (C) Cleaved caspase-8 and cleaved caspase-3 levels and their colocalization. **p < 0.01 or ***p < 0.001 compared with control group, ##p < 0.01 or ###p < 0.001 compared with METH group, &&p < 0.01 or &&&p < 0.001 compared with SCH23390 group; Tukey HSD post-hoc comparison after significant ANOVA.
Repression of DA receptors D1 activity prevented Ca2+ overload and apoptosis induced by methamphetamine in neurons
We next investigated intracellular Ca2+ and apoptosis levels in neurons when DRD1 activity was inhibited. We found that inhibition of DRD1 activity prevented METH-induced Ca2+ overload [Figure 6A; F (3, 16) = 256.570, p < 0.001] and inhibited METH-induced apoptosis [Figure 6B; F (3, 16) = 56.240, p < 0.001]. Furthermore, the neuronal levels of Ca2+ [Figure 6A; F (3, 16) = 256.570, p < 0.01] and apoptosis [Figure 6B; F (3, 16) = 56.240, p < 0.001] were also reduced compared with the control when administered SCH23390 alone. These results suggest that METH induces neuronal apoptosis via DRD1-mediated Ca2+ influx. Similarly, the levels of intracellular Ca2+ [Figure 6A; F (3, 16) = 256.570, p < 0.001] and apoptosis [Figure 6B; F (3, 16) = 56.240, p < 0.01] in the SCH23390 + METH group were higher than those in the SCH23390 group. Therefore, other pathways may also contribute to METH-induced Ca2+ influx and apoptosis.
[image: Figure 6]FIGURE 6 | Intracellular Ca2+ and apoptosis levels in neurons incubated with SCH23390 and/or METH. (A) Apoptosis level in neurons. (B) Intracellular Ca2+ level in neurons. **p < 0.01 or ***p < 0.001 compared with control group, ###p < 0.001 compared with METH group, &&p < 0.01 or &&&p < 0.001 compared with SCH23390 group; Tukey HSD post-hoc comparison after significant ANOVA.
Cannabidiol prevented phosphorylation of MeCP2 and apoptosis-related protein expression induced by DA receptors D1 activation in-vitro
To determine whether the neuroprotective effects of CBD work by inhibition of DRD1 signaling, we used the DRD1 agonist SKF81297 to activate DRD1. Results showed that DRD1 activation increased the expression levels of cleaved caspase-8 [Figure 7A; F (3, 12) = 48.763, p < 0.001] and cleaved caspase-3 [Figure 7A; F (3, 8) = 13.524, p < 0.01] and induced the phosphorylation of MeCP2 [Figure 7A; F (3, 8) = 37.637, p < 0.001]. As expected, CBD pretreatment prevented the high SKF81297-induced expression of pMeCP2 [Figure 7A; F (3, 8) = 37.637, p < 0.001], cleaved caspase-8 [Figure 7A; F (3, 12) = 48.763, p < 0.001], and cleaved caspase-3 [Figure 6A; F (3, 8) = 13.524, p < 0.01]. Immunofluorescence staining also showed that SKF81297 robustly stimulated DRD1 [Figure 7B; F (3, 16) = 60.311, p < 0.001], which was blocked by CBD pretreatment [Figure 7B; F (3, 16) = 60.311, p < 0.001]. MeCP2 phosphorylation also increased significantly [Figure 7B; F (3, 16) = 80.637, p < 0.001], but was prevented by CBD pretreatment [Figure 7B; F (3, 16) = 80.637, p < 0.001]. Cleaved caspase-8 [Figure 7C; F (3, 16) = 36.566, p < 0.001] and cleaved caspase-3 [Figure 7C; F (3, 16) = 24.377, p < 0.001] showed the same immunofluorescence staining results. Therefore, CBD appears to prevent neuronal apoptosis via DRD1-mediated phosphorylation of MeCP2.
[image: Figure 7]FIGURE 7 | Protein levels and colocalization in neurons incubated with CBD and/or SKF81297. (A) Levels of pMeCP2 and apoptosis-related proteins. (B) DRD1 and pMeCP2 levels and their colocalization. (C) Cleaved caspase-8 and cleaved caspase-3 levels and their colocalization. **p < 0.01 or ***p < 0.001 compared with control group, ##p < 0.01 or ###p < 0.001 compared with METH group; Tukey HSD post-hoc comparison after significant ANOVA.
Cannabidiol blocked Ca2+ overload and apoptosis induced by DA receptors D1 activation in neurons
We further investigated the effects of DRD1 activation on intracellular Ca2+ and apoptosis in neurons. Results showed that DRD1 activation significantly induced neuronal Ca2+ influx [Figure 8A; F (3, 16) = 50.118, p < 0.01] and apoptosis [Figure 8B; F (3, 16) = 38.310, p < 0.001], but both were blocked by CBD pretreatment [Ca2+; Figure 8A; F (3, 16) = 50.118, p < 0.01]; apoptosis; [Figure 8B; F (3, 16) = 38.310, p < 0.001]. These results suggest that the neuroprotective effects of CBD work by preventing DRD1-mediated Ca2+ influx.
[image: Figure 8]FIGURE 8 | Intracellular Ca2+ and apoptosis levels in neurons incubated with CBD and/or SKF81297. (A) Apoptosis level in neurons. (B) Intracellular Ca2+ level in neurons. **p < 0.01 or ***p < 0.001 compared with control group, ##p < 0.01 or ###p < 0.001 compared with METH group; Tukey HSD post-hoc comparison after significant ANOVA.
Cannabidiol prevented growth inhibition and stereotyped behavior induced by methamphetamine in rats
To corroborate the findings that CBD resists neurotoxicity induced by METH in-vitro, we constructed a rat model using METH. We first investigated the effects of drug exposure on body weight in rats. Compared with the control group, repeated METH exposure inhibited normal weight gain in rats [Figure 9A; F (1, 16) = 25 383.728, p < 0.001], while multiple CBD pretreatments prevented the inhibition induced by METH [Figure 9A; F (1, 16) = 25 383.728, p < 0.05], although there was no significant effect when treated with CBD alone [Figure 9A; F (1, 16) = 25 383.728, p = 0.990]. We further investigated METH-induced stereotyped behavior during drug administration. Results showed that repeated METH exposure robustly induced stereotyped behavior in rats [Figure 9B; F (1, 36) = 279.914, p < 0.001] compared with the control group. However, CBD pretreatment blocked this METH-induced stereotyped behavior [Figure 9B; F (1, 36) = 279.914, p < 0.001], although CBD treatment alone had no effect [Figure 9B; F (1, 36) = 279.914, p = 0.992]. These results indicate that CBD exerts a global interventional effect on METH use disorders, including individual growth and behavioral changes.
[image: Figure 9]FIGURE 9 | Changes in body weight and stereotyped behavior in rats repeatedly exposed to CBD and/or METH. (A) Changes in body weight in rats. (B) Changes in stereotyped behavior in rats. ***p < 0.001 compared with control group, #p < 0.05 or ###p < 0.001 compared with METH group; Tukey HSD post-hoc comparison after significant ANOVA.
Cannabidiol prevented DA receptors D1 expression, phosphorylation of MeCP2, Ca2+ overload, and apoptosis induced by methamphetamine in prefrontal cortex of rats
Repeated METH exposure affects cell proliferation and induces apoptosis in the PFC (Kim and Mandyam, 2014). Thus, to further explore the neuroprotective effects of CBD, we investigated protein expression, intracellular Ca2+, and apoptosis levels in the PFC of rats. Results showed that repeated METH exposure markedly increased the expression levels of DRD1 [Figure 10A; F (3, 20) = 127.723, p < 0.001], pMeCP2 [Figure 10A; F (3, 12) = 21.619, p < 0.001], cleaved caspase-8 [Figure 10A; F (3, 16) = 32.630, p < 0.001], and cleaved caspase-3 [Figure 10A; F (3, 20) = 173.065, p < 0.001] in the PFC, whereas CBD pretreatment blocked the high expression levels of DRD1 [Figure 10A; F (3, 20) = 127.723, p < 0.001], pMeCP2 [Figure 10A; F (3, 12) = 21.619, p < 0.001], cleaved caspase-8 [Figure 10A; F (3, 16) = 32.630, p < 0.001], and cleaved caspase-3 [Figure 10A; F (3, 20) = 173.065, p < 0.001]. Repeated METH exposure also increased intracellular Ca2+ [Figure 10B; F (3, 16) = 78.759, p < 0.001] and apoptosis [Figure 10C; F (3, 16) = 173.738, p < 0.001] in the PFC. CBD pretreatment prevented Ca2+ overload [Figure 10B; F (3, 16) = 78.759, p < 0.001] and apoptosis [Figure 10C; F (3, 16) = 173.738, p < 0.001] induced by METH, but had no effect when administered alone. Thus, CBD shows neuroprotective effects in the PFC of rats.
[image: Figure 10]FIGURE 10 | Protein, intracellular Ca2+, and apoptosis levels in prefrontal cortex of rats repeatedly exposed to CBD and/or METH. (A) Levels of DRD1, pMeCP2, and apoptosis-related proteins in prefrontal cortex. (B) Intracellular Ca2+ level in prefrontal cortex. (C) Apoptosis level in prefrontal cortex. ***p < 0.001 compared with control group, ###p < 0.001 compared with METH group; Tukey HSD post-hoc comparison after significant ANOVA.
Cannabidiol blocked DA receptors D1 expression, phosphorylation of MeCP2, Ca2+ overload, and apoptosis induced by methamphetamine in hip of rats
As CBD promotes neurogenesis in the Hip of rats under chronic METH exposure (Razavi et al., 2021) and modulates the psychoactive properties of METH via DA receptors in the Hip of rats (Hassanlou et al., 2021; Nouri et al., 2021), we repeated the above experiments in the Hip. Results showed that METH exposure induced DRD1 [Figure 11A; F (3, 16) = 74.578, p < 0.001], pMeCP2 [Figure 11A; F (3, 16) = 63.564, p < 0.001], cleaved caspase-8 [Figure 11A; F (3, 20) = 44.202, p < 0.001], and cleaved caspase-3 expression [Figure 11A; F (3, 16) = 25.338, p < 0.001] in the Hip, whereas CBD pretreatment blocked the high expression of DRD1 [Figure 11A; F (3, 16) = 74.578, p < 0.001], pMeCP2 [Figure 11A; F (3, 16) = 63.564, p < 0.001], cleaved caspase-8 [Figure 11A; F (3, 20) = 44.202, p < 0.001], and cleaved caspase-3 [Figure 11A; F (3, 16) = 25.338, p < 0.001]. Similarly, METH exposure also induced Ca2+ influx [Figure 11B; F (3, 20) = 62.846, p < 0.001] and apoptosis [Figure 11C; F (3, 16) = 161.004, p < 0.001], whereas CBD pretreatment prevented their high levels [Ca2+; Figure 11B; F (3, 20) = 62.846, p < 0.001; apoptosis; Figure 11C; F (3, 16) = 161.004, p < 0.001] in the Hip.
[image: Figure 11]FIGURE 11 | Protein, intracellular Ca2+, and apoptosis levels in hippocampus of rats repeatedly exposed to CBD and/or METH. (A) Levels of DRD1, pMeCP2, and apoptosis-related proteins in hippocampus. (B) Intracellular Ca2+ level in hippocampus. (C) Apoptosis level in hippocampus. ***p < 0.001 compared with control group, ###p < 0.001 compared with METH group; Tukey HSD post-hoc comparison after significant ANOVA.
DISCUSSION
In the molecular docking simulations, we found that METH and CBD bound to residues of DRD1 with two overlapping binding sites. Moreover, CBD and METH competitively interacted for one of the sites. In the biological experiments, we found that METH significantly induced neurotoxicity with DRD1 activation, high MeCP2 phosphorylation at Ser421, and Ca2+ overload in-vitro and in-vivo. However, CBD pretreatment effectively prevented METH-induced neurotoxicity by inhibiting DRD1, pMeCP2, and Ca2+ influx in-vitro and in-vivo. In addition, the DRD1 antagonist SCH23390 significantly prevented METH-induced neurotoxicity, as well as pMeCP2 expression and Ca2+ overload in-vitro. In contrast, the DRD1 agonist SKF81297 strongly induced neurotoxicity, MeCP2 phosphorylation, and Ca2+ overload in-vitro, which were also blocked by CBD pretreatment.
METH is an amphetamine-type stimulant that primarily induces extracellular and cytoplasmic DA release by acting on DA transporters and vesicle monoamine transporter-2 (VMAT-2) (Kim et al., 2020). Abundant DA in the extracellular matrix and cytoplasm can produce DA quinones, superoxide anions, and hydrogen oxygen species via auto-oxidation, resulting in considerable oxidative damage (LaVoie and Hastings, 1999; Marshall and O'Dell, 2012). Thus, METH-induced DA release is closely related to the process of neurotoxicity (Kim et al., 2020). METH also induces the FasL-Fas death pathway and caspase-3 cleavage in rat neurons, which are mediated by DRD1 (Jayanthi et al., 2005). Here, we found that METH may bind directly with DRD1. Notably, METH exposure significantly induced apoptosis with activation of the caspase-8/caspase-3 cascade in-vitro and in-vivo, while the DRD1 antagonist SCH23390 markedly prevented the METH-induced caspase-8/caspase-3 cascade and neuronal apoptosis in-vitro. In contrast, the DRD1 agonist SKF81297 induced apoptosis via activation of the caspase-8/caspase-3 cascade in-vitro. These results indicate that DRD1 signaling plays a key role in METH-induced neurotoxicity, as reported in various studies (Ares-Santos et al., 2012; Ares-Santos et al., 2013; Friend and Keefe, 2013; Nguyen et al., 2018). However, some evidence suggests that other molecular pathways may also contribute to cell death under METH-induced neurotoxicity, including oxidative stress, mitochondrial stress, ER stress, UPS dysfunction, transcription factor changes, and autophagy (Jayanthi et al., 2021). Here, the DRD1 antagonist SCH23390 did not completely block the effects of METH on Ca2+ influx, MeCP2 phosphorylation, caspase cascade, or neuronal apoptosis. Interestingly, DA induces the expression of DRD1 at low concentration (Sidhu et al., 1999) and functional activity of DRD1 also determines DA release (Shen et al., 2022). This positive feedback mechanism may partially explain why the DRD1 antagonist SCH23390 and DRD1 agonist SKF81297 affected DRD1 expression in our study.
On the other hand, growing evidence indicates that MeCP2 contributes to METH-induced behavioral disorders in rodents (Lewis et al., 2016; Wu et al., 2016; Fan et al., 2020). We observed serious stereotyped behavior in rats under repeated METH exposure, consistent with previous research (Roberts et al., 2010; Qiao et al., 2014). Notably, METH strongly induced stereotyped behavior in rats, with high phosphorylation of MeCP2 at Ser421 in the PFC and Hip. The DRD1 antagonist SCH23390 significantly blocked METH-induced phosphorylation of MeCP2 at Ser421 in the primary neurons of rats. In contrast, the DRD1 agonist SKF81297 strongly induced MeCP2 phosphorylation at Ser421 in-vitro. These results suggest that the phosphorylation of MeCP2 at Ser421 is mediated by DRD1, consistent with previous research (Deng et al., 2010). As the phosphorylation of MeCP2 at Ser421 is calcium-dependent (Chen et al., 2003; Buchthal et al., 2012), we further investigated the level of intracellular Ca2+, and found that METH exposure strongly increased Ca2+ influx in-vitro and in-vivo. However, DRD1 inhibition significantly reduced the high level of intracellular Ca2+ caused by METH, while DRD1 activation markedly increased intracellular Ca2+ in the neurons. These results imply that DRD1-mediated phosphorylation of MeCP2 at Ser421 involves calcium signaling. Several studies suggest that changes in IEGs may also contribute to METH-induced neurotoxicity (Deng et al., 1999; Jayanthi et al., 2005; Jayanthi et al., 2021). Interestingly, research has shown that phosphorylation of MeCP2 at Ser421 mediates the transcriptional activation of IEGs in psychostimulant-injected mice (Deng et al., 2010). Thus, these findings reveal the potential mechanism underlying METH-induced neurotoxicity involving DRD1-mediated calcium-dependent phosphorylation of MeCP2.
CBD exhibits excellent therapeutic potential in neuropsychiatric disorders such as epilepsy, PD, AD, depression, anxiety, psychosis, and drug dependence (Elsaid et al., 2019; Premoli et al., 2019; Vitale et al., 2021). Under METH exposure, CBD shows neuroprotective (Razavi et al., 2021), antioxidative, and anti-inflammatory properties (Majdi et al., 2019; Karimi-Haghighi et al., 2020). In addition, CBD can restore the adaptation to threshold doses caused by repeated METH exposure (Khanegheini et al., 2021). Our results showed that CBD pretreatment prevented METH-induced caspase-8/caspase-3 cascade and apoptosis in-vitro and in-vivo. During abstinence periods, CBD has been shown to promote neurogenesis in the Hip dentate gyrus in rats under chronic METH exposure (Razavi et al., 2021). In the current study, we found that CBD pretreatment markedly prevented the increase in caspase-8/caspase-3 cascade and apoptosis in the Hip of rats induced by repeated METH exposure. Given our results and those of the abovementioned studies, CBD shows substantial neuroprotective effects on METH-induced neurotoxicity. However, one major obstacle regarding CBD research is our relatively poor understanding of the mechanisms underlying its therapeutic potential. As CBD has a low-binding affinity toward traditional cannabinoid receptors (CB1-R and CB2-R) (Izzo et al., 2009; Bian et al., 2019; Vitale et al., 2021), determination of the main active target(s) of CBD is essential. Evidence indicates that CBD modulates DA receptors (Hassanlou et al., 2021; Nouri et al., 2021), Sigma-1 receptors (Yang et al., 2020), and TLR4 (Majdi et al., 2019). Here, we found that CBD may directly bind with DRD1 and compete with METH for the PHE-313 binding site. These two partially overlapping binding pockets likely affected ligand and receptor binding. This may explain why the type of interactions between CBD and DRD1 residues were variable when CBD and METH docked with the DRD1 model. Previous molecular docking evidence suggests that CBD is a potential binding ligand for DRD3 (Bian et al., 2019). Therefore, CBD may exert broader effects on DA receptors. In addition, our biological experiments showed that CBD also exhibited significant preventive effects on SKF81297-induced Ca2+ influx, MeCP2 Ser421 phosphorylation, caspase-8/caspase-3 cascade, and apoptosis. These results suggest that the preventive effects of CBD on neurotoxicity may be mediated by DRD1.
However, METH-induced neurotoxicity not only involves direct damage to neurons, but also the participation of neuroinflammation (Shaerzadeh et al., 2018; Kim et al., 2020). Previous studies have shown that METH induces neuroinflammation via TLR4-or Sigma-1 receptor-related pathways (Kim et al., 2020). In addition, research suggests that METH-stimulative neuroinflammation may involve the participation of D1-like DA receptors (Wang et al., 2019), which are highly expressed in the microglia (Huck et al., 2015). Thus, the contribution of DRD1 to METH-induced neurotoxicity may not be limited to neurons. Furthermore, the phosphorylation of MeCP2 at Ser421 is also observed in microglia after psychostimulant exposure (Cotto et al., 2018). Therefore, the regulatory effects of DRD1-mediated phosphorylation of MeCP2 on METH-induced neurotoxicity may not be limited to neurons but could exert more global effects on multiple types of cells, providing a clear direction for future research.
In conclusion, our results suggest that METH induces neurotoxicity via DRD1-mediated calcium-dependent phosphorylation of MeCP2 at Ser421. Moreover, CBD significantly prevents METH-induced neurotoxicity via modulation of DRD1. Future research should focus on the contribution of neuroinflammation to neurotoxicity and explore the anti-inflammatory effects of CBD under METH exposure.
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Positive allosteric modulation of the type 1 cannabinoid receptor (CB1R) has substantial potential to treat both neurological and immune disorders. To date, a few studies have evaluated the structure-activity relationship (SAR) for CB1R positive allosteric modulators (PAMs). In this study, we separated the enantiomers of the previously characterized two potent CB1R ago-PAMs GAT591 and GAT593 to determine their biochemical activity at CB1R. Separating the enantiomers showed that the R-enantiomers (GAT1665 and GAT1667) displayed mixed allosteric agonist-PAM activity at CB1R while the S-enantiomers (GAT1664 and GAT1666) showed moderate activity. Furthermore, we observed that the R and S-enantiomers had distinct binding sites on CB1R, which led to their distinct behavior both in vitro and in vivo. The R-enantiomers (GAT1665 and GAT1667) produced ago-PAM effects in vitro, and PAM effects in the in vivo behavioral triad, indicating that the in vivo activity of these ligands may occur via PAM rather than agonist-based mechanisms. Overall, this study provides mechanistic insight into enantiospecific interaction of 2-phenylindole class of CB1R allosteric modulators, which have shown therapeutic potential in the treatment of pain, epilepsy, glaucoma, and Huntington’s disease.
Keywords: type 1 cannabinoid receptor (CB1R), positive allosteric modulator, allosteric agonist, molecular pharmacology, In silico modeling, molecular mechanics-generalized born surface area (MMGBSA)
1 INTRODUCTION
The endogenous cannabinoid system (ECS) is composed of endogenous ligands (e.g. anandamide [AEA] and 2-arachidonoylglycerol [2-AG]), anabolic and catabolic enzymes, and receptors (the predominant receptors being the type 1 and 2 cannabinoid receptors [CB1R, CB2R]) (Di Marzo, 2018; Estrada and Contereras, 2020). The ECS is ubiquitous in the human body (Patel et al., 2021). Both CB1R and CB2R are class A G protein-coupled receptors (GPCRs) (Lutz, 2020). CB1R is most-abundant in the brain and central nervous system (CNS) whereas CB2R is most-abundant in cells of the immune system (Iannotti et al., 2016; Hryhorowicz et al., 2019). The primary role of CB1R is to regulate mood, diet, sleep and pain sensation whereas CB2R regulates immune responses (Iannotti et al., 2016). Both receptors are activated by the endogenous ligands AEA and 2-AG (Carrera et al., 2020). Due to the ubiquitous nature of CB1R and CB2R, the ECS is considered a potential target for a wide array of diseases, but CB1R in particular is considered a target for the treatment of pain and neurological disorders such as Parkinson’s disease, Huntington’s disease, and epilepsy (Perez-Olives et al., 2021).
The intoxicating effects of Cannabis represent a major limitation to its use as medicine. The intoxicating effects of Cannabis are thought to be due to ∆9-tetrahydrocannabinol (THC) binding to the orthosteric site of CB1R (Slivicki et al., 2020). It has previously been hypothesized that the intoxicating properties of CB1R activation could be avoided if a drug bound to the allosteric site of the receptor promoted endogenous ligand activation without direct activation of CB1R because the endogenous cannabinoids AEA and 2-AG are not known to produce intoxicating effects, tolerance, or dependence (Slivicki et al., 2020). Allosteric modulators may be positive allosteric modulators (PAMs), negative allosteric modulators (NAMs), or silent allosteric modulators (Leo and Abood, 2021). A PAM enhances the effect of the primary ligand, a NAM reduces the effect of the primary ligand, and a silent allosteric ligand does not affect the pharmacology of the orthosteric ligand (Mielnik et al., 2021). The first described CB1R allosteric modulator was the indole carboxamide Org27569, which later drove the development of indole sulfonamides as potent CB1R NAMs (Greig et al., 2016; Dopart et al., 2018).
In a previous paper, we reported on the pharmacology of racemic CB1R allosteric modulators GAT591 and GAT593 (Figure 1), wherein we observed these ligands have both allosteric-agonist and positive allosteric modulator (ago-PAM) properties (Garai et al., 2020). We found that GAT591 and GAT593 act at allosteric sites due to their ability to enhance the binding of [3H]CP55,940 at CB1R and at the same time modulate the receptor in absence of an orthostreric ligand (Garai et al., 2020). Biased agonism describes the ability of a ligand to preferentially activate one signalling pathway compared to another; for example G protein-versus βarrestin-mediated signaling (Leo and Abood, 2021; Patel et al., 2021). Our previous work has shown that the racemic mixtures GAT591 and GAT593 displayed bias towards Gαi/o signaling as compared to βarrestin (Garai et al., 2020), which earlier work indicated was correlated with improved cell viability (Laprairie et al., 2016, 2019). Additional studies from our group support the idea that G protein bias of PAMs is correlated with improved outcomes in rodent models of Huntington’s disease, pain, and absence epilepsy (Laprairie et al., 2019; Slivicki et al., 2020; Roebuck et al., 2021); whereas βarrestin bias may be correlated with reduced cell viability and increases pathology in animal models of absence epilepsy and Huntington’s disease (Laprairie et al., 2016; Roebuck et al., 2020). One of the challenges in developing ligands for GPCRs is biased agonism (Leo and Abood, 2021; Patel et al., 2021). To further understand molecular mechanism(s) of action and probe for potential enantio specific interaction, we separated the enantiomers, determined their absolute stereochemistry and did biochemical characterization using cAMP and βarrestin2 assays to determine their allosteric-agonist and PAM activity. Previously we observed the distinct pharmacology between the enantiomers of (±)-GAT211, where (R)-GAT228 was an allosteric-agonist and the opposite enantiomer, (S)-GAT229, showed PAM activity at CB1R within the assays and cell line used (Laprairie et al., 2017). In this study we observed that the enantiomers of GAT591 and GAT593 display unique in vitro and in vivo effects that are likely to be associated with their unique modes of binding to CB1R.
[image: Figure 1]FIGURE 1 | GAT591 previously studied was separated out into its respective enantiomers (GAT1664 and GAT1665) and GAT593 was separated out into its respective enantiomers (GAT1666 and GAT1667). The difference between GAT1664 and GAT1665 vs. GAT1666 and GAT1667 is the position of the fluorine in the indole ring.
2 EXPERIMENTAL SECTION
2.1 In vitro evaluation
2.1.1 Compounds used
CP55,940 and THC were purchased from Cayman (Ann Arbor, MI) and Sigma-Aldrich (Mississauga, ON), respectively. All other tested compounds were obtained from Dr. Ganesh Thakur, Northeastern University. All compounds were initially dissolved in dimethylsulfoxide (DMSO) and diluted in a 10% DMSO solution in phosphate-buffered saline (PBS). Compounds were added directly to cell culture at the time and concentrations indicated at a final concentration of 0.1% DMSO.
2.1.2 Cell culture
HitHunter (cAMP) and PathHunter (βarrestin2) Chinese hamster ovary (CHO)-K1 cells stably-expressing human CB1R (hCB1R) from DiscoveRx (Eurofins, Freemont, CA) were maintained at 37°C, 5% CO2 in DMEM/F-12 containing 10% fetal bovine serum (FBS) and 5 U × 104 U penicillin/streptomycin (ThermoFisher, Mississauga, ON). In addition, 800 μg/ml geneticin was used for CHO-K1 hCB1R HitHunter cAMP cells and 800 μg/ml geneticin and 300 μg/ml hygromycin B was used for CHO-K1 hCB1R PathHunter βarrestin2 cells.
2.1.3 HitHunter cAMP assay
cAMP inhibition was performed in the presence of 10 µM forskolin (FSK) using the DiscoveRx HitHunter assay in hCB1R CHO-K1 cells. Cells (16,000 cells/well in 96 well plates) were incubated overnight in Opti-MEM (Invitrogen) containing 1% FBS at 37°C and 5% CO2. Opti-MEM media was removed and replaced with cell assay buffer (DiscoveRx) and then cells were simultaneously treated with 10 µM FSK and experimental compounds (0.10 nM–10 µM) for 90 min cAMP antibody solution and working detection solutions were added according to the manufacturer’s protocol (DiscoveRx), and cells were incubated for 60 min at room temperature. cAMP solution A was added according to the manufacturer’s protocol (DiscoveRx) and cells were incubated for an additional 60 min at room temperature before chemiluminescence was measured on a Cytation5 plate reader (top read, gain 200, integration time 10 s). Data are presented as percent maximal CP55,940-dependent inhibition of cAMP accumulation.
2.1.4 PathHunter βarrestin2 assay
βarrestin2 recruitment was determined using the hCB1R CHO-K1 cell PathHunter assay (DiscoveRx). Cells (16,000 cells/well in 96 well plates) were incubated overnight in Opti-MEM (Invitrogen) containing 1% FBS at 37°C and 5% CO2. Cells were then simultaneously treated with experimental compounds (0.10 nM–10 µM) for 90 min. Detection solution was added to cells according to the manufacturer’s protocol (DiscoveRx), and cells were incubated for 60 min at room temperature. Chemiluminescence was measured on a Cytation5 plate reader (top read, gain 200, integration time 10 s). Data are presented as percent maximal CP55,940-dependent stimulation.
2.1.5 [3H]CP55,940 radioligand displacement assay
Previous work from our group has shown that CB1R PAMs enhance orthosteric agonist binding (e.g. CP55,940) (Laprairie et al., 2017; Garai et al., 2020). Radioligand binding assays were carried out with 1 nM [3H]CP55,940 in Tris buffer (75 mM Tris-HCl, 12.5 mM MgCl2, 1 mM ethylenediaminetetraacetic acid (EDTA), 1% bovine serum albumin (BSA), pH 7.4) with a total assay volume of 200 µl. The assay began with the addition of transfected hCB1R CHO-K1 cell membranes (25 µg protein per well). The assays were left to equilibrate at room temperature for 2 h before vacuum filtration using a Millipore Sigma 12-well sampling manifold and filter paper that had been soaked in wash buffer. Each reaction well was washed 3 times with a 2 ml aliquot of Tris-binding buffer. The filters were removed then submerged in 5 ml of scintillation fluid (Ultima Gold F, PerkinElmer, Buckinghamshire, United Kingdom). Radioactivity was quantified by liquid scintillation spectrometry. Specific binding was defined as the difference between binding that occurred in the presence and in the absence of 1 µM unlabeled CP55,940. Data are presented as percent [3H]CP55,940 bound.
2.1.6 [35S]GTPγS assay
This assay was conducted as described in previous reports (Garai et al., 2020). To summarize, the assay was completed in the presence of [35S]GTPγS (0.1 nM), GDP (30 µM), GTPγS (30 µM) using membranes derived from CHO-K1 cells (1 mg/ml) overexpressing hCB1R. Assay buffer consisted of 50 mM Tris, 10 mM MgCl2, 100 mM NaCl, 0.2 mM EDTA and 1 mM dithiothreitol (DTT) at pH 7.4. Membranes were incubated at 30°C for 90 min in a total volume of 500 ml. Reactions were ended by the addition of ice-cold wash buffer (50 mM Tris and 1 mg/ml BSA, pH 7.4) followed by rapid filtration under vacuum through pre-soaked Whatman GF/B glass-fibre filters in a 24-well sampling manifold (Brandel Cell Harvester; Brandel Inc., Gaithersburg, MD, United States). Reaction wells were washed six times with a 1.2 ml aliquots of Tris-binding buffer. Filters were subsequently oven-dried for 60 min and placed in 3 ml of scintillation fluid (Ultima Gold XR, PerkinElmer). Bound radioactivity was determined by liquid scintillation counting. Basal [35S]GTPγS binding was determined in the presence of 20 mM GDP without any compounds present. Non-specific binding was determined in the presence of 10 mM GTPγS.
2.2 In vivo evaluation
2.2.1 Triad assessment in mice
Male C57BL/6 mice (Charles River, Senneville, QC) between 4 and 7 months of age were used for these studies. Animals were group housed at the Laboratory Animal Services Unit (LASU) at the University of Saskatchewan (3-5 animals/cage) with a standard 12:12 light-dark cycle, ad libitum access to food and water, and environmental enrichment. Compounds administered intraperitoneally (i.p.) were prepared in vehicle [ethanol and cremophor in saline (1:1:8)]. Catalepsy was assessed in the bar holding assay 5 min after drug administration. Mice were placed so that their forepaws clasped a 0.7 cm ring clamp positioned 4.5 cm above the surface of the testing space (Zagzoog et al., 2021). The length of time the ring was held was recorded in seconds. The trial ended if the mouse turned its head or body or made 3 consecutive escape attempts to a maximum of 60 s. Body temperature was measured by rectal thermometer 15 min after drug administration. Anti-nociceptive effects were measured in the warm water (52 ± 2°C) tail-flick test 20 min after drug administration. Response in this case was defined by the removal of the tail from the warm water, with a maximal response time of 20 s. Catalepsy and tail flick data are presented as percent maximum possible effect (MPE). Compounds were administered at the doses indicated. Experimenters were blinded to treatment for all behavioral assessments and analyses. Animals were purchased, rather than bred, to reduce animal numbers. In all cases, experiments were performed with the approval of the University Animal Care Committee (UACC) at the University of Saskatchewan and are in keeping with the guidelines of the Canadian Council on Animal Care (CCAC) and the ARRIVE guidelines (Kilkenny et al., 2010).
2.3 In silico evaluation
2.3.1 Ligand Preparation
A conformational analysis was performed on GAT1664, GAT1665, GAT1666, and GAT1667 using Spartan’18 V1.4.5 (Spartan, 2018). A conformational search of each compound was run at ground state with molecular mechanics force fields (MMFF) (Spartan, 2018). Semi empirical calculations utilizing the PM3 Hamiltonian were carried out to calculate the equilibrium geometry of each conformer. After duplicates were eliminated, HF/6-31G* was applied to the remaining rotamers to obtain the global minimum energy conformation (Spartan, 2018).
2.3.2 CB1R model
The CB1R model has been described in detail in Hurst et al. (2019), but in brief: The CB1R model used in this study was based on the CB1R activated state crystal structure (PDB-ID: 5XRA) (Hua et al., 2017) and the cryo-EM CB1/Gi bound structure (PDB-ID: 6N4B) (Krishna Kumar et al., 2019). Structures were prepared with the Protein Preparation protocol (Suite 2019-1, Schrödinger, Inc.), mutations in the 5XRA structure were returned to wild-type, and both models were inspected for close contacts and crystal packing effects. Modification of the 5XRA structure to create the CB1R model involved calculating low free energy conformations for TMH2/7 to accommodate mutation data for S7.39, F2.61, F2.64 (Kapur et al., 2007; Shim et al., 2011). In addition, because of loop compression in the 5XRA structure, the IC1 loop from the 6N4B Gi bound structure was used in the model. TMH4 in the 5XRA CB1R* structure has tight crystal contacts on its IC end with TMH1 of another bundle because of antiparallel packing. For this reason, the conformation of TMH4 in the 6N4B Gi bound structure was used in the model. Modeller was used to remodel the EC3 loop (D6.58 to T7.33) and allow K (373) to interact with D2.63, consistent with mutation results (Fiser and Sali, 2003; Marcu et al., 2013). Modeller was also used to extend and model the N-terminus to S (88) with inclusion of the C (98) to C (107) disulfide bridge (Fay and Farrens, 2013, 2015). The receptor/ligand complex was energy minimized in Prime (Suite 2019-1, Schrödinger, Inc.). The Prime implicit membrane functionality was employed. Hydrophilic residues facing the binding crevice and within the low dielectric region of the implicit membrane were excluded from the low dielectric via exclusion spheres placed on each residue. The Generalized Born/Surface Area (GB/SA) continuum solvation model for water was used with the dielectric set to 80 outside of the implicit membrane region and 2 within. A truncated Newton conjugate gradient minimization was performed using the OPLS3e force field for one iteration up to a maximum of 1,000 steps and with a 0.1 kcal/mol gradient endpoint. Constraints of 1 kcal/mol were placed on the C-alpha atoms of residues R3.50, Y5.58, L6.33, and Y7.53 to prevent the intracellular opening present in the R* structures from closing during the minimization.
2.3.3 Binding Site Identification
To identify potential binding site(s) for GAT1664, GAT1665, GAT1666 and GAT1667 at CB1R, we used the Forced-Biased Metropolis Monte Carlo simulated annealing program (MMC) as the first step (Guarnieri and Mezei, 1996; Clark et al., 2006). The MMC method has been used successfully to identify water binding sites in proteins and on DNA to identify potent and novel p38 kinase inhibitors; to identify thermolysin and T4 and lysosome biding sites; and, to identify the binding site of the negative allosteric modulator, pregnenolone (Morales et al., 2016; Zhang et al., 2020). In MMC, the molecule of interest is first divided into smaller fragments. A series of grand canonical ensembles of a molecular fragment interacting with the protein in a large simulation box are created. The Chemical potential of the system is then annealed at descending chemical potential levels, with each new level starting from the last ensemble generated from the previous one. At each step, fragment ligand poses are sampled throughout the box and over the entire protein. Fragments are treated as rigid solvents that are inserted and deleted millions of times until the lowest energy configuration is found at the explored annealing level. As the chemical potential is annealed, the number of fragments in the box decreases because the method eliminates any fragment that has a poorer free energy of interaction than the annealing level. The output of the calculation is an ensemble of ligand poses at each chemical potential level in the annealing schedule. The method is repeated for each molecular fragment. Data analysis is performed using the GENS tool in the MMC program available from the Mihaly Mezei Laboratory (Mezei, 2011).
Of particular interest in MMC calculations are fragments that persist at particular sites on the protein throughout the annealing schedule, since these fragments clearly have high affinity for those sites. Receptor regions at which all molecular fragments of a studied ligand collect are identified from MMC output. This set of sites is then refined to include only those sites at which the order of the fragments reflects the structure of the entire molecule.
GAT1664 and GAT1665 were broken into fragments that included a 6-fluoro-indole ring, a 2-fluoro-phenyl ring and a 3-fluoro-phenyl ring. GAT1666 and GAT1667 were broken into fragments that included 7-fluoro-indole ring, 2-fluoro-phenyl ring and 3-fluoro-phenyl ring. All fragments were prepared with partial charges using the Amber 2002 force field, a point-charge force field for molecular mechanics simulations of proteins based on condensed-phase quantum MMC (Wang et al., 2018). Six MMC runs were performed in which our CB1R receptor model was immersed in a box filled with copies of one of these fragments. Analysis of the MMC runs for GAT1664 and GAT1666 revealed that while each fragment bound to multiple positions on the CB1R receptor, there was only one region in which all fragments clustered. This was at the extracellular end of TMH2/3, just beneath the EC1 loop. Y2.59, a polar residue that faces lipid was found to attract the nitro group fragment, while D2.63 consistently was found interacting with the fluorinated indole fragments.
Docking: Once the two sites were confirmed, the structures of GAT1664-GAT1667 were docked in the intracellular TMH1/2/4 site with H2.41, F4.46, and W4.50 used as direct interaction sites. GAT1664 and GAT1666 were docked in the TM2/3/EC1 site with Y2.59 and D2.63 as direct interaction sites. In addition, after extensive previously published molecular dynamics calculations on unfluorinated versions of the GAT compounds (GAT1600-3), R (148) was modeled to interact directly with the carbonyl oxygens of the last turn of TMH1 and not the nitro group within the compounds (Garai et al., 2021). The receptor/ligand complexes were energy minimized in Prime (Suite 2019-1, Schrödinger, Inc.). The Prime implicit membrane functionality was employed. Hydrophilic residues facing the binding crevice and within the low dielectric region of the implicit membrane were excluded from the low dielectric via exclusion spheres placed on each residue. The Generalized Born/Surface Area (GB/SA) continuum solvation model for water was used with the dielectric set to 80 outside of the implicit membrane region and 2 within. A truncated Newton conjugate gradient minimization was performed using the OPLS3e force field for 1 iteration, up to a maximum of 1,000 steps and with a 0.1 kcal/mol gradient endpoint. Constraints of 1 kcal/mol placed on the c-alpha atoms of residues R3.50, Y5.58, L6.33, and Y7.53 were set to prevent the intracellular opening from closing during the minimization. The resulting docks were refined with the Induced Fit protocol (Suite 2019-1, Schrödinger, Inc.). The Glide box size was set to 12 Å3 centered on the ligand and the SP docking algorithm employed. Residues within 5 Å of the docked ligand were included in the Prime refinement stage, except in the case of the TM2/3 PAM site where S2.60 and K3.28 were excluded based on mutation data (Song and Bonner, 1996; Kapur et al., 2007). The implicit membrane previously used during the initial Prime minimization was employed here as well.
2.3.4 MMGBSA analysis
Each of the GAT1664-GAT1667 ligand-receptor complexes were evaluated via MMGBSA. This was the scoring function used to evaluate each complex and not Glide scores. This method is used to estimate the relative binding affinities for a list of ligands (reported in kcal/mol). As the MMGBSA binding energies are approximate free energies of binding, a more negative value indicated stronger binding. For this computation, the VSGB solvation model was employed while the chosen force field OPLS4 was used.
2.4 Statistical analysis
Data related to EC50 and Emax in Figures 3, 4 were obtained with nonlinear regression models (3-parameter model, GraphPad Prism 9.0, San Diego, CA). Results were calculated as percent response relative to the reference agonist CP55,940 (Figure 3), percent [3H]CP55,940 bound (Figure 4A), or percent stimulation above baseline (Figures 4B,C). The 3-parameter model was used for [3H]CP55,940 binding assays (Figure 4A) because standard radioligand competition models that fit for Kd do not appropriately account for allosteric interactions. Significance was determined by one- or two-way ANOVA followed by Tukey’s or Bonferroni’s post-hoc test as indicated. p < 0.05 was considered significant and p values were only employed where ANOVA was used. Data related to Figure 5 was analyzed in GraphPad Prism 9.0 was used to analyze in vivo data and p < 0.05 was considered to be statistically significant. Data are expressed as mean ± SEM. Group sizes for all experiments are described in figure legends.
3 RESULTS AND DISCUSSION
Our in vitro study explored CB1R-dependent modulation of cAMP inhibition and βarrestin2 recruitment in CHO-K1 cells stably-expressing hCB1R with or without CP55,940. Inhibition of cAMP accumulation is Gαi/o-protein mediated whereas recruitment of βarrestin2 is G-protein independent (Hryhorowicz et al., 2019). In a previous paper, GAT591 and GAT593 displayed mixed agonist and PAM (i.e. ago-PAM) activity (Garai et al., 2020). The compounds GAT591 and GAT593 contain a 50:50 racemic mixture of both R and S enantiomers. In this paper each enantiomer was investigated to determine their allosteric agonist and PAM activity, as we previously observed these properties to be enantiomerically distinct in the compounds GAT211, GAT228, and GAT229 within those experimental conditions (Laprairie et al., 2017). Separating GAT591 and GAT593 into their respective enantiomers gave GAT1664, GAT1665, GAT1666 and GAT1667 (Figure 1).
3.1 Synthesis, chiral separation and absolute stereochemistry determination
We synthesized GAT591 and GAT593 on a multigram scale using our previously published method (Garai et al., 2020). Both enantiomers of each compound were separated in high optical purity (>99%) using superfluid chiral high performance liquid chromatography (HPLC). The absolute stereochemistry of (+)-GAT1664 and (+)-GAT1666 was determined by single-crystal X-ray diffraction technique (for details see supporting formation) and was found to be “S” for both of these enantiomers (Figure 2). Based on this study, we can predict the absolute stereochemistry of each opposite enantiomers, (-)-GAT1665 and (-)-GAT1667 as “R” (Figures 1, 2).
[image: Figure 2]FIGURE 2 | ORTEP diagram of (+)-GAT1664 [(A), CCDC no. 2086717] and (+)-GAT1666 [(B), CCDC no. 2086718].
3.2 In vitro evaluation
Previously, the racemic compounds GAT591 and GAT593 were characterized for their PAM activity in the presence of 100 nM CP55,940 (Garai et al., 2020). Here, CP55,940 displayed EC50 values of 15 nM and 310 nM in the cAMP inhibition and βarrestin2 recruitment assays respectively (Figure 3). Therefore, 100 nM CP55,940 was used in PAM assays in the current study for consistency between studies and as an intermediate concentration.
[image: Figure 3]FIGURE 3 | Assessment of GAT1664, GAT1665. GAT1666, and GAT1667 signaling. hCB1R CHO-K1 were treated with 0.10 nM–10 µM GAT compounds ±100 nM CP55,940. (A) cAMP inhibition of GAT compounds as agonists, (B) βarrestin2 recruitment of GAT compounds as agonists, (C) cAMP inhibition of GAT compounds as PAMs in the presence of 100 nM CP55,940, and (D) βarrestin2 recruitment of GAT compounds as PAMs in the presence of 100 nM CP55,940. cAMP inhibition and βarrestin2 recruitment data are expressed as % CP55,940 max. Data were fit to a nonlinear regression (3-parameter model, GraphPad v. 9.0) to determine EC50 and Emax. Data are mean ± SEM (Emax) or 95% CI (EC50); n = 4 independent experiments performed in triplicate, except for CP55,940 where n = 12 independent experiments performed in triplicate as this compound was included in all assays as a reference compound. *p < 0.05, **p < 0.01, ***p < 0.001 compared to CP55,940; ^p < 0.05, ^^p < 0.01, ^^^p < 0.001 compared to GAT1664, #p < 0.05, ###p < 0.001 compared to GAT1666 as determined by one-way ANOVA followed by Tukey’s post-hoc test.
All enantiomers displayed G protein-mediated agonist activity at hCB1R as shown by their ability to inhibit cAMP production in the absence of an orthosteric agonist (Figure 3A). The ability of these compounds to augment orthosteric agonist signaling was tested in the presence of 100 nM CP55,940 because we have used this concentration of CP55,940 in previous studies (Garai et al., 2020) and because 100 nM CP55,940 produce an ∼65% response relative to the maximum response observed prior to fitting the data to a nonlinear regression (Figure 3). All 4 compounds increased CP55,940’s activity above that observed at the 100 nM level, consistent with either positive allosteric modulation or additive non-competitive agonism (i.e. ago-PAMs) of hCB1R in the presence of the orthosteric agonist CP55,940 in the cAMP assay (Figure 3C). As an agonist, GAT1666 displayed greater efficacy than GAT1664, and GAT1667 displayed the greatest efficacy at inhibiting cAMP as a PAM, although this was not statistically different from other compounds tested. All enantiomers displayed low nanomolar potency as agonists (Figure 3A). Although not statistically significant differences, both R-enantiomers (GAT1665 and GAT1667) displayed greater PAM potency and efficacy than the S-enantiomers (GAT1664 and GAT1666), (Figure 3C). Initial studies with the parent compound scaffold, GAT211, found that PAM activity was associated with GAT229 whereas allosteric agonist activity was associated with GAT228 (Laprairie et al., 2017). Importantly, repeated testing of GAT229 and its structural analogs over the years has shown assay-specific variability and that these enantiomers can display some allosteric agonist activity (Garai et al., 2020), including in the present study. Pure PAM activity has been observed for GAT229 in the autaptic hippocampal neuron ex vivo model systems (Mitjavila et al., 2018). These observations are in keeping with our earlier findings with the parent racemic ligands because PAM activity is predominantly attributable to GAT229, which shares the same spatial orientation as GAT1665 and GAT1667, and agonist activity is predominantly attributable to GAT228, which shares the same spatial orientation as GAT1664 and GAT1666 (Laprairie et al., 2017).
For consistency with cAMP inhibition experiments and previous studies (Garai et al., 2020), compounds were tested for their ability to augment CP55,940-dependent βarrestin2 recruitment with 100 nM CP55,940. Both GAT1665 and GAT1667 recruited βarrestin2 as low-potency agonists and PAMs at hCB1R (Figures 3B,D). GAT1664 did not recruit βarrestin2 to hCB1R while GAT1666 displayed a weak ability to do so as an agonist (Figures 3B,D). This suggests that as agonists, GAT1665 and GAT1667 (the R-enantiomers) recruit βarrestin2.
The operational model described by Kenakin et al. (2012) cannot be used to describe bias for non-competitive interactions accurately. Therefore, bias (∆∆logR) cannot be directly estimated between cAMP inhibition and βarrestin2 recruitment. Examining the potency and efficacy of compounds directly, however, we observed that as an agonist, GAT1664 displayed no activity βarrestin2 recruitment and this compound appears to heavily favour G protein-dependent inhibition of cAMP (Figure 3). GAT1666 displayed greater potency in the cAMP inhibition assay (Figure 3). GAT1665’s potency and efficacy generally favored cAMP inhibition (Figure 3). GAT1667 did appear to favour inhibition of cAMP as an agonist (Figure 3). As PAMs, GAT1664 and GAT1666 displayed no activity in the βarrestin2 recruitment assay (Figure 3). GAT1665 and GAT1667 favoured cAMP inhibition relative to βarrestin2 recruitment (Figure 3F). The parent compound GAT229 shares the same spatial orientation as GAT1665 and GAT1667 and also displayed greater potency in cAMP inhibition assays when tested as a PAM (Laprairie et al., 2017). Therefore, these data confirm previous observations that this scaffold’s spatial orientation promotes G protein PAM activity and extends earlier reports to demonstrate increased potency and efficacy of fluorine-substituted ligands as compared to parent compounds (Laprairie et al., 2017).
Next, we sought to assess the ability of these compounds to modulate orthosteric agonist binding to hCB1R. All enantiomers studied augmented [3H]CP55,940 binding, consistent with their proposed PAM activity, with the R-enantiomers GAT1665 and to a greater extent GAT1667 increasing [3H]CP55,940 binding (Figure 4A). GAT1667 displayed the greatest potency among the enantiomers tested (EC50 = 28 [15–52] nM). Enantiomers were also tested for their ability to promote G protein coupling in the GTPγS assay (Figures 4B,C). All of the enantiomers tested increased G protein coupling alone (i.e. in the absence of the orthosteric agonist CP55,940) with the R-enantiomers GAT1665 and GAT1667 being more potent than the S-enantiomers and GAT1667 in particular displaying the greatest potency (EC50 = 8.0 [3.4–17] nM) (Figure 4B). When 1 μM of each enantiomer was tested in the presence of CP55,940, each enantiomer increased G protein coupling which may be the result of allosteric non-competitive agonism or PAM activity (Figure 4C). Therefore, all enantiomers tested were able to stimulate G protein coupling alone or in the presence of CP55,940, which is consistent with their activity as ago-PAMs. Among the enantiomers tested, GAT1667 consistently displayed the greatest potency and efficacy.
[image: Figure 4]FIGURE 4 | (A) Radioligand binding of 1 nM [3H]CP55,940 and (B,C) G protein binding of [35S]GTPγS to membranes from hCB1R CHO-K1 cells. hCB1R CHO-K1 cells were treated with 0.10 nM–10 µM compounds in the presence 1 nM [3H]CP55,940 (A) or 1 nM [35S]GTPγS (B). Data are expressed as % radioligand bound (A) or % stimulation above baseline (i.e. vehicle) levels (B,C). Data were fit to a nonlinear regression (3-parameter model, GraphPad v. 9.0) to determine EC50, and Emax. Data are mean ± SEM (Emax) or 95% CI (EC50); n = 6 independent experiments performed in triplicate, except for CP55,940 where n = 12 independent experiments performed in triplicate as this compound was included in all assays as a reference compound. ***p < 0.001 compared to CP55,940, ^^^p < 0.001 compared to GAT1664, $$$p < 0.01 compared to GAT1665, ###p < 0.01 compared to GAT1666, as determined by one-way ANOVA followed by Tukey’s post-hoc test.
3.3 In vivo evaluation
All enantiomers were evaluated in male C57BL/6 mice using a triad of outcomes consisting of catalepsy, body temperature, and nociception. Previous studies have shown that the racemic GAT591 and GAT593 did not produce catalepsy or hypothermia at 0.1, 1, 3, or 10 mg/kg (i.p.) compared to vehicle (Garai et al., 2020). Both GAT591 and GAT593 however did produce a dose-dependent anti-nociceptive effect in the tail flick assay that was significant relative to vehicle at 3 and 10 mg/kg (Garai et al., 2020). In this study we evaluated all separated optically pure enantiomers in a triad assay. When tested alone, GAT1664, GAT1665, GAT1666 and GAT1667 did not produce catalepsy, hypothermia, or anti-nociceptive effects at 0.1, 1, 3, or 10 mg/kg i.p. compared to vehicle (Figures 5A–C). We also tested these enantiomers as PAMs by co-administering a sub-threshold dose of 1 mg/kg THC with each GAT compound. THC was selected as a common CB1R partial agonist that could produce a moderate in vivo response to be modulated by our compounds of interest. It was found that GAT1665 and GAT1667 displayed significant cataleptic, hypothermic, and anti-nociceptive effects at 3 and 10 mg/kg i.p. compared to vehicle (Figures 5D–F). Therefore, GAT1664, GAT1665, GAT1666, and GAT1667 did not affect animal responses to catalepsy, body temperature, or nociception in the warm water tail flick assay in normal, otherwise healthy adult mice as agonists; but GAT1665 and GAT1667 were able to augment THC’s effects in vivo when administered once. For comparison, the racemic parent compounds, GAT591 and GAT593, do evoke anti-nociceptive responses in vivo when administered alone (Laprairie et al., 2017; Garai et al., 2020).
[image: Figure 5]FIGURE 5 | In vivo effects of GAT1664, GAT1665, GAT1666 and GAT1667 in male C57BL/6 mice. C57BL/6 mice were administered compounds either alone or co-administered with 1 mg/kg THC to assess catalepsy, hypothermia and nociception. Doses used were 0.1–10 mg/kg compound or volume-matched vehicle control (1:1:18 ethanol/cremaphor/saline) and assessment of catalepsy (%MPE 60 s) (A,D), body temperature (B,E), and nociception in the tail flick assay (%MPE, 20 s) (C,F) were performed; n = 5–10/group; data are mean ± SEM. ^p < 0.05, ^^^p < 0.001 for GAT1665 compared to 1 mg/kg THC; **p < 0.01, ***p < 0.001 for GAT1667 compared to 1 mg/kg THC as determined by two-way ANOVA followed by Bonferroni’s post-hoc test.
3.4 In silico studies
Compounds were docked to a modelled structure of hCB1R to determine their putative binding sites within the receptor. GAT1664 and GAT1666 displayed the greatest modelled affinity to an allosteric site on hCB1R proximal to the intracellular face of the receptor in tan (Figures 6A,B). An H-bond exists between the indole hydrogen in white and the nitrogen atom in blue (H–N distance 1.96 Å) on H1542.41 (Figure 6A). One of the fluorobenzyl groups on GAT has a face-to-face π-π interaction with F2374.46 (4.03Å) while the other fluorobenzyl has a T-shaped π-π interaction with each ring on W2414.50 (4.96 Å to the 6—membered ring; 5.09 Å to the 5—membered ring) (Figure 6A). Upon binding to hCB1R the conformation of the ortho-fluorobenzyl substituent on GAT1664 rotates 90°. The conformational cost for this rotation is 2.35 kcal/mol (Table 1). GAT1666 has the same binding pose, thus the binding energy was measured to look at the relative affinity. GAT1666 is more stable than GAT1664 by 2.31 kcal/mol (∆G GAT1666—∆G GAT1664) which suggests that it has a higher affinity to the allosteric site of hCB1R shown in tan (Figure 6). This can be attributed to changing the fluorine on the sixth position of the indole (GAT1664) to the seventh position on the indole (GAT1666). The binding of a compound to this site may allow it to act as an agonist by promoting the X1 = g + → trans conformation of residue F4.46, facilitating breaking of the R3.50/D6.30 ionic lock which has been shown to activate CB1R (Figures 6, 7) (Hurst et al., 2019).
[image: Figure 6]FIGURE 6 | hCB1R with three different binding sites shown. In these views of hCB1R the orthosteric site is shown in magenta, an identified PAM site in blue, and another identified putative ago-PAM site in tan. Transmembrane helices are: I red, II orange, III yellow, IV light green, V green, VI cyan, and VII blue. (A) is a visualization of CB1R looking down on the extracellular surface. (B) is a visualization of CB1R looking across at the transmembrane domains.
TABLE 1 | The conformational cost of GAT compounds is displayed as well as the relative affinity represented by binding energy.
[image: Table 1][image: Figure 7]FIGURE 7 | GAT1664 and GAT1666 bind to a putative allosteric agonist site. (A) GAT1664 main interactions and the amino acid residues of the binding pocket displayed in tan in Figure 6. The conformation of GAT1664 before it binds to hCB1R (B1) and then the conformation of GAT1664.after it binds to hCB1R (B2). (C) GAT1666 main interactions and the amino acid residues of the binding pocket displayed in tan in Figure 6. The conformation of GAT1666 before it binds to hCB1R (D1) and then the conformation of GAT1664 after it binds to hCB1R (D2).
GAT1665 and GAT1667 displayed the greatest modelled affinity to a distinct allosteric site on hCB1R relative to GAT1664 and GAT1666 (Figures 6, 8). The NO2 group on GAT1665 has a H-bond between 1 of the oxygens shown in red and a hydrogen atom on Y1722.59 (O–H distance 2.17 Å) (Figure 8). Another H-bond exists between the indole hydrogen in white and an oxygen atom in red on D1762.63 (H–O distance 2.29 Å) (Figure 8). A cation-π interaction exists between R182EC1 and each ring on the indole on GAT1665 (six–membered ring centroid on indole to NH2+ on R182EC1 distance 3.59 Å; five–membered ring centroid on indole to NH2+ on R182EC1 distance 3.66 Å) (Figure 8). One of the fluorobenzyl groups on GAT has a face-to-face π-π interaction with Y1722.59 (4.05 Å) (Figure 8). Upon binding to hCB1R the conformation of the NO2 rotates in order to H-bond with Y1722.59 (Table 1). The conformational cost for this rotation is 3.27 kcal/mol. If we compare the binding energy of GAT1665 and GAT1667 it is apparent that GAT1667 is more stable than GAT1665 bound to the PAM site by 4.78 kcal/mol (∆G GAT1667—∆G GAT1665). This can be attributed to changing the fluorine on the sixth position of the indole (GAT1665) to the seventh position on the indole (GAT1667). The previously characterized compound GAT229 also binds to this site and lacks intrinsic activity thus both these compounds alone cannot induce the active state of hCB1R and thus are PAMs. The R-enantiomers (GAT1665 and GAT1667) undergo a smaller conformational cost than the S-enantiomers (GAT1664 and GAT1666) upon binding to their respective sites on hCB1R (Table 1). The R-enantiomers (GAT1665 and GAT1667) bind to the ago-PAM site (∆G = −60.77 and −64.55 kcal/mol) significantly weaker than the S-enantiomers (GAT1664 and GAT1666) bind to the PAM site (−69.68 and −71.99 kcal/mol). Of note, binding of enantiomers to either site was not absolute but was more energetically favourable for the S-enantiomers to bind near the intracellular surface and the R-enantiomers to bind near the first extracellular loop.
[image: Figure 8]FIGURE 8 | GAT1665 and GAT1667 bind to a putative PAM site. (A) GAT1665 main interactions and the amino acid residues of the binding pocket displayed in pink in Figure 6. The conformation of GAT1665 before it binds to hCB1R (B1) and then the conformation of GAT1665 after it binds to hCB1R (B2). (C) GAT1667 main interactions and the amino acid residues of the binding pocket displayed in pink in Figure 6. The conformation of GAT1667 before it binds to hCB1R (D1) and then the conformation of GAT1667 after it binds to hCB1R (D2).
4 CONCLUSION
In summary, the purified enantiomers of GAT591 and GAT593 displayed unique pharmacology. The purified enantiomers GAT1664, GAT1665, GAT1666, and GAT1667 bound to hCB1R in the low nM range and were shown to enhance binding of [3H]CP55,940 at hCB1R. Enhancing the binding of an orthosteric ligand is a characteristic of a PAM and these observations are consistent with all compounds operating in part via positive allostery and/or non-competitive allosteric agonism (Alaverdashvili and Laprairie, 2018; Kenakin and Strachan, 2018). Future explorations of these compounds will utilize full concentration-response curves of these compounds with and without CP55,940 or an endogenous orthosteric agonist (e.g. 2-AG). Such more in-depth experiments will allow for the use an operational model of allosterism that quantifies co-operativity effects on potency, efficacy, and bias as our group has done previously for both PAMs and NAMs (Laprairie et al., 2016; Laprairie et al., 2017); and determine whether the tested compounds display probe-dependence.
In addition to this, we demonstrated that these enantiomers activate hCB1R-dependent inhibition of cAMP and βarrestin2 recruitment. All of the GAT compounds tested here inhibited cAMP accumulation as allosteric agonists and PAMs (i.e. ago-PAMs), with GAT1665 and GAT1667 displaying the greatest potency and efficacy as CB1R PAMs in the presence of 100 nM CP55,940. In the βarrestin2 assay, GAT1665 and GAT1667 (R-enantiomers) acted as ago-PAM’s while GAT1664 and GAT1666 (S-enantiomers) showed little to no activity as either an agonist or PAM. In the G protein coupling assay, the R-enantiomers GAT1665 and GAT1667 also showed higher potency and efficacy than S-enantiomers as agonists and PAMs. As for the in vivo studies, no compounds tested produced catalepsy, hypothermia at or antinociceptive effects at 0.1, 1, 3 or 10 mg/kg i.p. compared to vehicle when tested alone, but GAT1665 and GAT1667 did potentiate the effects of THC as ago-PAMs. These data are congruent with previous observations that CB1R ago-PAMs are inactive or minimally active in vivo in wild-type, otherwise healthy animals under non-pathological and acute conditions (Alaverdashvili and Laprairie, 2018). In planned future studies, these ago-PAMs will be further assessed in rodent models of absence epilepsy and pain to determine whether they are able to augment the endogenous cannabinoid signaling as we observed previously with related allosteric ligands (Slivicki et al., 2020; Roebuck et al., 2021). In addition, the magnitude of observed in vivo effects may have been effected by pharmacokinetics of our compounds; planned future studies will assess and optimize the pharmacokinetics of CB1R allosteric ligands. Our in silico data support in vitro binding and signaling data that indicate these compounds interact with an allosteric site on CB1R that is distinct from the primary orthosteric agonist binding site (Price et al., 2005; Vigolo et al., 2015; Hua et al., 2017; Krishna Kumar et al., 2019). GAT1664 and GAT1666 preferentially bind to a putative allosteric agonist site of hCB1R near the intracellular face of the receptor between transmembrane helices I and IV; while GAT1665 and GAT1667 preferentially bind to a putative PAM site of CB1R on the extracellular receptor surface. Enantiomers may display low affinity to multiple allosteric sites, accounting for the allosteric agonist activity of GAT1665 and GAT1667 (Price et al., 2005; Kapur et al., 2007; Hurst et al., 2019). However, future dynamic modeling and crystallization studies will be required to fully understand how the putative allosteric sites contribute to partial agonism and positive allosteric modulation, as the current models represent static interactions. Collectively, these data support retained, potent, G protein-selective, ago-PAM activity at hCB1R for the GAT211 ligand scaffold and demonstrate enhanced potency and efficacy of these ligands relative to the parent compound (Laprairie et al., 2017; Garai et al., 2020). Moreover, recent data from the racemic mixtures of these enantiomers indicates fluorine addition improves both metabolic stability and blood brain barrier penetrance; with GAT593—and therefore GAT1667—being superior to GAT591 (Garai et al., 2020). Therefore, studies are now underway to assess the in vivo efficacy of GAT1667 in the contexts of absence epilepsy and pain during both acute and chronic treatment paradigms.
4.1 Permission to reuse and copyright
This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by University Animal Care Committee Animal Research Ethics Board, University of Saskatchewan.
AUTHOR CONTRIBUTIONS
AL designed and executed in vitro and in silico experiments, analyzed the data, wrote and edited the manuscript. SG conducted chemical synthesis and experiments, analyzed chemical data, wrote and edited the manuscript. AZ designed and executed in vivo experiments, analyzed the data, and edited the manuscript. DH and PR assisted in the design and analysis for in silico experiments, analyzed the data, wrote and edited the manuscript. LS and RP contributed to the radioligand and G protein coupling in vitro data and edited the manuscript. GI assisted with chemical crystallization and edited the manuscript. GT and RL equally aided in the design of the experiments, data analysis, writing and editing of the manuscript.
FUNDING
This work was supported by a GlaxoSmithKline (GSK)-Canadian Institutes of Health Research (CIHR) partnership grant (201704) and a CIHR Project Grant (201909) held by RL and a National Institutes of Health (NIH) R01 to GAT (EY024727). AZ is supported by a graduate scholarship from the College of Pharmacy and Nutrition, University of Saskatchewan. In silico modeling studies were supported by the NIH to PR (DA003934). The x-ray crystallographic work was supported by NIDA through Interagency Agreement #Y1-DA1101 with the Naval Research Laboratory (NRL).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.919605/full#supplementary-material
REFERENCES
 Alaverdashvili, M., and Laprairie, R. B. (2018). The future of type 1 cannabinoid receptor allosteric ligands. Drug Metab. Rev. 50, 14–25. doi:10.1080/03602532.2018.1428341
 Black, J. W., Leff, P., Shankley, N. P., and Wood, J. (2010). An operational model of pharmacological agonism : The effect of E/[ A ] curve shape on agonist dissociation constant estimation. Br. J. Pharmacol. 160, S54–S64. doi:10.1111/j.1476-5381.2010.00855.x
 Carrera, J., Tomberlin, J., Kurtz, J., Karakaya, E., Bostanciklioglu, M., and Albayram, O. (2020). Endocannabinoid signaling for GABAergic-microglia (mis)communication in the brain aging. Front. Neurosci. 14, 606808. doi:10.3389/fnins.2020.606808
 Clark, M., Guarnieri, F., Shkurko, I., and Wiseman, J. (2006). Grand canonical Monte Carlo simulation of ligand-protein binding. J. Chem. Inf. Model. 46, 231–242. doi:10.1021/ci050268f
 Di Marzo, V. (2018). New approaches and challenges to targeting the endocannabinoid system. Nat. Rev. Drug Discov. 17, 623–639. doi:10.1038/nrd.2018.115
 Dopart, R., Lu, D., Lichtman, A. H., and Kendall, D. A. (2018). Allosteric modulators of cannabinoid receptor 1: Developing compounds for improved specificity. Drug Metab. Rev. 50, 3–13. doi:10.1080/03602532.2018.1428342
 Estrada, J. A., and Contereras, I. (2020). Endocannabinoid receptors in the CNS: Potential drug targets for the prevention and treatment of neurologic and psychiatric disorders. Curr. Neuropharmacol. 18, 769–787. doi:10.2174/1570159X18666200217140255
 Fay, J. F., and Farrens, D. L. (2015). Structural dynamics and energetics underlying allosteric inactivation of the cannabinoid receptor CB1. Proc. Natl. Acad. Sci. U. S. A. 112, 8469–8474. doi:10.1073/pnas.1500895112
 Fay, J. F., and Farrens, D. L. (2013). The membrane proximal region of the cannabinoid receptor CB1 N-terminus can allosterically modulate ligand affinity. Biochemistry 52, 8286–8294. doi:10.1021/bi400842k
 Fiser, A., and Sali, A. (2003). ModLoop: Automated modeling of loops in protein structures. Bioinformatics 19, 2500–2501. doi:10.1093/bioinformatics/btg362
 Garai, S., Kulkarni, P. M., Schaffer, P. C., Leo, L. M., Brandt, A. L., Zagzoog, A., et al. (2020). Application of fluorine- and nitrogen-walk approaches: Defining the structural and functional diversity of 2-phenylindole class of cannabinoid 1 receptor positive allosteric modulators. J. Med. Chem. 63, 542–568. doi:10.1021/acs.jmedchem.9b01142
 Garai, S., Leo, L. M., Szczesniak, A. M., Hurst, D. P., Schaffer, P. C., Zagzoog, A., et al. (2021). Discovery of a biased allosteric modulator for cannabinoid 1 receptor: Preclinical anti-glaucoma efficacy. J. Med. Chem. 64, 8104–8126. doi:10.1021/acs.jmedchem.1c00040
 Greig, I. R., Baillie, G. L., Abdelrahman, M., Trembleau, L., and Ross, R. A. (2016). Development of indole sulfonamides as cannabinoid receptor negative allosteric modulators. Bioorg. Med. Chem. Lett. 26, 4403–4407. doi:10.1016/j.bmcl.2016.08.018
 Guarnieri, F., and Mezei, M. (1996). Simulated annealing of chemical potential: A general procedure for locating bound waters. Application to the study of the differential hydration propensities of the major and minor grooves of DNA. J. Am. Chem. Soc. 118, 8493–8494. doi:10.1021/ja961482a
 Hryhorowicz, S., Kaczmarek-Rys, M., Andrzejewska, A., Staszak, K., Hryhorowicz, M., Korcz, A., et al. (2019). Allosteric modulation of cannabinoid receptor 1-current challenges and future opportunities. Int. J. Mol. Sci. 20, 5874. doi:10.3390/ijms20235874
 Hua, T., Vemuri, K., Nikas, S. P., Laprairie, R. B., Wu, Y., Qu, L., et al. (2017). Crystal structures of agonist-bound human cannabinoid receptor CB1. Nature 547, 468–471. doi:10.1038/nature23272
 Hurst, D. P., Garai, S., Kulkarni, P. M., Schaffer, P. C., Reggio, P. H., and Thakur, G. A. (2019). Identification of Cb1 receptor allosteric sites using force-biased mmc simulated annealing and validation by structure-activity relationship studies. ACS Med. Chem. Lett. 10, 1216–1221. doi:10.1021/acsmedchemlett.9b00256
 Iannotti, F. A., Di Marzo, V., and Petrosino, S. (2016). Endocannabinoids and endocannabinoid-related mediators: Targets, metabolism and role in neurological disorders. Prog. Lipid Res. 62, 107–128. doi:10.1016/j.plipres.2016.02.002
 Kapur, A., Hurst, D. P., Fleischer, D., Whitnell, R., Thakur, G. A., Makriyannis, A., et al. (2007). Mutation studies of Ser7.39 and Ser2.60 in the human CB1 cannabinoid receptor: Evidence for a serine-induced bend in CB1 transmembrane helix 7. Mol. Pharmacol. 71, 1512–1524. doi:10.1124/mol.107.034645
 Kenakin, T., and Strachan, R. T. (2018). PAM-antagonists: A better way to block pathological receptor signaling?Trends Pharmacol. Sci. 39, 748–765. doi:10.1016/j.tips.2018.05.001
 Kenakin, T., Watson, C., Muniz-Medina, V., Christopoulos, A., and Novick, S. A. (2012). A simple method for quantifying functional selectivity and agonist bias. ACS Chem. Neurosci. 3, 193–203. doi:10.1021/cn200111m
 Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M., and Altman, D. G. (2010). Improving bioscience research reporting: The arrive guidelines for reporting animal research. PLoS Biol. 8, 10004122–e1000510. doi:10.1371/journal.pbio.1000412
 Krishna Kumar, K., Shalev-Benami, M., Robertson, M. J., Hu, H., Banister, S. D., Hollingsworth, S. A., et al. (2019). Structure of a signaling cannabinoid receptor 1-G protein complex. Cell 176, 448–458. doi:10.1016/j.cell.2018.11.040
 Laprairie, R. B., Bagher, A. M., Kelly, M. E., and Denovan-Wright, E. M. (2016). Biased type 1 cannabinoid receptor signaling influences neuronal viability in a cell culture model of Huntington disease. Mol. Pharmacol. 89, 364–375. doi:10.1124/mol.115.101980
 Laprairie, R. B., Bagher, A. M., Rourke, J. L., Zrein, A., Cairns, E. A., Kelly, M. E. M., et al. (2019). Positive allosteric modulation of the type 1 cannabinoid receptor reduces the signs and symptoms of Huntington’s disease in the R6/2 mouse model. Neuropharmacology 151, 1–12. doi:10.1016/j.neuropharm.2019.03.033
 Laprairie, R. B., Kulkarni, P. M., Deschamps, J. R., Kelly, M. E. M., Janero, D. R., Cascio, M. G., et al. (2017). Enantiospecific allosteric modulation of cannabinoid 1 receptor. ACS Chem. Neurosci. 8, 1188–1203. doi:10.1021/acschemneuro.6b00310
 Leo, L. M., and Abood, M. E. (2021). CB1 cannabinoid receptor signaling and biased signaling. Molecules 26, 5413. doi:10.3390/molecules26175413
 Lutz, B. (2020). Neurobiology of cannabinoid receptor signaling. Dialogues Clin. Neurosci. 22, 207–222. doi:10.31887/DCNS.2020.22.3/blutz
 Marcu, J., Shore, D. M., Kapur, A., Trznadel, M., Makriyannis, A., Reggio, P. H., et al. (2013). Novel insights into CB1 cannabinoid receptor signaling: A key interaction identified between the extracellular-3 loop and transmembrane helix 2. J. Pharmacol. Exp. Ther. 345, 189–197. doi:10.1124/jpet.112.201046
 Mezei, M. (2011). Mmc: A Monte Carlo and analysis program. Biophys. J. 100, 157a. doi:10.1016/j.bpj.2010.12.1075
 Mielnik, C. A., Lam, V. M., and Ross, R. A. (2021). CB1 allosteric modulators and their therapeutic potential in CNS disorders. Prog. Neuropsychopharmacol. Biol. Psychiatry 106, 110163. doi:10.1016/j.pnpbp.2020.110163
 Mitjavila, J., Yin, D., Kulkarni, P. M., Zanato, C., Thakur, G. A., Ross, R., et al. (2018). Enantiomer-specific positive allosteric modulation of CB1 signaling in autaptic hippocampal neurons. Pharmacol. Res. 129, 475–481. doi:10.1016/j.phrs.2017.11.019
 Morales, P., Goya, P., Jagerovic, N., and Hernandez-Folgado, L. (2016). Allosteric modulators of the CB1 cannabinoid receptor: A structural update review. Cannabis Cannabinoid Res. 1, 22–30. doi:10.1089/can.2015.0005
 Patel, M., Finlay, D. B., and Glass, M. (2021). Biased agonism at the cannabinoid receptors - evidence from synthetic cannabinoid receptor agonists. Cell. Signal. 78, 109865. doi:10.1016/j.cellsig.2020.109865
 Perez-Olives, C., Rivas-Santisteban, R., Lillo, J., Navarro, G., and Franco, R. (2021). Recent advances in the potential of cannabinoids for neuroprotection in Alzheimer’s, Parkinson’s, and Huntington’s diseases. Adv. Exp. Med. Biol. 1264, 81–92. doi:10.1007/978-3-030-57369-0_6
 Price, M. R., Baillie, G. L., Thomas, A., Stevenson, L. A., Easson, M., Goodwin, R., et al. (2005). Allosteric modulation of the cannabinoid CB1 receptor. Mol. Pharmacol. 68, 1484–1495. doi:10.1124/mol.105.016162
 Roebuck, A. J., Greba, Q., Onofrychuk, T. J., McElroy, D. L., Sandini, T. M., Zagzoog, A., et al. (2020). Dissociable changes in spike and wave discharges following exposure to injected cannabinoids and smoked Cannabis in genetic absence epilepsy rats from strasbourg. Eur. J. Neurosci. 55, 1063–1078. doi:10.1111/ejn.15096
 Roebuck, A. J., Greba, Q., Smolyakova, A. M., Alaverdashvili, M., Marks, W. N., Garai, S., et al. (2021). Positive allosteric modulation of type 1 cannabinoid receptors reduces spike-and-wave discharges in genetic absence epilepsy rats from strasbourg. Neuropharmacology 190, 108553. doi:10.1016/j.neuropharm.2021.108553
 Shim, J. Y., Bertalovitz, A. C., and Kendall, D. A. (2011). Identification of essential cannabinoid-binding domains: Structural insights into early dynamic events in receptor activation. J. Biol. Chem. 286, 33422–33435. doi:10.1074/jbc.M111.261651
 Slivicki, R. A., Iyer, V., Mali, S. S., Garai, S., Thakur, G. A., Crystal, J. D., et al. (2020). Positive allosteric modulation of CB(1) cannabinoid receptor signaling enhances morphine antinociception and attenuates morphine tolerance without enhancing morphine-induced dependence or reward. Front. Mol. Neurosci. 13, 54. doi:10.3389/fnmol.2020.00054
 Song, Z. H., and Bonner, T. I. (1996). A lysine residue of the cannabinoid receptor is critical for receptor recognition by several agonists but not WIN55212-2. Mol. Pharmacol. 49, 891–896.
 Spartan (2018). Spartan’18 parallel suite. Irvine, CA: Wavefunction.
 Vigolo, A., Ossato, A., Trapella, C., Vincenzi, F., Rimondo, C., Seri, C., et al. (2015). Novel halogenated derivates of JWH-018: Behavioral and binding studies in mice. Neuropharmacology 95, 68–82. doi:10.1016/j.neuropharm.2015.02.008
 Wang, X., Li, Y., Gao, Y., Yang, Z., Lu, C., and Zhu, T. (2018). A quantum mechanical computational method for modeling electrostatic and solvation effects of protein. Sci. Rep. 8, 5475–5510. doi:10.1038/s41598-018-23783-8
 Zagzoog, A., Brandt, A. L., Black, T., Kim, E. D., Burkart, R., Patel, M., et al. (2021). Assessment of select synthetic cannabinoid receptor agonist bias and selectivity between the type 1 and type 2 cannabinoid receptor. Sci. Rep. 11, 10611. doi:10.1038/s41598-021-90167-w
 Zhang, J., Chen, Q., and Liu, B. (2020). iDRBP_MMC: Identifying DNA-binding proteins and RNA-binding proteins based on multi-label learning model and motif-based convolutional neural network. J. Mol. Biol. 432, 5860–5875. doi:10.1016/j.jmb.2020.09.008
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Brandt, Garai, Zagzoog, Hurst, Stevenson, Pertwee, Imler, Reggio, Thakur and Laprairie. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 04 November 2022
doi: 10.3389/fphar.2022.969883


[image: image2]
A bibliometrics and visualization analysis of cannabidiol research from 2004 to 2021
Liu Liu1, Jianxing Liu2, Ming Zhao1, Meiming Cai1, Fanzhang Lei1, Xiaofeng Zeng2* and Bofeng Zhu1*
1Guangzhou Key Laboratory of Forensic Multi-Omics for Precision Identification, School of Forensic Medicine, Southern Medical University, Guangzhou, China
2School of Forensic Medicine, Kunming Medical University, Kunming, China
Edited by:
María Gómez-Cañas, Complutense University of Madrid, Spain
Reviewed by:
Gabriele Murineddu, University of Sassari, Italy
Mengchen Yin, Shanghai University of Traditional Chinese Medicine, China
Jahan Marcu, University of the Sciences, United States
* Correspondence: Xiaofeng Zeng, zxf2004033@163.com; Bofeng Zhu, zhubofeng7372@126.com
Specialty section: This article was submitted to Neuropharmacology, a section of the journal Frontiers in Pharmacology
Received: 15 June 2022
Accepted: 17 October 2022
Published: 04 November 2022
Citation: Liu L, Liu J, Zhao M, Cai M, Lei F, Zeng X and Zhu B (2022) A bibliometrics and visualization analysis of cannabidiol research from 2004 to 2021. Front. Pharmacol. 13:969883. doi: 10.3389/fphar.2022.969883

Cannabidiol, a non-psychoactive component extracted from the plant cannabis sativa, has gained growing focus in recent years since its extensive pharmacology effects have been founded. The purpose of this study intends to reveal the hot spots and frontiers of cannabidiol research using bibliometrics and data visualization methods. A total of 3,555 publications with 106,793 citations from 2004 to 2021 related to cannabidiol were retrieved in the Web of Science database, and the co-authorships, research categories, keyword burst, and reference citations in the cannabidiol field were analyzed and visualized by VOSviewer and Citespace software. Great importance has been attached to the pharmacology or pharmacy values of cannabidiol, especially in the treatment of neuropsychiatric disorders, such as epilepsy, anxiety, and schizophrenia. The mechanisms or targets of the cannabidiol have attracted the extreme interest of the researchers, a variety of receptors including cannabinoids type 1, cannabinoids type 2, 5-hydroxytriptamine1A, and G protein-coupled receptor 55 were involved in the pharmacology effects of cannabidiol. Moreover, the latest developed topic has focused on the positive effects of cannabidiol on substance use disorders. In conclusion, this study reveals the development and transformation of knowledge structures and research hotspots in the cannabidiol field from a bibliometrics perspective, exploring the possible directions of future research.
Keywords: cannabidiol, bibliometrics analysis, data visualization, research hotspots, co-citation analysis, burst detection
INTRODUCTION
Cannabidiol (CBD), one of the major components of cannabis sativa without psychological dependence (Devinsky et al., 2014), has presented great pharmacology values in neuropsychiatric disorders due to its anti-inflammation and anti-oxidation effects (Campos et al., 2016; Melas et al., 2021; Scarante et al., 2021). A recent double-blind study revealed that cannabidiol decreased the convulsive-seizure frequency in the Dravet syndrome (a complex childhood epilepsy disorder) (Devinsky et al., 2017). In June 2018, the US Food and Drug Administration (FDA) approved the first CBD-based drug, Epidiolex (GW Pharmaceuticals, England) for the treatment of seizures associated with Dravet syndrome and Lennox-Gastaut syndrome (VanDolah et al., 2019). CBD alleviated Alzheimer’s disease (AD)-related neuron damage by regulating inflammation and oxidative stress (Vallée et al., 2017). Preclinical and clinical trials proved the therapeutic effects of CBD on Parkinson’s disease (PD)-related non-motor symptoms (Crippa et al., 2019). CBD could also be used as a candidate drug for the treatment of pain (Xiong et al., 2012; De Gregorio et al., 2019). In addition, the pharmacology values of CBD in substance abuse (Lee et al., 2017), anti-tumor (Sultan, 2018), and multiple sclerosis (Mecha et al., 2013) have been investigated in recent years. Another deeply researched topic is the molecular mechanism of CBD in these disorders, which may be related to the endocannabinoid system (ECS), serotonin system, transient receptor potential vanilloid (TRPV) channels, G protein-coupled receptor 55 (GPR55), peroxisome proliferator-activated receptor-gamma (PPARγ), and so on (Campos et al., 2012). Although great research progress has been made in CBD research, the hot spots and frontiers still need to be illustrated to provide useful information for future research directions.
Bibliometrics is a discipline that explores the distribution structure, quantitative relationship, and variation trend of literature using mathematics and statistics methods (Yin et al., 2021). Bibliometrics and data visualization could provide an overview of research categories or themes, co-authorships, keywords frequencies, and most cited articles or journals, which contribute significantly to revealing the hot spots and frontiers in one specific area (Song et al., 2021; Chu et al., 2022).
In this study, we performed the bibliometrics analysis based on the published literature related to CBD research from 2004 to 2021 in the Web of Science (WOS) database, and several networks of categories, keywords, co-authorships, and co-cited references were visualized by VOSviewer and Citespace software. This study aims to better understand the dynamic changes of current CBD research and explore the possible directions for future research.
MATERIALS AND METHODS
Data searching
The literature published in the WOS core collection Science Citation Index Expanded (SCI-E) database from 2004 to 2021 was collected on 15 March 2022. Searching strategies used in this study were as follows: the topic was set as “cannabidiol”, the literature types were “article” and “review”, and the language was “English” only. Therefore, a dataset consisting of 3,555 publications was exported for subsequent analysis.
Bibliometrics analysis and data visualization
The annual number of publications and citations, and the top 15 most productive countries were visualized in Microsoft Excel version 2019 based on the report of WOS. A world map was generated using Bibliometrix R package version 3.2.1 to reveal the geographical distribution of publications. A pie chart was drawn based on WOS categories using Excel. The bibliometrics analysis and data visualization in this study were performed by Citespace version 5.8.R3 and VOSviewer version 1.6.18 software. Citespace could simplify the search for significant papers in a specific area so that one can search for visually salient features, including categories, co-cited references, cluster information, and brust detection (Chen, 2004; Chen, 2006). VOSviewer was used here to perform the networks of co-authorship and keyword co-occurrence.
RESULTS
General analysis
A total of 3555 publications including 2,719 articles (76.48%) and 836 reviews (23.52%) from 2004 to 2021 were retrieved in the WOS SCI-E database, with a sum of 106,793 citations, each of the publications was cited on average 30.04. Figure 1 showed the variation of publications and citations with the years. The annual number of publications increased year by year, except for 2005, 2008 and 2014, and the annual growth of publications exceeded 100 for the first time in 2019. The number of citations per year has grown rapidly from 2019 to 2021. We also retrieve the publications related to CBD that were published in English before 2004 (data not shown). A total of five articles were published with a sum of 74 citations, the first of which was published in 1988 with 11 citations. One of the 5 was divided into pharmacology and pharmacy by WOS, and the rest belongs to chemistry fields.
[image: Figure 1]FIGURE 1 | Annual number of publications and citations.
During this period, a total of 94 countries have published literature related to CBD research. Figure 2A displayed the geographical distribution of publications, and the top 15 most productive countries with their number of publications and citations were shown in Figure 2B. The United States contributed the highest to this topic, publishing 1,144 papers and being cited 36,570 times. The second most productive country was Italy, with 460 publications and 17,887 citations. England published 394 papers with 23,402 citations, an average citations of 59.40 per paper. Notably, Scotland showed the highest average number of citations, each of the literature was cited on average 93.22.
[image: Figure 2]FIGURE 2 | (A) Geographical distribution of publications. (B) The top 15 most productive countries in the publications and citations.
Category analysis
The category of publications is an important indicator to reveal the hot spots and applications of CBD research. Figure 3A presented the top 10 most published categories in WOS SCI-E database. There are a total of 1271 publications divided into Pharmacology/Pharmacy, which account for 31.70% of the top 10 most published categories. Neurosciences is the second largest published category, with 651 publications (16.24%), followed by Clinical Neurology with 492 publications (12.17%), Psychiatry with 437 publications (10.90%), and Biochemistry Molecular Biology with 316 publications (7.88%). Subsequently, we performed the co-occurrence network of categories based on the dataset of WOS using Citespace software. 248 nodes and 1190 links were included in the network, and Figure 3B showed the top 10 most published categories. Each of the nodes represents a specific category, and the node size was used here to reflect the frequency of category occurrence. Betweenness centrality provides a method to quantify the importance of the node’s position in a network (Chen, 2006), and the nodes with purple trims indicate the high betweenness centrality. Figure 3B revealed that Pharmacology & Pharmacy was the highest co-occurrence category in the network, and its centrality was 0.14. Moreover, Chemistry presented the maximum centrality (0.26), suggesting that Chemistry is a pivotal point or tipping point in the network.
[image: Figure 3]FIGURE 3 | (A) The top 10 most published categories. (B) The network of the top 10 most published categories.
Co-authorship analysis
To investigate the co-authorship between different countries, institutions, and authors, we performed the collaboration network based on the WOS dataset using VOSviewer software. There are a total of 94 countries, 3,569 institutions, and 14,040 authors who have contributed to this topic. As shown in Figure 4, each node represents a different country/institution/author, the node size represents the number of documents, the thickness of connecting lines represents the strength of inter collaboration, and each color represents a cluster. Figure 4A presented the inter collaboration between different countries. Some of the 94 countries in the network were not connected, and the largest set consisted of 86 countries. The United States was the most productive and cooperative country, with 573 link strengths. The second most cooperative country was England, with a sum of 412 link strengths, and the third-highest number of documents. Italy, Spain, Canada, Germany, and Brazil also showed high productivity and cooperative strength in the network.
[image: Figure 4]FIGURE 4 | Co-authorships analyses. (A) Co-authorships between different countries. (B) Co-authorships between different institutions. (C) Co-authorships between different authors.
Figure 4B displayed the inter collaboration between different institutions. We picked out the top 100 most productive institutions to generate the partnership network, but two institutions were excluded due to a lack of cooperation with other institutions. The University of Sao Paulo was the most productive and cited institution, with the highest cooperative link strength. The University of Sao Paulo was the first and the largest modern comprehensive university in Brazil. It is also the most important scientific research center in Brazil. Table 1 submitted detailed information on the top 10 most cooperative institutions. Nine of the top 10 most cooperative institutions were from different research universities and only one was owned by a pharmaceutical company, indicating that the current study on CBD was still dominated by basic research. GW Res Ltd. established a world-leading position in the development of plant-derived cannabinoid therapeutics, which has developed the first FDA-approved CBD-based drug, Epidiolex for the treatment of Dravet syndrome and Lennox-Gastaut syndrome.
TABLE 1 | The top 10 most collaborative institutions.
[image: Table 1]Figure 4C showed the inter collaboration between different authors. 106 authors met the threshold of 10 or more published articles, while only 86 authors were founded to connect with the other authors in the network. The most productive author was Guimaraes FS with a total of 51 documents, 2,406 citations, and 65 link strengths. However, the most cited author was Di Marzo V with a sum of 4,419 citations, 47 documents, and 53 link strengths. The most cooperative author was Huestis MA with a total of 98 link strengths, 45 documents, and 1,684 citations.
Funding agency contribution
The source of funding reflects, to a certain extent, the different levels of the country’s support for the field at different stages and the enthusiasm of the research community. Table 2 presented the top 10 most productive funding agencies for CBD research. United States Department of Health and Human Services was listed in the first, providing funds for 426 documents, which accounts for 11.98% of all the publications. The followed funding agencies were the National Institutes of Health (NIH)-USA and the European Commission with 422 and 360 documents, accounting for 11.87% and 10.13% of all the publications, respectively. Three of the top 10 most productive funding agencies were from the United States and sponsored a total of 1,071 publications, which accounts for 30.12% of all the publications. Additionally, the residual top 10 most productive funding agencies including three Brazil agencies, two England agencies, and one Canada agency, accounting for 12.19%, 4.81%, and 1.97% of all the publications, respectively.
TABLE 2 | The top 10 most productive funding agencies in the cannabidiol field.
[image: Table 2]Journal contribution
A total of 3,555 publications were published in 999 different journals. Table 3 listed the top 10 most-cited journals in the CBD area. The most cited journal was the British Journal of Pharmacology with cited times of 9,906, and a sum of 95 papers were published. Epilepsia was listed second with 2,212 citations and 42 papers, followed by Neuropsychopharmacology with 2,093 citations and 21 papers. Four of the 10 listed journals were from England, other four journals were from the United States, and the rest were from Germany and Switzerlands. The top three journals with the highest impact factor (IF) were the British Journal of Pharmacology (8.739), Neuropsychopharmacology (7.885), and Epilepsia (5.866). In addition, the H-index and ISSN of the journal were also listed in Table 3.
TABLE 3 | The top 10 most-cited journals in the cannabidiol field.
[image: Table 3]Keywords co-occurrence and burst detection
The keyword plays an important role to highlight and emphasize the focus and core content of the whole article. The keyword co-occurrence network enables an overview of the core content of published articles, as well as reveals the connections between the content. There are a total of 11,116 keywords included in the 3555 publications, and 282 keywords meeting the frequency threshold of more than 20. Figure 5A displayed the co-occurrence network consisting of 282 keywords using the Vosviewer software. Each node represents a keyword, the node size indicates the frequency of the keyword, and each color reveals a cluster in the network. The top 15 keywords with the highest occurrence frequencies and strongest connection were cannabidiol (1,960, 11,444), cannabinoids (949, 5,747), cannabis (535, 3,336), endocannabinoid system (405, 2,750), delta (9)-tetrahydrocannabinol (394, 2,770), CBD (363, 2,393), marijuana (348, 2,236), THC (326, 2,275), delta-9-tetrahydrocannabinol (303, 2,204), and double-blind (282, 2,024), cannabinoid (248, 1,565), epilepsy (240, 1,565), expression (233, 1,376), in-vitro (214, 1,385), seizures (213, 1,316). 282 keywords in the network were divided into five clusters, and the detailed information was summarized as follows: 1) Mechanism was represented by red: cannabinoid receptor, CB1, CB2, inflammation, antioxidant, protein, and apoptosis; 2) Disease was represented by blue: schizophrenia, anxiety, psychosis, behavior, rat, prefrontal cortex, and cognitive impairment; 3) Treatment of epilepsy was represented by purple: epilepsy, Dravet syndrome, therapy, seizures, antiepileptic drugs, and children; 4) Clinical trial was represented by yellow: double-blind, neuropathic pain, efficacy, medical cannabis, safety, risk, and tolerability; 5) Synthesis and metabolism were represented by green: bioavailability, blood, plasma, chromatography, metabolism, pharmacokinetics, synthetic cannabinoids, extraction, identification, and quantification.
[image: Figure 5]FIGURE 5 | Keywords analyses. (A) The network of the keywords co-occurrence and clustering. (B) The top 10 keywords with the strongest bursts.
Brust detection served to recognize the emergent terms and sharp increases of interest (Chen, 2006), which significantly contributed to revealing the frontiers in one specific field. We performed the keyword burst detection based on the dataset of WOS using Citespace software, and the top 10 keywords with the strongest bursts were displayed in Figure 5B. Anandamide was the top 1 strongest burst keyword that emerged in 2004 and ended in 2015, revealing that anandamide was extensively studied and discussed during this period. The seizure was the most recent keyword with high burst strength that appeared in 2018. The bursts of the keyword cannabinoid receptor, constituent, in vivo, mice, and 5-ht1a receptor sustained at least 10 years.
Reference co-citation analysis and timeline map
Reference citation and co-citation frequencies could clearly illustrate the intellectual concerns in a field. In general, an article with a high co-citation frequency suggests it has a high citation frequency. Table 4 listed the top 10 most cited articles from 2004 to 2021 in the CBD field. The most cited reference was published by Ryberg et al. (2007), which revealed that the orphan receptor GPR55 was a novel cannabinoid receptor. A review published by Pertwee (2008) summarized the diverse CB1 and CB2 receptor pharmacology of three plant cannabinoids, indicating that CBD displayed high potency as a CB2 receptor antagonist. The reference published by Russo (2011) reviewed the pharmacology effects of CBD in anti-oxidant, anti-anxiety, anti-depressant, anti-convulsant, and so on, and the possible mechanisms were also discussed. Devinsky et al. (2017) conducted a double-blind trial of cannabidiol for drug-resistant seizures in 120 individuals, revealing that CBD exhibited greater effects in decreasing the convulsive-seizure frequency than placebo. This research was published in the New England Journal of Medicine with the highest H-index (1030) in the top 10 most cited articles. Moreover, Leweke et al. (2012) demonstrated that CBD alleviated the psychotic symptoms of schizophrenia by enhancing anandamide signaling. Mechoulam and Parker (2013) summarized the actions of the endocannabinoid system on anxiety, depression, neurogenesis, reward, cognition, learning, and memory. Notably, three of the top 10 most cited articles attached concerns to the pharmacology effects of CBD on seizures, and these articles were published by the team of Devinsky et al. (2014), Devinsky et al. (2016), Devinsky et al. (2017), another three articles focus on the mechanisms and molecular targets of CBD pharmacology effects (Ryberg et al., 2007; Pertwee, 2008; Mechoulam and Parker, 2013).
TABLE 4 | The top 10 most cited articles from 2004 to 2021.
[image: Table 4]Next, we performed the co-citation network of reference based on the WOS dataset using the Citespace software. 1,248 nodes and 6,077 links were founded in Figure 6A, and the top 10 most co-cited articles were highlighted in the network. The top 2 most co-cited articles were published by Devinsky et al. (2016), Devinsky et al. (2017), with 354 and 288 co-citations, respectively. The former article assessed the safety, tolerability and efficacy of CBD in patients already receiving stable doses of antiepileptic drugs, indicating that CBD might decrease the frequency of seizure frequency with sufficient safety in children and young adults with highly treatment-resistant epilepsy (Devinsky et al., 2016). The latter focused on drug-resistant epilepsy in Dravet syndrome and evaluated the efficacy and safety of CBD in it, suggesting that cannabidiol reduced the frequency of convulsive seizures in children and young adults with Dravet syndrome but was associated with adverse events including somnolence and elevation of liver enzyme levels (Devinsky et al., 2017). The followed most co-cited articles were published by Thiele et al. (2018) with 238 co-citations, and Devinsky et al. (2018) with 222 co-citations, both of them explored the effects of CBD on seizures in the Lennox–Gastaut syndrome through the clinical trial. Laprairie et al. (2015) illustrated that Cannabidiol is a non-competitive negative allosteric modulator of CB1 receptors. Besides, the side effects, toxicity, and drug-drug interaction of CBD therapies were also discussed based on clinical data and animal studies (Geffrey et al., 2015; Whiting et al., 2015; Iffland and Grotenhermen, 2017). In summary, the clinical trials of CBD on seizures have absorbed great interest from researchers, and investigated the mechanism of the CBD effect helps to better elucidate the pharmacology value of CBD. In addition, there are serious concerns about the issues of safety and side effects of CBD, more trials still need to be conducted for solving these problems.
[image: Figure 6]FIGURE 6 | Reference co-citation analyses. (A) The network of the co-cited articles. (B) Cluster analysis of the co-cited articles. (C) A timeline view of the top 10 clusters.
Clusters of co-cited articles provided a method to detect the transition of research frontiers in an area (Chen, 2006). Figure 6B displayed the clusters of co-cited articles using Citespace software. The modularity Q and silhouette values of the clusters were 0.791 and 0.9081, respectively, which indicated the structure of the clusters was significant and all of the clusters were convincing. All of the co-cited articles were assigned to 18 different clusters, and the clusters of the same color represent co-citations made within the same time slice. The first cluster of co-cited articles was epilepsy, and the followed were anxiety, inflammatory bowel disease, cocaine, multiple sclerosis, HPLC, basal ganglia, cannabis, and oxidative stress. Figure 6C provided a timeline view of the top 10 clusters, and detailed information about these clusters was listed in Table 5. The early studies focused on the pharmacology effects of CBD on multiple sclerosis (2004), inflammatory bowel disease (2008), and anxiety (2009), as well as the regulatory effect of CBD on the endocannabinoid system and the serotonin system in the basal ganglia (2002). In 2012, the anti-oxidative effects of CBD attracted the attention of researchers. In 2014, researchers were interested in exploring the values of cannabis. Notably, the effects of CBD in the treatment of epilepsy have been enthusiastically investigated in 2016, and great progress has also been made in drug development. The most recent themes in the CBD area were cocaine and HPLC. CBD could be used as a potential therapeutic drug for the treatment of cocaine use disorders (Mahmud et al., 2017; Luján et al., 2020).
TABLE 5 | The detailed information of 10 clusters in Figure 5C.
[image: Table 5]Burst detection of co-cited reference
Figure 7 presented the top 20 references with the strongest citation bursts. The article with the highest burst strengths was entitled “Non-psychotropic plant cannabinoids: new therapeutic opportunities from an ancient herb” (Izzo et al., 2009), which reviewed the therapeutic applications of CBD in inflammation, diabetes, cancer, affective and neurodegenerative diseases. The article with the earliest citation bursts has begun in 2006 and was entitled “Inhibition of an equilibrative nucleoside transporter by cannabidiol: A mechanism of cannabinoid immunosuppression” (Carrier et al., 2006), which demonstrated that CBD could decrease inflammation by enhancing adenosine signaling. The latest burst articles were “Trial of cannabidiol for drug-resistant seizures in the Dravet syndrome” (Devinsky et al., 2017) and “Cannabidiol in patients with seizures associated with Lennox-Gastaut syndrome (GWPCARE4): a randomised, double-blind, placebo-controlled phase 3 trial” (Thiele et al., 2018), both of them were focused on the clinical trials of CBD in the seizures related Dravet syndrome or Lennox-Gastaut syndrome. According to Figure 7, the themes of the top 20 burst references consisted of the molecular mechanism investigation (7), clinical trial on epilepsy (6), pharmacology effects (6), and treatment of schizophrenia (1).
[image: Figure 7]FIGURE 7 | The top 20 references with the strongest citation bursts.
DISCUSSION
Our present study attempts to reveal the hot spots and research trends in the CBD field, a dataset including 3555 publications from 2004 to 2021 was analyzed using a bibliometrics method. Based on the searching reports of the WOS database, we firstly evaluated the publication and citation trends over the years and the contributions of different counties/funding agencies. The research categories, the collaboration relationships, keywords bursts, and co-cited references were detected by bibliometrics tools.
The number of published articles related to CBD has increased over time except for 2005, 2008, and 2014, and significant growth could be observed from 2019 to 2021. Moreover, the number of citations showed growth continually, especially from 2019 to 2021, indicating increased focus in the field among researchers in recent years. In 2017 and 2018, great concerns were attached to the clinical trials of CBD in epilepsy. With the FDA approval of the first CBD-based drug for the treatment of seizures associated symptoms in 2018, the therapeutic values of CBD in neuropsychiatric disorders have been increasingly recognized by researchers.
Among the 94 countries that have participated in CBD research, the United States was the world leader with 1,114 articles and a total of 36,570 citations, which could be explained by two possible reasons. Firstly, the financial policies of the funding agencies in the field. The United States Department of Health and Human Services, National Institutes of Health (NIH)-USA, and NIH National Institute on Drug Abuse (NIDA) have provided funds for a total of 1,071 publications, which accounts for 30.12% of all the publications. Secondly, the collaboration strength with other countries. The United States was the most cooperative country with other countries, and a total of 573 link strengths could be detected. Still, there is only one United States institution on the list of the top 10 most cooperative institutions. One possible reason is that there are many institutions working in this area in the United States, but they do not have outstanding advantages. Another possible reason has to do with United States funding policies. Fund management departments need to allocate funds to more institutions, but this argument needs more evidence to back it up. England contributed second in citations in the field, with 394 articles cited 23,402 times, which was related to the predominant research institutions, such as King’s College London, GW Research Limited, and University College London. Notably, GW Pharmaceuticals has sponsored several impactful clinical trials, which have contributed significantly to the drug development of seizure treatment (Devinsky et al., 2016, 2017; Thiele et al., 2018). On the other hand, England had the second strongest collaboration with other countries, and 412 link strengths were included in the network. In addition, Italy, Canada, and Brazil have also been pivotal in the advancement of the field, due to the high outputs and citations of their articles, and extensive partnership with other countries. In Brazil, the University of Sao Paulo was the most productive institute with 208 documents published, accounting for 70.5% of all the documents. The University of Sao Paulo was also the most collaborative institute with other countries in the CBD field. Furthermore, Brazil accounted for three of the top 10 most productive funding agencies, which indirectly reflected that the Brazil government attaches great importance to CBD research.
Co-authorships analysis revealed the most productive, most cited, and extensive cooperative authors in the CBD field. The top three most productive authors were Guimaraes FS, Mechoulam R, and Di Marzo V, they were from three different institutions, the University of Sao Paulo (Brazil), Hebrew University of the Jerusalem (Israel), and Laval University (Canada). The top three authors with the highest citations were Di Marzo V, Mechoulam R, and Devinsky O (New York University, United States). While the top three authors who had the most corporations with others were completely different from the top three most productive or cited authors. Huestis MA was the most cooperative author with others in the field and was from Jefferson University (United States), the followed authors were Zuardi AW (University of Sao Paulo, Brazil), and Crippa JA (University of Sao Paulo, Brazil).
The category analysis of 3555 publications suggested that Pharmacology/Pharmacy, and Neuroscience/Neurology were the hot researched subjects in the CBD field, and Chemistry plays a key role in the evolution of research subjects. The cluster analysis of keywords divided 282 keywords with a frequency greater than 20 times into five clusters, which could be concluded as the following five themes: 1) Mechanism; 2) Disease; 3) Treatment of epilepsy; 4) Clinical trial; 5) Synthesis and metabolism. Keywords bursts detection indicated that seizure was one of the research hot spots in the field. Over the past decade, the pharmacology effects of CBD on neuropsychiatric disorders have been widely explored. It is worth noting that great achievements were made in the treatment of seizures, a CBD-based drug, Epidiolex, was approved by the FDA in 2018. However, with the Epidiolex used in the clinical trials, a series of side effects, including somnolence, decreased appetite, diarrhea, rash, sleep disorder, infections, and so on have raised concerns of researchers (Taylor et al., 2018; Pauli et al., 2020). To better elucidate the long-term efficacy, safety, and tolerability of CBD in the treatment of epilepsy, large-scale or in-depth clinical trials and analyses are necessary. In Parkinson’s disease, clinical trials indicated that CBD could alleviate the rapid eye movement sleep behaviour disorder (Chagas et al., 2014a), anxiety symptoms (de Faria et al., 2020), and improve the life quality of PD patients (Chagas et al., 2014b). In schizophrenia, CBD showed beneficial effects for anti-psychotic symptoms and improved cognitive performance in patients through anandamide-independent and dopamine-independent mechanisms (McGuire et al., 2018; Leweke et al., 2021). In conclusion, the promising research and application prospects of CBD in neuropsychiatric disorders have been confirmed, and its neuroprotective effect may be an important direction for future drug development of CBD. For the treatment of multiple sclerosis-related symptoms, such as spasticity and pain, a drug combined delta (9)-tetrahydrocannabinol (THC) and CBD, Sativex has been investigated by researchers (Wade et al., 2004; Rog et al., 2005). In 2020, Sativex (GW Pharmaceuticals, England) has been approved by more than 25 countries in the world.
As revealed in the reference co-citation analysis and burst detection, researchers attached great importance to pharmacology effects of CBD in the alleviation of seizures related symptoms. The reference with the highest co-citations illustrated the clinical trials of CBD on epilepsy, and six of the top 20 burst references focused on epilepsy. Notably, the molecular mechanisms, targets, or signaling pathways of the CBD effects were also the hot spots in the field. ECS is involved in modulating the developments and functions of the brain and thus plays an important role in depression, anxiety, cognitive, memory, and rewarding effects (Mechoulam and Parker, 2013; Micale et al., 2013). CB1 and CB2 are the two major receptors of the ESC, but there are still divergences regarding the regulatory role of CBD on these receptors. One view supported that CBD has a low affinity or even no activity for CB1 and CB2 receptors (Ryberg et al., 2007; McPartland et al., 2015). In contrast, another perspective pointed out that CBD was a high-efficiency antagonist of CB1 and CB2 receptor agonists (Thomas et al., 2007; Laprairie et al., 2015). 5-HT1A receptor was one of the top 10 bursts keywords, which has been thoroughly studied in the CBD field. CBD presented effects on antiepileptic, antianxiety, and antidepressant disorders by activating the 5-HT1A receptor (Campos and Guimarães, 2008; Zanelati et al., 2010; Devinsky et al., 2014). GPR55 is a high affinity receptor of the cannabinoids family, and CBD can be activated as a selective antagonist of GPR55 to prevent inflammation-associated impairments (Li et al., 2013; Chiurchiù et al., 2015). In addition, PPARγ has also displayed significant value in the anti-inflammatory and antioxidative effects of CBD (Vallée et al., 2017; Sonego, 2018). TRPV channels are the potential targets for CBD activity, especially TRPV2 medicated Ca2+ dynamics (Nabissi et al., 2013; Hassan et al., 2014). The modulatory effects of CBD on TRPV channels may be involved in anti-neuroinflammation (Hassan et al., 2014), anticancer (Santoni et al., 2020), and antinociception (Maione et al., 2011). The above researches indicates that the anti-inflammation effect of CBD may be one of the core pharmacological mechanisms of CBD. In fact, by targeting inflammation, CBD decreased the AD-related and PD-related neuron damage (Vallée et al., 2017, 2021), preventing multiple sclerosis-associated inflammatory impairments (Mecha et al., 2013) and alcohol-induced liver injury (Wang et al., 2017), and inhibiting methamphetamine-induced reinstatement in rats (Karimi-Haghighi et al., 2020). Additionally, the anti-inflammation effect of CBD was mediated by several signaling pathways, including GPR55, PPARγ, and TRPV channels. Do these signaling pathways exhibit time-specificity and spatial-specificity under the same conditions? Whether these signaling pathways interact with each other or are co-regulated by a specific signaling molecule? These are worthy of deeper consideration and exploration in the future.
The timeline view of the co-cited references revealed the effect of CBD on cocaine use disorders is a newly developed theme in recent years. Studies have reported that CBD effectively attenuated the cocaine-induced rewarding effects, drug-seeking behaviors (Luján et al., 2020; Ledesma et al., 2021), and seizures (Gobira, 2015) in the preclinical trials. A double-blind trial indicated that CBD reduced cue-induced craving and anxiety in heroin use disorders (Hurd et al., 2019). Moreover, the great value of CBD in the treatment of methamphetamine (Karimi-Haghighi and Haghparast, 2018), morphine (Rodríguez-Muñoz et al., 2018), and alcohol (Turna et al., 2019) use disorders have also been proved. In short, these studies provided new perspectives and approaches in treating substance use disorders, however, more researches and efforts are still needed before using CBD as a therapeutic drug.
CONCLUSION
Our present study performed a bibliometrics analysis in the CBD field based on the literature published from 2004 to 2021 with the expectation to reveal the research hot spots and frontiers. The pharmacology and pharmacy of CBD have always been enthusiastically investigated by researchers, particularly in neuropsychiatric disorders, such as epilepsy, schizophrenia, anxiety, etc. CBD meditated the CB1, CB2, 5-HT1A, GPR55, PPARγ receptors, and TRPV channels may be explained its extensive pharmacology effects. In recent years, the values of CBD in the treatment of substance use disorders have attracted researchers’ interest.
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Treatment EDsq (mg/kg) (95% CI) Emax (%MPE) + SEM

Males

CP55,940 0.19 (0.11-0.31) 100
TCS-0OX2-29 >30 22+ 4.0
TCS-1102 7.3 (3.4-15) M1 +£47
1 mg/kg n.c. 100
CP55,940 + TCS-OX2-29
1 mg/kg n.c. 100 £+ 1.6#
CP55,940 + TCS-1102

Females
CP55,940 0.76 (0.48-1.2) 98+19
TCS-OX2-29 n.c. 83418
TCS-1102 >10 28+5.5
1 mg/kg 3.8(2.0-7.2* 100"
CP55,940 + TCS-OX2-29
1 mg/kg 1.0 (0.46-2.3)# 72 £ 054

CP55,940 + TCS-1102

Data were fit to a three parameter non-linear regression with a system minimum
and maximum constrained to 0 and 100, respectively (GraphPad, Prism, v. 8.0).
n.c., not converged.

For data without a clear dose-response (i.e., “n.c.”), Emax iS reported as the
maximum response observed.

Data are expressed as mg/kg with 95% Cl or %MPE + SEM.

*p < 0.05 compared to 1 mg/kg CP55,940 within sexes, p < 0.05 compared
between 1 mg/kg TCS-OX2-29 and 1 mg/kg CP55,940 + 1 mg/kg TCS-OX2-
29, and #p < 0.05 compared between 1 mg/kg TCS-1102 and 1 mg/kg
CP55,940 + 1 mg/kg TCS-1102, as determined by non-overlapping 95% CI or
two-way ANOVA followed by Tukey’s post hoc test.

Corresponding graph is presented in Figure 4.
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Treatment

CP55,940

TCS-0X2-29

TCS-1102

1 mg/kg CP55,940 + TCS-OX2-29
1 mg/kg CP55,940 + TCS-1102

CP55,940

TCS-OX2-29

TCS-1102

1 mg/kg CP55,940 4 TCS-OX2-29
1 mg/kg CP55,940 4 TCS-1102

Distance traveled Average velocity Distance traveled (%Vehicle) Average velocity (%Vehicle)
EDso (mg/kg) (95% CI) Emax = SEM
Males

<0.10 0.51 (0.10-3.0) 3.3+ 0.41 38+1.1
>30 >30 77 £ 11 130 £ 10*
19(0.10-3.0) n.c. 514+ 4.8 180 £ 17*
n.c. n.c. 1.0+21° 1.7+ 3.2

n.c. n.c. 15+5.3 17 + 6.6#

Females

<0.10 <0.10 0 068 +7.4
n.c. n.c. 122.4:25* 109 £ 15*
6.1(0.10-3.0) n.c. 75+ 12" 98 4+ 16*
n.c. n.c. 0.63+5.2 1.2+ 567

n.c. n.c. 7.0+ 1.6# 14 + 7.0#

Distance traveled (a) and average velocity (b) in the open field test were the measures of anti-locomotion.

Data were fit to a three parameter non-linear regression with a system minimum and maximum constrained to 0 and 100, respectively (GraphPad, Prism, v. 8.0).
For data without a clear dose-response (i.e., “n.c.”), Emax iS reported as the maximum response observed.

Data are expressed as mg/kg with 95% Cl or%Vehicle + SEM.
*p < 0.05 compared to 1 mg/kg CP55,940 within sexes, o < 0.05 compared between 1 mg/kg TCS-OX2-29 and 1 mg/kg CP55,940 + 1 mg/kg TCS-OX2-29, and
#p < 0.05 compared between 1 mg/kg TCS-1102 and 1 mg/kg CP55,940 + 1 mg/kg TCS-1102, as determined by non-overlapping 95% CI or two-way ANOVA followed
by Tukey’s post hoc test. Corresponding graphs are presented in Figure 5.
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Treatment

EDs (mg/kg) (95% CI)

Emax (%MPE) = SEM

Males

CP55,940 2.4(1.3-4.3) 100
TCS-OX2-29 n.c. 5.8 4+0.83
TCS-1102 n.c. 88+12
1 mg/kg n:G: 8.6 £ 0.52*
CP55,940 + TCS-OX2-29
1 mg/kg 41 (19-87)* 18 +1.56°
CP55,940 + TCS-1102

Females
CP55,940 5.7 (3.6-9.3) 86 + 14
TCS-OX2-29 NG 57 +£1.2
TCS-1102 (=3 1.6 £0.29
1 mg/kg n.c. 2.8 2 1.5%
CP55,940 + TCS-0OX2-29
1 mg/kg 26 (18-38)* 26 + 3.0%#

CP55,940 + TCS-1102

Data were fit to a three parameter non-linear regression with a system minimum
and maximum constrained to 0 and 100, respectively (GraphPad, Prism, v. 8.0).

n.c., not converged.

For data without a clear dose-response (i.e., "n.c.”), Emax IS reported as the

maximum response observed.

Data are expressed as mg/kg with 95% Cl or %MPE + SEM.

*p < 0.05 compared to CP55,940 within sexes, and #p < 0.05 compared between
1 mg/kg TCS-1102 and 1 mg/kg CP55,940 + 1 mg/kg TCS-1102, as determined
by non-overlapping 95% ClI or two-way ANOVA followed by Tukey’s post hoc test.
Corresponding graph is presented in Figure 1.
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Treatment EDsp (mg/kg) (95% CI) Emax (°C) £ SEM

Males

CP55,940 8.8 (4.5-17) 32 +0.36
TCS-OX2-29 >30 37 +£0.36
TCS-1102 n.c. 37 £+ 0.090
1 mg/kg >30 33 +£ 0.45
CP55,940 + TCS-OX2-29
1 mg/kg 12 (5-31) 33 + 0.87#
CP55,940 + TCS-1102

Females
CP55,940 8.6 (4.2-17) 32 +0.31
TCS-OX2-29 >30 36 +0.27
TCS-1102 10 (4.0-26) 36 £+ 0.20
1 mg/kg >30 33 £ 0.45
CP55,940 + TCS-OX2-29
1 mg/kg 13 (5.1-32) 33 + 0.20#

CP55,940 + TCS-1102

Data were fit to a three parameter non-linear regression with a system minimum
and maximum constrained to 0 and 100, respectively (GraphPad, Prism, v. 8.0).
n.c., not converged.

For data without a clear dose-response (i.e., “n.c.”), Emax is reported as the
maximum response observed.

Data are expressed as mg/kg with 95% Cl or °C + SEM.

P < 0.05 compared between 1 mg/kg TCS-OX2-29 and 1 mgkg
CP55,940 + 1 mg/kg TCS-OX2-29, and #p < 0.05 compared between 1 mg/kg
TCS-1102 and 1 mg/kg CP55,940 + 1 mg/kg TCS-1102, as determined by non-
overlapping 95% ClI or two-way ANOVA followed by Tukey’s post hoc test.
Corresponding graph is presented in Figure 2.
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Disease

Traumatic Brain Injury (TB)

Multiple Sclerosis (MS)

Epilepsy
Psychiatric Disorders
Neuropathic Pain

Therapeutic methods

ABHDS Inhibitor (WWL-70)
ABHDS Inhibitor (WWL-70,
KT-182)

ABHDS Inhibitor (WWL-123)
Transcriptional Inhibition of ABHDG
ABHDS Inhibitor (WWL-70)

Therapeutic effect

improved motor coordination and working memory performance: (mouse model)
reduced production of INOS, COX-2, TNF-a and IL-1b, as well as phosphorylation of NF-kB (mouse
model)

significantly decreased seizure frequency (mouse model)

terminating the stress response and inhibiting excitation after anxiety (mouse model)

significantly reduced thermal hyperaigesia and mechanical allodynia (mouse mode)
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Compound ["H]CP55,940 cAMP inhibition Parrestin2 recruitment

K; (nM) Emin (%) ECso (nM) Epnax (%) ECso (nM) Ennax (%)
CP55,940 13 (5.6-33) 1047 1.0 (0.13—3.9) 100 £ 6.2 910 (700—1,200) 100 £33
A’-THC 35 (17—71) 0035 52 (052—11) 70 +7.7* 600 (200—840) 47£78
A*-THC 360 (120—1,000)** 30 £ 50 440 (76—620)** 56+ 9.6 >10,000 21418
CBN 140 (47—670)* 71£3.0% 49 (14 - 160)* 64 + 46 >10,000 69 + 096"
AS'*.THC 1,000 (470 - 2,000)*" 1765 600 (260—1,300)*" 100 + 117 >10,000 54£49*
11-OH-A°-THC 037 (0.10—1.3)" 70 £ 17 11 (20—49) 2839 >10,000 47 £ 9.4%
Curcumin >10,000 100 £ 20° 10,000 62+ 076" >10,000 89 +22%
Ege G >10,000 95 +3.4%° >10,000 5.6+ 052% >10,000 72 %085
Olivetol 17 (3.3—90) 57 +55% >10,000 56+ 16" >10,000 8321
PEA >10,000 46 £53* 730 (210—1,600)** 26+ 1.8* 2,100 (920—3,100) 5633
Piperine >10,000 37 228" 10,000 55+ 063" >10,000 79 +097*
Quercetin 350 (44—860)* 78 £ 8.1% 10,000 46+ 0.80% >10,000 70 +12%
A*-THC + &°-THC 26 (0.46—6.5)* 7.0 £3.1 21 (058—12) 54+ 16+ >10,000 87 +30%
CBN + A*-THC 170 (17—260) 20 +54 10,000 60 £ 7.1% >10,000 30 £ 021
A1 THC + A THC 8.8 (0.29—14)° 15+41 7.7 (0.89—19) 100 £ 4.4° >10,000 56+ 2.7+
11-OH-A°-THC + A*THC 12 (0.23—7.4)° 5131 11 (20—29) 23 +44% >10,000 445540
Curcumin + A-THC >10,000 2468 3.1 (0.62—16) 2450 >10,000 18 £ 027+
Ege G + ATHC 79 (14=7.1)" 30439 40 (0.88—18) 13 £41 >10,000 25+ 028"
Olivetol + A’-THC 46 (0.83—29) 11227 >10,000 6177 >10,000 144031
PEA + A*-THC >10,000 1721 57 (10—280) 103 £ 48° >10,000 14222%
Piperine + A®THC >10,000 12£72 >10,000 48 +7.6% >10,000 17 £028
Quercetin + A*-THC 350 (68—590) 32£81 19 (53—95) 059+ 43 >10,000 12 + 044

Compound activity was quantified for [3H]CP55,940 binding, inhibition of forskolin-stimulated cAMP, or Parrestin2 recruitment in CHO cells stably expressing hCBIR and treated with
phytomolecules. Data were fit to a variable slope (four parameters) non-linear regression in GraphPad (v. 9.0). n > 6 independent experiments were performed in triplicate. Eqngy and Epin

refer to the top and bottom of the concentration-response curves, respey

ly. Data are expressed as nM with 95% CI or %CP55,940 response, mean  SEM. *p < 0.05 compared to

CP55,940; #p < 0.05 compared to A>>THC within assay and measurement as determined via non-overlapping 95% CI or one-way ANOVA followed by Tukey’s post hoc test.
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Primer Forward primer (5'-3') Reverse primer (5'-3)

APP transgene AGGACTGACCACTCGACCAG CGGGGGTCTAGTTCTGCAT
Internal Positive Control CTAGGCCACAGAATTGAAAGATCT GTAGGTGGAAATTCTAGCATCATCC
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Primers for ECS characterization

Name

p-actin
Signal transducer and activator of transcription 3 (STAT3)
Aldehyde dehydrogenase 1 family (ALDH1L1)

Allograft inflammatory factor 1 (A1)

CX3C chemokine receptor 1 (CX3CR1)

CB1 receptor (CB1R)

CB2 receptor (CB2R)

Diacylglycerol fipase, alpha (DAGL )

Diacylglycerol lipase, beta (DAGL B)

N-acyl phosphatidylethanolamine phosphoipase D (NAPE)
Monoglyceride lipase (MAGL)

Fatty acid amide hydrolase (FAAH)

Gene

Actb
Stat3
Aldh1i1
Alft
Cx3ert
cort
cm2
Dyl
Dl
Napepld
Mgl
Faah

Forward primer (5'-3')

TCCATCATGAAGTGTGACGT
ACCCAACAGCCGCCGTAG
GCAGGTACTTCTGGGTTGCT
GGAGACGTTCAGCTACTCTGAC
CGTGAGACTGGGTGAGTGAC
GAAGCCTTTCTTCAGCTCGAC
TATGCTGGTTCCCTGCACTG
AATTTGCGGACTTACAACCTGCGG
AGGGATGGATGTGATCCCCA
ATGCAGAAATGTGGCTGCGAGAAC
TGGCATGGTCCTGATTTCACCTCT
TAGCTTGCCAGTATTGACCTGGCT

Reverse primer (5'-3)

GAGCAATGATCTTGATCTTCAT
CAGACTGGTTGTTTCCATTCAGAT
GGAAGGCACCCAAGGTCAAA
CATCCACCTCCAATCAGGGC
GGACATGGTGAGGTCCTGAG
AACAGCACACTGGTGACTCC
GAGCGAATCTCTCCACTCCG
TCCCAGACAGGAAAGCCAAGATGT
AACAGTAGCCCGGGGAGTAT
ACCACCTTGGTTCATAAGCTCCGA
TTCAGCAGCTGTATGCCAAAGCAC
AGGAAGTAATCGGGAGGTGCCAAA
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