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Ketamine is a racemic mixture of equal amounts of R-ketamine and S-ketamine and is well known to anesthesiologists for its unique dissociative anesthetic properties. The pharmacological properties of ketamine, namely, its sympathetic excitation, mild respiratory depression, and potent analgesia, are still highly valued in its use as an anesthetic for some patients. In particular, since its advent, S-ketamine has been widely used as an anesthetic in many countries due to its increased affinity for NMDA receptors and its enhanced anesthetic and analgesic effects. However, the anesthetic and analgesic mechanisms of S-ketamine are not fully understood. In addition to antagonizing NMDA receptors, a variety of other receptors or channels may be involved, but there are no relevant mechanistic summaries in the literature. Therefore, the purpose of this paper is to review the mechanisms of action of S-ketamine on relevant receptors and systems in the body that result in its pharmacological properties, such as anesthesia and analgesia, with the aim of providing a reference for its clinical applications and research.
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1 INTRODUCTION
Ketamine is an N-methyl-D-aspartate (NMDA) receptor antagonist consisting of a racemic mixture of equal amounts of R-ketamine and S-ketamine. The affinity of S-ketamine to NMDA receptors is three to four times higher than that of ketamine in general, with stronger analgesic effects and fewer psychotomimetic effects (Zanos et al., 2018). As an anesthetic, S-ketamine alone is approximately two times more effective than ketamine and approximately triple that of R-ketamine alone (Zanos et al., 2018). S-Ketamine acts rapidly. The peak concentration value is reached approximately 67 s after 0.5 mg kg−1 intravenous injection, with a half-life of 287.50 ± 110.20 min (Wang et al., 2019). Analgesic effects can be produced at low doses, and both anesthetic and potent analgesic effects can be produced at high doses (Peltoniemi et al., 2016). In clinical applications, S-ketamine has the following advantages: 1. Intramuscular injection can take effect rapidly and is indicated for uncooperative patients such as neonates and children (Scheppke et al., 2014; Gao et al., 2016; Zanos et al., 2018); 2. S-ketamine is a rational option for the induction of anesthesia in critically ill patients with shock or hypotension because it excites the sympathetic nerves (Jabre et al., 2009; Morris et al., 2009); 3. S-ketamine can relax the bronchi, which is advantageous for the induction of anesthesia in asthmatics (Robinson, 1985; Garner et al., 2022); 4. The strong analgesic efficiency and mild respiratory depression of S-ketamine provide a significant increase in safety when used for postoperative analgesia (Jonkman et al., 2018; Rugg et al., 2021). S-ketamine clearly has unique advantages for clinical applications in specific patients; however, some side effects associated with the use of S-ketamine may occur, such as psychotomimetic symptoms, nausea and vomiting, impaired vision, and dizziness (Zanos et al., 2018). S-ketamine produces a multitude of pharmacological effects that are closely related to its complex mechanism of action. In addition to antagonizing NMDA receptors, it also interacts with opioid receptors, the monoamine system, the cholinergic system and AMPA receptors. Understanding the pharmacological effects produced by interactions of ketamine with various receptors and systems can provide a theoretical basis for the rational use of S-ketamine.
2 NMDA RECEPTORS
2.1 Structural basis of NMDA receptors
NMDA receptors are ionotropic glutamate receptors that are usually composed of three fundamental subunits, GluN1, GluN2, and GluN3, which are widely found in the central nervous system (Chou et al., 2020). NMDA receptors plays a crucial role in synaptic transmission and synaptic plasticity and may be involved in learning and memory (Chou et al., 2020). In anesthesia, NMDA receptors also play an important role in sedation, analgesia, and amnesia (Petrenko et al., 2014). The anesthetic and analgesic effects of S-ketamine, as an NMDA receptor antagonist, are closely related to these functions of NMDA receptors.
The GluN3 subunit is strongly associated with central nervous system disorders, but its relationship to S-ketamine remains unknown (Pérez-Otaño et al., 2016). A functional NMDA receptor is usually a tetrameric ion channel consisting of 2 glycine-binding essential subunits, GluN1, and 2 glutamate-binding regulatory subunits, GluN2 (with subunits A–D) (Hansen et al., 2021). S-ketamine mainly acts on GluN1-GluN2A and GluN1-GluN2B subtypes in the adult brain, and its typical structures include the extracellular amino terminal domain (ATD) and the ligand-binding domain (LBD), as well as the transmembrane domain (TMD) of ion channels embedded in the lipid bilayer (Karakas and Furukawa, 2014; Zhang et al., 2021). The LBD is usually a binding site for glycine or glutamate and also binds to some metabotropic modulators (L-689,560,SDZ-220-040); the ATD binds mainly to a subset of metameric regulators (polyamines, phenylethanolamines, or Zn2+) that regulate ion channel TMD opening and closing (Karakas et al., 2009; Chou et al., 2020). The TMD consists of four hydrophobic segments (M1 to M4) (Figures 1, 2), three of which are α-helical transmembrane structural domains (M1, M3 and M4), with the fourth being the short foldback loop (M2) that faces the cytoplasm and does not span the membrane (Zhang et al., 2021). S-ketamine interacts with specific amino acids in the TMD (leucine 642 on GluN2A, leucine 643 on GluN2B, and asparagine 616 on GluN1) when NMDA receptor channels open and forms hydrophobic and hydrogen bonds (Zhang et al., 2021), which in turn alter ion channel structure, inhibit Ca2+ hyperpermeability, decrease channel opening time as well as the frequency, and prevent neuronal activation required for a state of consciousness, thus producing an anesthetic effect (Lisek et al., 2020). Research has shown that the dissociative anesthesia induced by ketamine may also mediate some of its analgesic properties (Gitlin et al., 2020; Olofsen et al., 2022). In conclusion, as an NMDA receptor antagonist, the blockade of NMDA receptor channels is the basis for producing anesthesia and analgesia, with NMDA receptor channels interacting with other receptors or channels to exert various pharmacological properties (Figure 3).
[image: Figure 1]FIGURE 1 | Domain organization of NMDA receptor subunits. The GluN1-GluN2A heterodimer is shown on the left, and the GluN1-GluN2B heterodimer is shown on the right. Blue indicates the GluN1 subunit, purple indicates the GluN2A subunit, yellow indicates the GluN2B subunit, and the green receptor indicated by the dotted line is the binding site of S-ketamine.
[image: Figure 2]FIGURE 2 | Schematic diagram of NMDA receptor structure. The green receptor indicated by the dotted line is the binding site of S-ketamine. The three PDZ structural domains linked below the GluN2B subunit form PSD-95, which can interact with nNOS to regulate the production of NO.
[image: Figure 3]FIGURE 3 | Simple diagram of S-ketamine producing anesthesia and analgesia. S-ketamine acts on GluN1-GluN2A and GluN1-GluN2B subunits and blocks NMDA receptor channels, which is the basis of S-ketamine-induced loss of consciousness and analgesia. Moreover, inhibition of presynaptic NMDA receptor channels can lead to deinhibition of glutamatergic neuronal activity and indirect activation of AMPA receptors.
2.2 GluN2A subunit and hypnosis
GluN2 includes four subunits, GluN2A, GluN2B, GluN2C, and GluN2D, which largely determine physiological functions such as NMDA receptor agonist affinity, single-channel conductance, Ca2+ permeability, and Mg2+ sensitivity (Bai et al., 2013). S-ketamine binds to leucine on the GluN2 subunit and plays an important role in antagonizing the NMDA receptor (Zhang et al., 2021). GluN2A and GluN2B subunits are widely present in the adult mammalian cerebral cortex and hippocampus and are the most common subunits (Bai et al., 2013). In contrast, GluN2C and GluN2D subunits are more often found in the midbrain and hindbrain and have low receptor opening rates and single channel conductance; due to these properties, current studies are mainly focused on GluN2A and GluN2B subunits (Clarke and Johnson, 2006; Bai et al., 2013). The GluN2A subunit is essential for synaptic plasticity and memory in mammals (Yang et al., 2022), and mutant mice with deletion of this subunit gene are resistant to the hypnotic effects produced by ketamine (Petrenko et al., 2004; Sato et al., 2004). This may be caused by the deletion of the GluN2A subunit that disrupts the function of NMDA receptors, which in turn attenuates the ketamine-induced hypnotic process (Petrenko et al., 2014). However, it has been suggested that this resistance may also be a result of other neurotransmitter alterations arising from the deletion of the GluN2A subunit (Petrenko et al., 2014). In a study of inhalation anesthetics, deletion of the GluN2A subunit was found to increase the release of dopamine as well as 5-hydroxytryptamine in the frontal cortex and striatum of mice (Miyamoto et al., 2001), suggesting that this secondary increase in monoaminergic tone is the main reason for the resistance of GluN2A deletion mice to the hypnotic effects of these inhaled anesthetics (Petrenko et al., 2010; Petrenko et al., 2013). However, the use of ketamine itself induces an increase in monoaminergic tone (Hashimoto et al., 2017; Pham and Gardier, 2019), which does not affect the anesthetic effect produced by ketamine. Therefore, the resistance of GluN2A deletion mice to ketamine-induced hypnosis is more likely the result of disruption of NMDA receptor function following deletion of the GluN2A subunit.
2.3 GluN2B subunits and analgesia
 While the GluN2A subunit of NMDA receptors is mainly present within synapses and mediates learning, memory and synaptic plasticity, GluN2B is mainly present in extrasynaptic NMDA receptors and mainly mediates glutamate excitotoxicity, which can cause deleterious effects on neuronal function (Sun et al., 2017; Tian et al., 2021). The GluN2A subunit may not be involved in mediating the ketamine analgesic process, as it does not produce significantly different analgesic effects in wild-type and GluN2A subunit-deficient mice (Petrenko et al., 2006). In contrast, the GluN2B subunit plays a key role in central sensitization and in various types of chronic pain, both neuropathic and inflammatory (Wei et al., 2001; Wang et al., 2021). Transgenic mice that overexpress the GluN2B subunit exhibit selectively enhanced persistent and abnormal pain (Wei et al., 2001), whereas knockdown of the GluN2B subunit prevents the development of abnormal pain (Wang et al., 2021). This relationship of the GluN2B subunit to chronic pain may be the essential reason for the promising results of ketamine in the treatment of clinical chronic pain (Marchetti et al., 2015).
Chronic pain regulation by GluN2B subunits may be associated with the scaffolding protein postsynaptic density-95 (PSD-95) (Figure 3). PSD-95 is a membrane-associated protein consisting of three PDZ structural domains (Kim and Sheng, 2004) that interacts with nitric oxide synthase (nNOS) to modulate NO, a pain transmitter (Zhou et al., 2010; Sarmah et al., 2022). Since the N-terminal PDZ structural domain of PSD-95 and the C-terminus of the GluN2B subunit are interactable, the GluN2B subunit may indirectly regulate NO production through PSD-95 and thus the development of chronic pain (Li et al., 2022). This possibility has been further validated by the fact that chronic pain can be reduced by disrupting the interaction between the GluN2B subunit and PSD-95 (D'Mello et al., 2011; Li et al., 2022). Therefore, S-ketamine likely inhibits NO release via the GluN2B/PSD-95/nNOS pathway to reduce pain signaling and prevent the onset of chronic pain. In addition, pain inputs to the dorsal horn of the spinal cord stimulate the release of the neurotransmitter glutamate and activate NMDA receptors, which underlie the transition from acute to chronic pain (Inquimbert et al., 2018). Antagonism of NMDA receptors might inhibit this transition process.
Current studies on the relationship between ketamine and the GluN2 subunit are mainly focused on the observation of changes in potency in the knockout mouse model after drug administration that can indirectly reflect whether ketamine acts through this subunit. However, some limitations exist in all of these studies because the knockout mouse model may have secondary alterations in other neurotransmitter systems; such alterations can have direct or indirect interactions with the drug and affect the results of the experiment. Moreover, NMDA inhibition of different subunit compositions is not isolated; even selective inhibition of extrasynaptic GluN2B subunit-containing NMDA receptors may still antagonize synaptic GluN2A subunit-containing NMDA receptors (Tymianski, 2011). As a result, mice with a knockout mutation for only one subunit likely also have altered expression of the other subunits, and the antagonistic effect of S-ketamine on both subunits adds to the uncertainty of the resulting findings.
3 AMPA RECEPTORS
3.1 The role of AMPA receptors
Ionic glutamate receptors include NMDA receptors, α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors and kainate receptors (Chou et al., 2020); AMPA regulates the opening of NMDA receptor channels (Hansen et al., 2021). NMDA receptors are dual-gated channels regulated by both membrane potential and other neurotransmitters (Hansen et al., 2021). At a resting membrane potential, physiological levels of Mg2+ can block NMDA receptor ion channels (Mayer et al., 1984), and the effect of Mg2+ blockage can only be eliminated when glutamate released from the presynaptic membrane acts on AMPA receptors, enhancing ion flow through AMPA receptor channels and causing local depolarization of the postsynaptic membrane adjacent to NMDA receptors (Nowak et al., 1984; Hansen et al., 2021). NMDA interacts with AMPA receptors, and antagonism of NMDA by S-ketamine may also activate AMPA receptors. However, studies on the molecular structure of ketamine and AMPA have shown that amino acid differences in the key sites of AMPA receptors may lead to disruption of the ketamine spatial structure and weaken the space-sensitive hydrophobic contacts, which may result in the selective binding of S-ketamine to NMDA but not to AMPA receptors (Zhang et al., 2021). However, it has also been found that NMDA receptor blockade reduces GABA release from gamma amino-butyric acid (GABA)-ergic interneurons, leading to deinhibition of glutamatergic neuronal activity (Gerhard et al., 2020) and thus indirect activation of AMPA receptors. In addition, the S-ketamine metabolite (2R, 6R)-hydroxynorketamine can also exert sustained activation of AMPA receptors (Zanos et al., 2016). The signaling enhancement after AMPA receptor activation can cause an increase in thalamic and cortical synaptic transmission (Bieber et al., 2022), which may partially explain the different electroencephalographic (EEG) characteristics of the anesthetized state induced by ketamine versus those induced by other anesthetics (Purdon et al., 2015). The dissociative anesthesia produced by ketamine is an abnormally altered state of consciousness (Corssen and Domino, 1966; Bieber et al., 2022), and the increased thalamic and cortical synaptic transmission induced by ketamine may also contribute to its production of dissociative anesthesia (Bieber et al., 2022).
3.2 The effect of Ca2+ on AMPA
The effects of S-ketamine may be indirectly modulated by Ca2+. Modulation of Ca2+ by S-ketamine binding to the GluN2B subunit in the ionotropic glutamate receptor NMDA may lead not only to sustained activation of AMPA receptors (Kavalali and Monteggia, 2012; Zhang et al., 2021) but also to activation of glutamate-independent pathways that induce Ca2+ inflow as well as calcium pool mobilization, resulting in elevated Ca2+ concentrations in the cytoplasm of neurons in the brain (Lidow, 2003). Elevated Ca2+ concentrations can in turn modulate dopamine release and increase D2 receptor activity, causing psychiatric symptoms (Lidow, 2003; Lisek et al., 2016). In addition, Ca2+ modulation may also be involved in S-ketamine-induced euphoria and sedation, which were found to be inhibited by the L-type calcium channel antagonist nimodipine in a clinical trial (Krupitsky et al., 2001).
4 S-KETAMINE AND OPIOID RECEPTORS
4.1 Involvement in analgesic effect
Opioids have a pronounced analgesic effect and are widely used in clinical practice as classic analgesic drugs (Stein, 2016). The classical opioid receptors include μ, δ, and κ receptors, and as early as 1999, Hirota et al. discovered the interaction of ketamine with these three types of opioid receptors, with S-ketamine being two to three times more potent than R-ketamine at μ and κ receptors; this potency at the μ and κ receptors may be one of the factors contributing to the stronger analgesic potency of S-ketamine than R-ketamine (Hirota et al., 1999). One study investigated the antagonistic effect of ketamine on analgesia by administering nonselective and selective μ, δ, and κ receptor antagonists to mice. Interestingly, κ receptors exhibit negative results in both central and peripheral analgesic antagonism tests in mice, which suggests that the analgesic effects of ketamine are mainly produced through μ and δ opioid receptors, while κ receptors are not involved (Pacheco Dda et al., 2014; Petrocchi et al., 2019). During the study, researchers found that ketamine induced an increase in endogenous opioids to synergize analgesia (Pacheco Dda et al., 2014; Petrocchi et al., 2019). This increase in endogenous opioids (e.g., beta-endorphin) may originate from the stimulation of the pituitary cell line by ketamine, and this stimulation can also lead to a delayed secretion of beta-endorphin, resulting in a longer duration of analgesia than it is expected to be pharmacokinetic with ketamine (YaDeau et al., 2003).
4.2 Other possible mechanisms affecting opioid receptors
The effect of S-ketamine on opioid receptors may also be related to the effects of opioid receptor activation (Figure 4). Opioid receptor activation reduces intracellular cAMP production and decreases Ca2+ channel and TRPV-1 channel activity in the spinal dorsal root ganglion (DRG), which attenuates pain signaling and produces an analgesic effect (Stein, 2016; Reeves et al., 2022). Long-term opioid use can lead to intracellular “cAMP rescue”, which reduces cAMP concentrations to normal levels, thereby reducing the analgesic effects of opioids and causing drug tolerance (Kibaly et al., 2017; Mizobuchi et al., 2022). According to the study, ketamine activates G-protein-coupled receptor kinase 2/3, activating the μ receptor phosphorylation site, thereby reducing the intracellular cAMP concentration and inhibiting the onset of “cAMP rescue”, which may be one of the reasons why ketamine can ameliorate tolerance to long-term opioid use (Kibaly et al., 2017; Mizobuchi et al., 2022). Notably, ketamine also enhances β-arrestin recruitment during this process and increases the amount of β-blocker binding to the tail conformation of the μ-receptor (which induces resensitization), which improved desensitization (Cahill et al., 2017; Mizobuchi et al., 2022). In addition, opioid receptor activation also inhibits excitatory postsynaptic currents evoked by glutamate receptors in the spinal cord (Stein, 2016), so antagonism of the ionotropic glutamate receptor NMDA by S-ketamine may indirectly produce a synergistic effect of opioid receptor activation and exert analgesic effects. In contrast, S-ketamine can also interact with specific amino acids of the GluN1 and GluN2B subunits to form hydrophobic and hydrogen bonds (Zhang et al., 2021), which in turn form complexes with TRPV-1 receptors in the DRG via these two subunits to enhance TRPV1 receptor signaling, causing the opposite effect to opioid receptor activation and leading to enhanced mechanical pain (Lee et al., 2012a; da Costa et al., 2020).
[image: Figure 4]FIGURE 4 | S-Ketamine produces analgesia by other pathways. S-ketamine excites sympathetic nerves, leading to the release of NA. NA both activates the descending analgesic pathway, which produces analgesic effects, and binds to adrenoceptors (ARs), promoting the release of opioids (OPs) from immune cells. Both S-ketamine and OP can bind to the opioid receptor (OR), decreasing intracellular cAMP levels and thus blocking Ca2+ channels and TRPV1 channels to produce an analgesic effect.
4.3 Other effects of opioid receptors
S-ketamine has some advantages over opioids, such as mild respiratory depression and lack of induced nociceptive hypersensitivity. Although it has been suggested that the interaction of S-ketamine with μ receptors may lead to respiratory depression, low doses of S-ketamine in clinical practice do not provide significant respiratory depression, with respiratory depression only occurring with high or rapid doses (Sarton et al., 2001; Zanos et al., 2018). In addition, a study showed that subanesthetic doses of S-ketamine counteracted the respiratory depression produced by opioids (Jonkman et al., 2018). This may result from S-ketamine antagonism of NMDA receptors, which enhances the sensitivity of the respiratory center to CO2 and excites sympathetic nerves, both of which may counteract respiratory depression (Jonkman et al., 2018). Furthermore, low doses of S-ketamine used for the induction of anesthesia preserve the patient’s pharyngeal and laryngeal reflexes (Sheikh and Hendry, 2018), which may greatly reduce the occurrence of respiratory depression caused by posterior tongue drop and increased airway secretions. High-dose use of opioids can produce hyperalgesia. The mechanism of this hyperalgesia is complicated and may be mediated by the activation of the central glutamine system caused by the activation of the μ receptor and the activation of the descending pain promotion mechanism (Lee et al., 2011; Colvin et al., 2019). The antagonistic effect of S-ketamine on NMDA receptors reduces the activation of the central glutaminergic system (Yu et al., 2016) and activates the descending analgesic pathway (Bosma et al., 2018), thus inhibiting the onset of this nociceptive hyperalgesia. Therefore, clinical reports of nociceptive hypersensitivity induced by S-ketamine are rare, and it has been found in studies that low-dose S-ketamine infusions attenuate the nociceptive hypersensitivity produced by opioids (Koppert et al., 2003; Bornemann-Cimenti et al., 2016). Although κ receptors are not involved in the analgesic process of S-ketamine, they seem to be associated with the psychiatric side effects produced by these processes. The reason is that S-ketamine produces dissociative and hallucinogenic effects similar to those of κ-receptor agonists, and such psychiatric symptoms can be partially blocked by κ-receptor antagonists (Nemeth et al., 2010; MacLean et al., 2013).
5 MONOAMINE SYSTEM
5.1 Sympathetic excitation and analgesia
The sympathetic excitatory effects of S-ketamine are related to two aspects: 1) S-ketamine blocks sodium channels in parasympathetic neurons in the brainstem and inhibits parasympathetic activity; 2) S-ketamine inhibits NO release and enhances sympathetic activity (Okamoto et al., 1994; Irnaten et al., 2002). Sympathetic activation can increase noradrenaline (NA) and catecholamine levels in the body, leading to an increase in heart rate and blood pressure, increased cardiac output, and diastole of the bronchi (Takki et al., 1972; Robinson, 1985; Kamp et al., 2021). In addition to circulatory effects, NA binding to adrenergic receptors induces the release of endogenous opioids and produces analgesic effects (Romero et al., 2018), which is perhaps a pathway for the ketamine-induced increase in endogenous opioids (Pacheco Dda et al., 2014; Petrocchi et al., 2019). S-ketamine likely also exerts analgesic effects through the descending analgesic pathway (Bosma et al., 2018; Rogachov et al., 2019). The important transmitters of the descending analgesic pathway include 5-hydroxytryptamine and NA, both of which can promote release by ketamine, providing further evidence supporting this possibility (Takki et al., 1972; Pham and Gardier, 2019).
5.2 Other effects of the monoamine system
The psychiatric side effects produced by S-ketamine may be closely related to the increased release of central dopamine. Using positron emission tomography, Hashimoto et al. observed an increase in striatal dopamine release in monkeys after a single infusion of 0.5 mg/kg S-ketamine, which they suggested could be one of the reasons for the induction of acute psychotropic phenomena by S-ketamine (Hashimoto et al., 2017). However, studies also showed that R-ketamine did not cause an increase in striatal dopamine release, and no clinical manifestations of this psychotropic-like effect were observed with R-ketamine alone in clinical trials (Vollenweider et al., 1997; Hashimoto et al., 2017). Dopamine increases in the nucleus ambiguus usually promote synaptic plasticity in the limbic system of the midbrain and lead to addiction, but this is not the case for ketamine (Simmler et al., 2022). Although the deinhibition of dopaminergic neurons in the ventral tegmental area of mice by ketamine causes transient dopamine increases in the nucleus ambiguus, this deinhibition can be quickly terminated by the type-2 dopamine receptors on dopaminergic neurons, preventing the onset of synaptic plasticity and therefore leading to less susceptibility to ketamine addiction (Simmler et al., 2022). Dopamine does not appear to be involved in ketamine-induced vomiting, as studies have found that the type 2 dopamine receptor (D2) antagonist metoclopramide does not reduce the occurrence of ketamine-induced vomiting (Lee et al., 2012). However, administration of 5-hydroxytryptamine receptor antagonists reduced the incidence of vomiting after ketamine administration from 12.6% to 4.7%, suggesting that 5-hydroxytryptamine may be involved in its development in nausea and vomiting (Langston et al., 2008).
6 CHOLINERGIC SYSTEM
Cholinergic neurons control the release of acetylcholine by acting on nicotinic and muscarinic receptors and play an important role in a variety of human functions, such as arousal, cognition, learning, and memory (Leung and Luo, 2021). Ketamine can participate in the anesthetic process by modulating brain acetylcholine levels and affects patients’ postoperative cognitive level (Leung and Luo, 2021). In general, higher concentrations of acetylcholine are associated with cortical activation, such as during wakefulness and rapid eye movement (Marrosu et al., 1995). Sensitivity to ketamine-induced loss of consciousness can be increased when the acetylcholine transporter protein genetic gene is knocked out in mice and the concentration of cortical acetylcholine is reduced (Leung et al., 2021). Unlike the effects of anesthetics acting on GABA receptors, acetylcholine concentrations in the cerebral cortex in rats are significantly elevated after ketamine-induced loss of consciousness (Pal et al., 2015; Pal and Mashour, 2021). Moreover, the elevated acetylcholine concentration in the cerebral cortex may be one of the reasons for the susceptibility to excessive dreaming as well as hallucinations with ketamine (Pal and Mashour, 2021). While elevating acetylcholine concentrations, ketamine also inhibits muscarinic acetylcholine receptor function, mediating effects such as sympathetic excitation and bronchodilation (Gateau et al., 1989; Durieux, 1995). S-ketamine has a twofold higher affinity for muscarinic acetylcholine receptors than R-ketamine; however, ex vivo studies revealed that the relaxing effect of R-ketamine on airway smooth muscle is stronger than that of S-ketamine, which may be related to the different calcium channels affected by the two isomers (Pabelick et al., 1997; Zanos et al., 2018). In addition, antagonism of central acetylcholine by ketamine may mediate some ocular effects, such as nystagmus and blurred vision, which are mainly produced by S-ketamine and can be inhibited by a cholinesterase inhibitor derived from toxic lentils (Toro-Matos et al., 1980; Zanos et al., 2018).
7 ION CHANNEL
7.1 HCN1
Hyperpolarization-activated cyclic-nucleotide-gated potassium channel 1 (HCN1) is closely associated with the hypnotic and amnesic effects of anesthetics (Zhou et al., 2015). HCN1 also plays an important role in the anesthetic process of S-ketamine and may be a molecular substrate for the hypnotic effect (Chen et al., 2009). The inhibition of HCN1, combined with the inhibition of NMDA receptor channels, produces a switch in the active population of excitatory neurons, which leads to a substantial reorganization of cortical activity (inhibition of active neurons and activation of silent neurons), including somatosensory areas and other primary senses (touch and vision), resulting in a “dissociative anesthetic” effect in which the brain is detached from its environment (Zhou et al., 2013; Cichon et al., 2023). In addition, HCN1 plays an important role in the regulation of cardiac pacemaker activity and rhythmic neuronal activity, and inhibition of HCN1 may induce bradycardia and cardiac arrest (Lee and MacKinnon, 2017; Shimizu et al., 2022). However, the inhibitory effect of S-ketamine on HCN1 in clinical use can only be observed as transient cardiac depression after administration, as it is quickly masked by the increase in heart rate produced by the activation of sympathetic excitation (Kamp et al., 2021). Recently, it has also been found that HCN1 is closely related to analgesia and can be used as a target for the production of novel analgesics (Ramírez et al., 2018), and whether S-ketamine can exert analgesic effects through this pathway remains to be investigated.
7.2 Na+ channels
S-ketamine also blocks Na+ channels. The blockage of Na+ channels in parasympathetic neurons in the brainstem may inhibit parasympathetic nerves and increase heart rate and blood pressure (Irnaten et al., 2002). Similarly, blockade of Na+ channels by S-ketamine can also produce inhibitory effects on sensation and movement and is used clinically as an adjuvant to local anesthetics (Frenkel and Urban, 1992; Nestor et al., 2022). However, due to the hydrophobic nature of ketamine, even though ketamine blocks Na+ channels in the central nervous system, this blockade does not achieve general anesthesia in the range of drug concentrations used clinically (Frenkel and Urban, 1992).
8 CURRENT STATUS OF CLINICAL APPLICATION
S-ketamine has potent antidepressant effects and rapidly reduces suicidal ideation; it has been approved by the Food and Drug Administration (FDA) for use in adults with major depressive disorder and suicidal ideation and behavior (McIntyre et al., 2021). In the perioperative period, it can reduce the incidence of postoperative depression after orthopedic, gynecological, and gastrointestinal surgery (Wang et al., 2020; Min et al., 2023; Zhang et al., 2023) and is also effective in the control of postpartum depression (Han et al., 2022). S-ketamine also provides a potent analgesic effect, decreases postoperative Visual Analog Scale scores for a variety of surgical procedures, reduces opioid consumption, improves the quality of perioperative recovery (Argiriadou et al., 2004; Kadic et al., 2016; Miziara et al., 2016; Nielsen et al., 2019; Wang et al., 2020; Brinck et al., 2021; Han et al., 2022; Shen et al., 2022; Yu et al., 2022; Yuan et al., 2022; Zhu et al., 2022; Min et al., 2023), deters the onset of chronic pain and reduces postoperative opioid dependence (Nielsen et al., 2019). The incidence of hypotension and bradycardia is lower when S-ketamine is combined with propofol for sedation and analgesia (Huang et al., 2023), enhancing sedation and reducing both the dose of propofol and propofol-induced injection pain (Eberl et al., 2020; Xu et al., 2022). S-ketamine can also shorten the recovery time from anesthesia for painless examinations or operations, with lower respiratory and circulatory-related risks (Yang et al., 2022; Xin et al., 2022; Yongping et al., 2022; Zheng et al., 2022). It is equally safe and effective in pediatric patients (Zhang et al., 2022), and S-ketamine may also reduce the incidence of postoperative agitation as well as delirium in children (Li et al., 2022; Zhang et al., 2022; Chen et al., 2023).
S-ketamine is widely used in clinical practice, and its unique advantages in intraoperative maintenance and postoperative analgesia are gradually being explored. It has also been gradually accepted by anesthesiologists in pediatric-assisted sedation surgery or examination and has developed a variety of usages, such as nasal and sacral administration (Marhofer et al., 2000; Martindale et al., 2004; Lu et al., 2021). But as we explore the value of the drug, researchers must remain vigilant to the potential for abuse liability and long-term adverse events, for which there are insufficient data.
9 CONCLUSION
The mechanism of action of S-ketamine is quite complex. Antagonism of NMDA receptors is the basis for the various pharmacological properties of S-ketamine, such as dissociative anesthesia and analgesia, and S-ketamine also interacts with other receptors or channels to exert various pharmacological properties. NMDA receptors contain two subunits, GluN2A and GluN2B. S-ketamine acts on the GluN2A subunit primarily to induce hypnosis and on the GluN2B subunit primarily as part of the analgesic process. To produce analgesic effects, S-ketamine also activates opioid receptors. S-ketamine also excites sympathetic nerves and causes the release of NA by blocking sodium channels, inhibiting NO release and inhibiting muscarinic acetylcholine receptors, which in turn promotes the release of endogenous opioids and activates opioid receptors to produce further analgesic effects after binding to receptors. In addition, an increase in NA and 5-hydroxytryptamine also enhances the analgesic effect by activating the descending analgesic pathway. Inhibition of Ca2+ hyperpermeability reduces thalamic-cortical signal communication, which can produce loss of consciousness and analgesic effects. However, this inhibition also leads to Ca2+ dysregulation, activation of glutamate nondependent pathways, induction of Ca2+ inward flow and mobilization of calcium pools, elevation of Ca2+ concentration in the neuronal cytoplasm of the brain, and consequently to dopamine release, which induces euphoria and psychotropic side effects. Antagonism of NMDA receptors may also indirectly cause sustained activation of AMPA receptors, which enhances thalamocortical and cortical synaptic transmission leading to distinct EEG features and may contribute to dissociative anesthesia. As a potential analgesic target and hypnotic substrate for S-ketamine, HCN1 may also participate in the process of dissociative anesthesia in concert with NMDA receptors. Most of the current related studies are carried out using racemic ketamine and the effect of R-ketamine in racemic ketamine has not been fully elucidated; regardless of its clinical analgesic and anesthetic effects or related studies on the affinity of various receptors, the analgesic and anesthetic effects of racemic mixed ketamine are mainly mediated by S-ketamine. Therefore, in the absence of direct evidence of S-ketamine, racemic ketamine’s mechanism in analgesia and anesthesia can be partially explained by the mechanism of S-ketamine. In summary, S-ketamine has been shown to have stronger analgesic effects and fewer side effects than ketamine and has better clinical application prospects as an anesthetic drug; the mechanisms of action of S-ketamine deserve in-depth study.
AUTHOR CONTRIBUTIONS
Conceptualization, Writing—original draft, Project administration: J-SZ and L-FW. Writing—review and editing: J-SZ, L-FW, G-FP, W-DL, ZC, Y-YL, BY-W, ML-G, and Y-LD. Drafting: J-SZ and G-FP. Supervision: J-MY, M-LZ. All authors contributed to the article and approved the submitted version.
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.
REFERENCES
 Argiriadou, H., Himmelseher, S., Papagiannopoulou, P., Georgiou, M., Kanakoudis, F., Giala, M., et al. (2004). Improvement of pain treatment after major abdominal surgery by intravenous S+-ketamine. Anesth. Analg. 98 (5), 1413–1418. doi:10.1213/01.ane.0000111204.31815.2d
 Bai, N., Hayashi, H., Aida, T., Namekata, K., Harada, T., Mishina, M., et al. (2013). Dock3 interaction with a glutamate-receptor NR2D subunit protects neurons from excitotoxicity. Mol. Brain 6, 22. doi:10.1186/1756-6606-6-22
 Bieber, M., Schwerin, S., Kreuzer, M., Klug, C., Henzler, M., Schneider, G., et al. (2022). s-ketamine enhances thalamocortical and corticocortical synaptic transmission in acute murine brain slices via increased AMPA-receptor-mediated pathways. Front. Syst. Neurosci. 16, 1044536. doi:10.3389/fnsys.2022.1044536
 Bornemann-Cimenti, H., Wejbora, M., Michaeli, K., Edler, A., and Sandner-Kiesling, A. (2016). The effects of minimal-dose versus low-dose S-ketamine on opioid consumption, hyperalgesia, and postoperative delirium: A triple-blinded, randomized, active- and placebo-controlled clinical trial. Minerva Anestesiol. 82 (10), 1069–1076.
 Bosma, R. L., Cheng, J. C., Rogachov, A., Kim, J. A., Hemington, K. S., Osborne, N. R., et al. (2018). Brain dynamics and temporal summation of pain predicts neuropathic pain relief from ketamine infusion. Anesthesiology 129 (5), 1015–1024. doi:10.1097/aln.0000000000002417
 Brinck, E. C. V., Virtanen, T., Mäkelä, S., Soini, V., Hynninen, V. V., Mulo, J., et al. (2021). S-Ketamine in patient-controlled analgesia reduces opioid consumption in a dose-dependent manner after major lumbar fusion surgery: A randomized, double-blind, placebo-controlled clinical trial. PLoS One 16 (6), e0252626. doi:10.1371/journal.pone.0252626
 Cahill, T. J., Thomsen, A. R., Tarrasch, J. T., Plouffe, B., Nguyen, A. H., Yang, F., et al. (2017). Distinct conformations of GPCR-β-arrestin complexes mediate desensitization, signaling, and endocytosis. Proc. Natl. Acad. Sci. U. S. A. 114 (10), 2562–2567. doi:10.1073/pnas.1701529114
 Chen, X., Shu, S., and Bayliss, D. A. (2009). HCN1 channel subunits are a molecular substrate for hypnotic actions of ketamine. J. Neurosci. 29 (3), 600–609. doi:10.1523/jneurosci.3481-08.2009
 Chen, Y., Ru, F., Ye, Q., Wu, X., Hu, X., Zhang, Y., et al. (2023). Effect of S-ketamine administered at the end of anesthesia on emergence delirium in preschool children undergoing tonsillectomy and/or adenoidectomy. Front. Pharmacol. 14, 1044558. doi:10.3389/fphar.2023.1044558
 Chou, T. H., Tajima, N., Romero-Hernandez, A., and Furukawa, H. (2020). Structural basis of functional transitions in mammalian NMDA receptors. Cell. 182 (2), 357–371. doi:10.1016/j.cell.2020.05.052
 Cichon, J., Wasilczuk, A. Z., Looger, L. L., Contreras, D., Kelz, M. B., and Proekt, A. (2023). Ketamine triggers a switch in excitatory neuronal activity across neocortex. Nat. Neurosci. 26 (1), 39–52. doi:10.1038/s41593-022-01203-5
 Clarke, R. J., and Johnson, J. W. (2006). NMDA receptor NR2 subunit dependence of the slow component of magnesium unblock. J. Neurosci. 26 (21), 5825–5834. doi:10.1523/jneurosci.0577-06.2006
 Colvin, L. A., Bull, F., and Hales, T. G. (2019). Perioperative opioid analgesia-when is enough too much? A review of opioid-induced tolerance and hyperalgesia. Lancet 393 (10180), 1558–1568. doi:10.1016/s0140-6736(19)30430-1
 Corssen, G., and Domino, E. F. (1966). Dissociative anesthesia: Further pharmacologic studies and first clinical experience with the phencyclidine derivative CI-581. Anesth. Analg. 45 (1), 29–40. doi:10.1213/00000539-196601000-00007
 D'Mello, R., Marchand, F., Pezet, S., McMahon, S. B., and Dickenson, A. H. (2011). Perturbing PSD-95 interactions with NR2B-subtype receptors attenuates spinal nociceptive plasticity and neuropathic pain. Mol. Ther. 19 (10), 1780–1792. doi:10.1038/mt.2011.42
 da Costa, F. L. P., Pinto, M. C. X., Santos, D. C., Carobin, N. V., de Jesus, I. C. G., Ferreira, L. A., et al. (2020). Ketamine potentiates TRPV1 receptor signaling in the peripheral nociceptive pathways. Biochem. Pharmacol. 182, 114210. doi:10.1016/j.bcp.2020.114210
 Durieux, M. E. (1995). Inhibition by ketamine of muscarinic acetylcholine receptor function. Anesth. Analg. 81 (1), 57–62. doi:10.1097/00000539-199507000-00012
 Eberl, S., Koers, L., van Hooft, J., de Jong, E., Hermanides, J., Hollmann, M. W., et al. (2020). The effectiveness of a low-dose esketamine versus an alfentanil adjunct to propofol sedation during endoscopic retrograde cholangiopancreatography: A randomised controlled multicentre trial. Eur. J. Anaesthesiol. 37 (5), 394–401. doi:10.1097/eja.0000000000001134
 Frenkel, C., and Urban, B. W. (1992). Molecular actions of racemic ketamine on human CNS sodium channels. Br. J. Anaesth. 69 (3), 292–297. doi:10.1093/bja/69.3.292
 Gao, M., Rejaei, D., and Liu, H. (2016). Ketamine use in current clinical practice. Acta Pharmacol. Sin. 37 (7), 865–872. doi:10.1038/aps.2016.5
 Garner, O., Ramey, J. S., and Hanania, N. A. (2022). Management of life-threatening asthma: Severe asthma series. Chest 162 (4), 747–756. doi:10.1016/j.chest.2022.02.029
 Gateau, O., Bourgain, J. L., Gaudy, J. H., and Benveniste, J. (1989). Effects of ketamine on isolated human bronchial preparations. Br. J. Anaesth. 63 (6), 692–695. doi:10.1093/bja/63.6.692
 Gerhard, D. M., Pothula, S., Liu, R. J., Wu, M., Li, X. Y., Girgenti, M. J., et al. (2020). GABA interneurons are the cellular trigger for ketamine's rapid antidepressant actions. J. Clin. Invest. 130 (3), 1336–1349. doi:10.1172/jci130808
 Gitlin, J., Chamadia, S., Locascio, J. J., Ethridge, B. R., Pedemonte, J. C., Hahm, E. Y., et al. (2020). Dissociative and analgesic properties of ketamine are independent. Anesthesiology 133 (5), 1021–1028. doi:10.1097/aln.0000000000003529
 Han, Y., Li, P., Miao, M., Tao, Y., Kang, X., and Zhang, J. (2022). S-Ketamine as an adjuvant in patient-controlled intravenous analgesia for preventing postpartum depression: A randomized controlled trial. BMC Anesthesiol. 22 (1), 49. doi:10.1186/s12871-022-01588-7
 Hansen, K. B., Wollmuth, L. P., Bowie, D., Furukawa, H., Menniti, F. S., Sobolevsky, A. I., et al. (2021). Structure, function, and Pharmacology of glutamate receptor ion channels. Pharmacol. Rev. 73 (4), 1469–1658. doi:10.1124/pharmrev.120.000131
 Hashimoto, K., Kakiuchi, T., Ohba, H., Nishiyama, S., and Tsukada, H. (2017). Reduction of dopamine D(2/3) receptor binding in the striatum after a single administration of esketamine, but not R-ketamine: A PET study in conscious monkeys. Eur. Arch. Psychiatry Clin. Neurosci. 267 (2), 173–176. doi:10.1007/s00406-016-0692-7
 Hirota, K., Okawa, H., Appadu, B. L., Grandy, D. K., Devi, L. A., and Lambert, D. G. (1999). Stereoselective interaction of ketamine with recombinant mu, kappa, and delta opioid receptors expressed in Chinese hamster ovary cells. Anesthesiology 90 (1), 174–182. doi:10.1097/00000542-199901000-00023
 Huang, X., Lin, F., Chen, Q., and Hu, X. (2023). Safety and efficacy of the combination of esketamine and propofol in procedural sedation/analgesia: A systematic review and meta-analysis. Minerva Anestesiol. 89, 680–689. doi:10.23736/s0375-9393.23.17100-8
 Inquimbert, P., Moll, M., Latremoliere, A., Tong, C. K., Whang, J., Sheehan, G. F., et al. (2018). NMDA receptor activation underlies the loss of spinal dorsal horn neurons and the transition to persistent pain after peripheral nerve injury. Cell. Rep. 23 (9), 2678–2689. doi:10.1016/j.celrep.2018.04.107
 Irnaten, M., Wang, J., Chang, K. S., Andresen, M. C., and Mendelowitz, D. (2002). Ketamine inhibits sodium currents in identified cardiac parasympathetic neurons in nucleus ambiguus. Anesthesiology 96 (3), 659–666. doi:10.1097/00000542-200203000-00023
 Jabre, P., Combes, X., Lapostolle, F., Dhaouadi, M., Ricard-Hibon, A., Vivien, B., et al. (2009). Etomidate versus ketamine for rapid sequence intubation in acutely ill patients: A multicentre randomised controlled trial. Lancet 374 (9686), 293–300. doi:10.1016/s0140-6736(09)60949-1
 Jonkman, K., van Rijnsoever, E., Olofsen, E., Aarts, L., Sarton, E., van Velzen, M., et al. (2018). Esketamine counters opioid-induced respiratory depression. Br. J. Anaesth. 120 (5), 1117–1127. doi:10.1016/j.bja.2018.02.021
 Kadic, L., van Haren, F. G., Wilder-Smith, O., Bruhn, J., Driessen, J. J., and de Waal Malefijt, M. C. (2016). The effect of pregabalin and s-ketamine in total knee arthroplasty patients: A randomized trial. J. Anaesthesiol. Clin. Pharmacol. 32 (4), 476–482. doi:10.4103/0970-9185.194762
 Kamp, J., van Velzen, M., Aarts, L., Niesters, M., Dahan, A., and Olofsen, E. (2021). Stereoselective ketamine effect on cardiac output: A population pharmacokinetic/pharmacodynamic modelling study in healthy volunteers. Br. J. Anaesth. 127 (1), 23–31. doi:10.1016/j.bja.2021.02.034
 Karakas, E., and Furukawa, H. (2014). Crystal structure of a heterotetrameric NMDA receptor ion channel. Science 344 (6187), 992–997. doi:10.1126/science.1251915
 Karakas, E., Simorowski, N., and Furukawa, H. (2009). Structure of the zinc-bound amino-terminal domain of the NMDA receptor NR2B subunit. Embo J. 28 (24), 3910–3920. doi:10.1038/emboj.2009.338
 Kavalali, E. T., and Monteggia, L. M. (2012). Synaptic mechanisms underlying rapid antidepressant action of ketamine. Am. J. Psychiatry 169 (11), 1150–1156. doi:10.1176/appi.ajp.2012.12040531
 Kibaly, C., Lin, H. Y., Loh, H. H., and Law, P. Y. (2017). Spinal or supraspinal phosphorylation deficiency at the MOR C-terminus does not affect morphine tolerance in vivo. Pharmacol. Res. 119, 153–168. doi:10.1016/j.phrs.2017.01.033
 Kim, E., and Sheng, M. (2004). PDZ domain proteins of synapses. Nat. Rev. Neurosci. 5 (10), 771–781. doi:10.1038/nrn1517
 Koppert, W., Sittl, R., Scheuber, K., Alsheimer, M., Schmelz, M., and Schüttler, J. (2003). Differential modulation of remifentanil-induced analgesia and postinfusion hyperalgesia by S-ketamine and clonidine in humans. Anesthesiology 99 (1), 152–159. doi:10.1097/00000542-200307000-00025
 Krupitsky, E. M., Burakov, A. M., Romanova, T. N., Grinenko, N. I., Grinenko, A. Y., Fletcher, J., et al. (2001). Attenuation of ketamine effects by nimodipine pretreatment in recovering ethanol dependent men: Psychopharmacologic implications of the interaction of NMDA and L-type calcium channel antagonists. Neuropsychopharmacology 25 (6), 936–947. doi:10.1016/s0893-133x(01)00346-3
 Langston, W. T., Wathen, J. E., Roback, M. G., and Bajaj, L. (2008). Effect of ondansetron on the incidence of vomiting associated with ketamine sedation in children: A double-blind, randomized, placebo-controlled trial. Ann. Emerg. Med. 52 (1), 30–34. doi:10.1016/j.annemergmed.2008.01.326
 Lee, C. H., and MacKinnon, R. (2017). Structures of the human HCN1 hyperpolarization-activated channel. Cell. 168 (1-2), 111–120. doi:10.1016/j.cell.2016.12.023
 Lee, J., Saloman, J. L., Weiland, G., Auh, Q. S., Chung, M. K., and Ro, J. Y. (2012a). Functional interactions between NMDA receptors and TRPV1 in trigeminal sensory neurons mediate mechanical hyperalgesia in the rat masseter muscle. Pain 153 (7), 1514–1524. doi:10.1016/j.pain.2012.04.015
 Lee, J. S., Jeon, W. C., Park, E. J., Min, Y. G., Jung, Y. S., Kim, G. W., et al. (2012b). Adjunctive atropine versus metoclopramide: Can we reduce ketamine-associated vomiting in young children? A prospective, randomized, open, controlled study. Acad. Emerg. Med. 19 (10), 1128–1133. doi:10.1111/j.1553-2712.2012.01457.x
 Lee, M., Silverman, S. M., Hansen, H., Patel, V. B., and Manchikanti, L. (2011). A comprehensive review of opioid-induced hyperalgesia. Pain Physician 14 (2), 145–161. doi:10.36076/ppj.2011/14/145
 Leung, L. S., Chu, L., Prado, M. A. M., and Prado, V. F. (2021). Forebrain acetylcholine modulates isoflurane and ketamine anesthesia in adult mice. Anesthesiology 134 (4), 588–606. doi:10.1097/aln.0000000000003713
 Leung, L. S., and Luo, T. (2021). Cholinergic modulation of general anesthesia. Curr. Neuropharmacol. 19 (11), 1925–1936. doi:10.2174/1570159x19666210421095504
 Li, A., Huang, C. J., Gu, K. P., Huang, Y., Huang, Y. Q., Zhang, H., et al. (2022a). PSD-95 in the anterior cingulate cortex contributes to neuropathic pain by interdependent activation with NR2B. Sci. Rep. 12 (1), 17114. doi:10.1038/s41598-022-21488-7
 Li, Q., Fan, J., and Zhang, W. (2022b). Low-dose esketamine for the prevention of emergency agitation in children after tonsillectomy: A randomized controlled study. Front. Pharmacol. 13, 991581. doi:10.3389/fphar.2022.991581
 Lidow, M. S. (2003). Calcium signaling dysfunction in schizophrenia: A unifying approach. Brain Res. Brain Res. Rev. 43 (1), 70–84. doi:10.1016/s0165-0173(03)00203-0
 Lisek, M., Boczek, T., Ferenc, B., and Zylinska, L. (2016). Regional brain dysregulation of Ca(2+)-handling systems in ketamine-induced rat model of experimental psychosis. Cell. Tissue Res. 363 (3), 609–620. doi:10.1007/s00441-015-2332-3
 Lisek, M., Zylinska, L., and Boczek, T. (2020). Ketamine and calcium signaling-A crosstalk for neuronal physiology and pathology. Int. J. Mol. Sci. 21 (21), 8410. doi:10.3390/ijms21218410
 Lu, X., Tang, L., Lan, H., Li, C., and Lin, H. (2021). A comparison of intranasal dexmedetomidine, esketamine or a dexmedetomidine-esketamine combination for induction of anaesthesia in children: A randomized controlled double-blind trial. Front. Pharmacol. 12, 808930. doi:10.3389/fphar.2021.808930
 MacLean, K. A., Johnson, M. W., Reissig, C. J., Prisinzano, T. E., and Griffiths, R. R. (2013). Dose-related effects of salvinorin A in humans: Dissociative, hallucinogenic, and memory effects. Psychopharmacol. Berl. 226 (2), 381–392. doi:10.1007/s00213-012-2912-9
 Marchetti, F., Coutaux, A., Bellanger, A., Magneux, C., Bourgeois, P., and Mion, G. (2015). Efficacy and safety of oral ketamine for the relief of intractable chronic pain: A retrospective 5-year study of 51 patients. Eur. J. Pain 19 (7), 984–993. doi:10.1002/ejp.624
 Marhofer, P., Krenn, C. G., Plöchl, W., Wallner, T., Glaser, C., Koinig, H., et al. (2000). S(+)-ketamine for caudal block in paediatric anaesthesia. Br. J. Anaesth. 84 (3), 341–345. doi:10.1093/oxfordjournals.bja.a013436
 Marrosu, F., Portas, C., Mascia, M. S., Casu, M. A., Fà, M., Giagheddu, M., et al. (1995). Microdialysis measurement of cortical and hippocampal acetylcholine release during sleep-wake cycle in freely moving cats. Brain Res. 671 (2), 329–332. doi:10.1016/0006-8993(94)01399-3
 Martindale, S. J., Dix, P., and Stoddart, P. A. (2004). Double-blind randomized controlled trial of caudal versus intravenous S(+)-ketamine for supplementation of caudal analgesia in children. Br. J. Anaesth. 92 (3), 344–347. doi:10.1093/bja/aeh076
 Mayer, M. L., Westbrook, G. L., and Guthrie, P. B. (1984). Voltage-dependent block by Mg2+ of NMDA responses in spinal cord neurones. Nature 309 (5965), 261–263. doi:10.1038/309261a0
 McIntyre, R. S., Rosenblat, J. D., Nemeroff, C. B., Sanacora, G., Murrough, J. W., Berk, M., et al. (2021). Synthesizing the evidence for ketamine and esketamine in treatment-resistant depression: An international expert opinion on the available evidence and implementation. Am. J. Psychiatry 178 (5), 383–399. doi:10.1176/appi.ajp.2020.20081251
 Min, M., Du, C., Chen, X., and Xin, W. (2023). Effect of subanesthetic dose of esketamine on postoperative rehabilitation in elderly patients undergoing hip arthroplasty. J. Orthop. Surg. Res. 18 (1), 268. doi:10.1186/s13018-023-03728-2
 Miyamoto, Y., Yamada, K., Noda, Y., Mori, H., Mishina, M., and Nabeshima, T. (2001). Hyperfunction of dopaminergic and serotonergic neuronal systems in mice lacking the NMDA receptor epsilon1 subunit. J. Neurosci. 21 (2), 750–757. doi:10.1523/jneurosci.21-02-00750.2001
 Miziara, L. E., Simoni, R. F., Esteves, L. O., Cangiani, L. H., Grillo-Filho, G. F., and Paula, A. G. (2016). Efficacy of continuous S(+)-Ketamine infusion for postoperative pain control: A randomized placebo-controlled trial. Anesthesiol. Res. Pract. 2016, 6918327. doi:10.1155/2016/6918327
 Mizobuchi, Y., Miyano, K., Manabe, S., Uezono, E., Komatsu, A., Kuroda, Y., et al. (2022). Ketamine improves desensitization of µ-opioid receptors induced by repeated treatment with fentanyl but not with morphine. Biomolecules 12 (3), 426. doi:10.3390/biom12030426
 Morris, C., Perris, A., Klein, J., and Mahoney, P. (2009). Anaesthesia in haemodynamically compromised emergency patients: Does ketamine represent the best choice of induction agent?Anaesthesia 64 (5), 532–539. doi:10.1111/j.1365-2044.2008.05835.x
 Nemeth, C. L., Paine, T. A., Rittiner, J. E., Béguin, C., Carroll, F. I., Roth, B. L., et al. (2010). Role of kappa-opioid receptors in the effects of salvinorin A and ketamine on attention in rats. Psychopharmacol. Berl. 210 (2), 263–274. doi:10.1007/s00213-010-1834-7
 Nestor, C. C., Ng, C., Sepulveda, P., and Irwin, M. G. (2022). Pharmacological and clinical implications of local anaesthetic mixtures: A narrative review. Anaesthesia 77 (3), 339–350. doi:10.1111/anae.15641
 Nielsen, R. V., Fomsgaard, J. S., Nikolajsen, L., Dahl, J. B., and Mathiesen, O. (2019). Intraoperative S-ketamine for the reduction of opioid consumption and pain one year after spine surgery: A randomized clinical trial of opioid-dependent patients. Eur. J. Pain 23 (3), 455–460. doi:10.1002/ejp.1317
 Nowak, L., Bregestovski, P., Ascher, P., Herbet, A., and Prochiantz, A. (1984). Magnesium gates glutamate-activated channels in mouse central neurones. Nature 307 (5950), 462–465. doi:10.1038/307462a0
 Okamoto, H., Hoka, S., Kawasaki, T., Okuyama, T., and Takahashi, S. (1994). L-arginine attenuates ketamine-induced increase in renal sympathetic nerve activity. Anesthesiology 81 (1), 137–146. doi:10.1097/00000542-199407000-00020
 Olofsen, E., Kamp, J., Henthorn, T. K., van Velzen, M., Niesters, M., Sarton, E., et al. (2022). Ketamine psychedelic and antinociceptive effects are connected. Anesthesiology 136 (5), 792–801. doi:10.1097/aln.0000000000004176
 Pabelick, C. M., Rehder, K., Jones, K. A., Shumway, R., Lindahl, S. G., and Warner, D. O. (1997). Stereospecific effects of ketamine enantiomers on canine tracheal smooth muscle. Br. J. Pharmacol. 121 (7), 1378–1382. doi:10.1038/sj.bjp.0701280
 Pacheco Dda, F., Romero, T. R., and Duarte, I. D. (2014). Central antinociception induced by ketamine is mediated by endogenous opioids and μ- and δ-opioid receptors. Brain Res. 1562, 69–75. doi:10.1016/j.brainres.2014.03.026
 Pal, D., Hambrecht-Wiedbusch, V. S., Silverstein, B. H., and Mashour, G. A. (2015). Electroencephalographic coherence and cortical acetylcholine during ketamine-induced unconsciousness. Br. J. Anaesth. 114 (6), 979–989. doi:10.1093/bja/aev095
 Pal, D., and Mashour, G. A. (2021). Consciousness, anesthesia, and acetylcholine. Anesthesiology 134 (4), 515–517. doi:10.1097/aln.0000000000003696
 Peltoniemi, M. A., Hagelberg, N. M., Olkkola, K. T., and Saari, T. I. (2016). Ketamine: A review of clinical pharmacokinetics and pharmacodynamics in anesthesia and pain therapy. Clin. Pharmacokinet. 55 (9), 1059–1077. doi:10.1007/s40262-016-0383-6
 Pérez-Otaño, I., Larsen, R. S., and Wesseling, J. F. (2016). Emerging roles of GluN3-containing NMDA receptors in the CNS. Nat. Rev. Neurosci. 17 (10), 623–635. doi:10.1038/nrn.2016.92
 Petrenko, A. B., Yamakura, T., Askalany, A. R., Kohno, T., Sakimura, K., and Baba, H. (2006). Effects of ketamine on acute somatic nociception in wild-type and N-methyl-D-aspartate (NMDA) receptor epsilon1 subunit knockout mice. Neuropharmacology 50 (6), 741–747. doi:10.1016/j.neuropharm.2005.11.019
 Petrenko, A. B., Yamakura, T., Fujiwara, N., Askalany, A. R., Baba, H., and Sakimura, K. (2004). Reduced sensitivity to ketamine and pentobarbital in mice lacking the N-methyl-D-aspartate receptor GluRepsilon1 subunit. Anesth. Analg. 99 (4), 1136–1140. doi:10.1213/01.Ane.0000131729.54986.30
 Petrenko, A. B., Yamakura, T., Kohno, T., Sakimura, K., and Baba, H. (2013). Increased brain monoaminergic tone after the NMDA receptor GluN2A subunit gene knockout is responsible for resistance to the hypnotic effect of nitrous oxide. Eur. J. Pharmacol. 698 (1-3), 200–205. doi:10.1016/j.ejphar.2012.10.034
 Petrenko, A. B., Yamakura, T., Kohno, T., Sakimura, K., and Baba, H. (2010). Reduced immobilizing properties of isoflurane and nitrous oxide in mutant mice lacking the N-methyl-D-aspartate receptor GluR(epsilon)1 subunit are caused by the secondary effects of gene knockout. Anesth. Analg. 110 (2), 461–465. doi:10.1213/ANE.0b013e3181c76e73
 Petrenko, A. B., Yamakura, T., Sakimura, K., and Baba, H. (2014). Defining the role of NMDA receptors in anesthesia: Are we there yet?Eur. J. Pharmacol. 723, 29–37. doi:10.1016/j.ejphar.2013.11.039
 Petrocchi, J. A., de Almeida, D. L., Paiva-Lima, P., Queiroz-Junior, C., Caliari, M. V., Duarte, I. D. G., et al. (2019). Peripheral antinociception induced by ketamine is mediated by the endogenous opioid system. Eur. J. Pharmacol. 865, 172808. doi:10.1016/j.ejphar.2019.172808
 Pham, T. H., and Gardier, A. M. (2019). Fast-acting antidepressant activity of ketamine: Highlights on brain serotonin, glutamate, and GABA neurotransmission in preclinical studies. Pharmacol. Ther. 199, 58–90. doi:10.1016/j.pharmthera.2019.02.017
 Purdon, P. L., Sampson, A., Pavone, K. J., and Brown, E. N. (2015). Clinical electroencephalography for anesthesiologists: Part I: Background and basic signatures. Anesthesiology 123 (4), 937–960. doi:10.1097/aln.0000000000000841
 Ramírez, D., Zúñiga, R., Concha, G., and Zúñiga, L. (2018). HCN channels: New therapeutic targets for pain treatment. Molecules 23 (9), 2094. doi:10.3390/molecules23092094
 Reeves, K. C., Shah, N., Muñoz, B., and Atwood, B. K. (2022). Opioid receptor-mediated regulation of neurotransmission in the brain. Front. Mol. Neurosci. 15, 919773. doi:10.3389/fnmol.2022.919773
 Robinson, P. N. (1985). Ketamine in acute asthma. Lancet 1 (8428), 574. doi:10.1016/s0140-6736(85)91226-7
 Rogachov, A., Bhatia, A., Cheng, J. C., Bosma, R. L., Kim, J. A., Osborne, N. R., et al. (2019). Plasticity in the dynamic pain connectome associated with ketamine-induced neuropathic pain relief. Pain 160 (7), 1670–1679. doi:10.1097/j.pain.0000000000001545
 Romero, T. R. L., Soares Santos, R. R., Castor, M., Petrocchi, J. A., Guzzo, L. S., Klein, A., et al. (2018). Noradrenaline induces peripheral antinociception by endogenous opioid release. Pharmacol. Rep. 70 (4), 784–788. doi:10.1016/j.pharep.2018.02.020
 Rugg, C., Woyke, S., Ausserer, J., Voelckel, W., Paal, P., and Ströhle, M. (2021). Analgesia in pediatric trauma patients in physician-staffed Austrian helicopter rescue: A 12-year registry analysis. Scand. J. Trauma Resusc. Emerg. Med. 29 (1), 161. doi:10.1186/s13049-021-00978-z
 Sarmah, N., Nauli, A. M., Ally, A., and Nauli, S. M. (2022). Interactions among endothelial nitric oxide synthase, cardiovascular system, and nociception during physiological and pathophysiological states. Molecules 27 (9), 2835. doi:10.3390/molecules27092835
 Sarton, E., Teppema, L. J., Olievier, C., Nieuwenhuijs, D., Matthes, H. W., Kieffer, B. L., et al. (2001). The involvement of the mu-opioid receptor in ketamine-induced respiratory depression and antinociception. Anesth. Analg. 93 (6), 1495–1500. doi:10.1097/00000539-200112000-00031
 Sato, Y., Kobayashi, E., Hakamata, Y., Kobahashi, M., Wainai, T., Murayama, T., et al. (2004). Chronopharmacological studies of ketamine in normal and NMDA epsilon1 receptor knockout mice. Br. J. Anaesth. 92 (6), 859–864. doi:10.1093/bja/aeh144
 Scheppke, K. A., Braghiroli, J., Shalaby, M., and Chait, R. (2014). Prehospital use of i.m. ketamine for sedation of violent and agitated patients. West J. Emerg. Med. 15 (7), 736–741. doi:10.5811/westjem.2014.9.23229
 Sheikh, S., and Hendry, P. (2018). The expanding role of ketamine in the emergency department. Drugs 78 (7), 727–735. doi:10.1007/s40265-018-0904-8
 Shen, J., Song, C., Lu, X., Wen, Y., Song, S., Yu, J., et al. (2022). The effect of low-dose esketamine on pain and post-partum depression after cesarean section: A prospective, randomized, double-blind clinical trial. Front. Psychiatry 13, 1038379. doi:10.3389/fpsyt.2022.1038379
 Shimizu, M., Mi, X., Toyoda, F., Kojima, A., Ding, W. G., Fukushima, Y., et al. (2022). Propofol, an anesthetic agent, inhibits HCN channels through the allosteric modulation of the cAMP-dependent gating mechanism. Biomolecules 12 (4), 570. doi:10.3390/biom12040570
 Simmler, L. D., Li, Y., Hadjas, L. C., Hiver, A., van Zessen, R., and Lüscher, C. (2022). Dual action of ketamine confines addiction liability. Nature 608 (7922), 368–373. doi:10.1038/s41586-022-04993-7
 Stein, C. (2016). Opioid receptors. Annu. Rev. Med. 67, 433–451. doi:10.1146/annurev-med-062613-093100
 Sun, Y., Cheng, X., Zhang, L., Hu, J., Chen, Y., Zhan, L., et al. (2017). The functional and molecular properties, physiological functions, and pathophysiological roles of GluN2A in the central nervous system. Mol. Neurobiol. 54 (2), 1008–1021. doi:10.1007/s12035-016-9715-7
 Takki, S., Nikki, P., Jäättelä, A., and Tammisto, T. (1972). Ketamine and plasma catecholamines. Br. J. Anaesth. 44 (12), 1318–1322. doi:10.1093/bja/44.12.1318
 Tian, M., Stroebel, D., Piot, L., David, M., Ye, S., and Paoletti, P. (2021). GluN2A and GluN2B NMDA receptors use distinct allosteric routes. Nat. Commun. 12 (1), 4709. doi:10.1038/s41467-021-25058-9
 Toro-Matos, A., Rendon-Platas, A. M., Avila-Valdez, E., and Villarreal-Guzman, R. A. (1980). Physostigmine antagonizes ketamine. Anesth. Analg. 59 (10), 764–767. doi:10.1213/00000539-198010000-00008
 Tymianski, M. (2011). Emerging mechanisms of disrupted cellular signaling in brain ischemia. Nat. Neurosci. 14 (11), 1369–1373. doi:10.1038/nn.2951
 Vollenweider, F. X., Leenders, K. L., Oye, I., Hell, D., and Angst, J. (1997). Differential psychopathology and patterns of cerebral glucose utilisation produced by (S)- and (R)-ketamine in healthy volunteers using positron emission tomography (PET). Eur. Neuropsychopharmacol. 7 (1), 25–38. doi:10.1016/s0924-977x(96)00042-9
 Wang, J., Huang, J., Yang, S., Cui, C., Ye, L., Wang, S. Y., et al. (2019). Pharmacokinetics and safety of esketamine in Chinese patients undergoing painless gastroscopy in comparison with ketamine: A randomized, open-label clinical study. Drug Des. Devel Ther. 13, 4135–4144. doi:10.2147/dddt.S224553
 Wang, J., Wang, Y., Xu, X., Peng, S., Xu, F., and Liu, P. (2020). Use of various doses of S-ketamine in treatment of depression and pain in cervical carcinoma patients with mild/moderate depression after laparoscopic total hysterectomy. Med. Sci. Monit. 26, e922028. doi:10.12659/msm.922028
 Wang, Y. Q., Wang, J., Xia, S. H., Gutstein, H. B., Huang, Y. H., Schlüter, O. M., et al. (2021). Neuropathic pain generates silent synapses in thalamic projection to anterior cingulate cortex. Pain 162 (5), 1322–1333. doi:10.1097/j.pain.0000000000002149
 Wei, F., Wang, G. D., Kerchner, G. A., Kim, S. J., Xu, H. M., Chen, Z. F., et al. (2001). Genetic enhancement of inflammatory pain by forebrain NR2B overexpression. Nat. Neurosci. 4 (2), 164–169. doi:10.1038/83993
 Xin, N., Yan, W., and Jin, S. (2022). Efficacy of analgesic propofol/esketamine and propofol/fentanyl for painless induced abortion: A randomized clinical trial. Biomed. Res. Int. 2022, 5095282. doi:10.1155/2022/5095282
 Xu, C., Wei, X., Zhang, C., Huang, X., Lan, H., Xu, Y., et al. (2022). Esketamine prevents propofol-induced injection pain: Randomized controlled trial. Front. Pharmacol. 13, 991559. doi:10.3389/fphar.2022.991559
 YaDeau, J. T., Morelli, C. M., and Billingsley, J. K. (2003). Ketamine stimulates secretion of beta-endorphin from a mouse pituitary cell line. Reg. Anesth. Pain Med. 28 (1), 12–16. doi:10.1053/rapm.2003.50021
 Yang, H., Zhao, Q., Chen, H. Y., Liu, W., Ding, T., Yang, B., et al. (2022a). The median effective concentration of propofol with different doses of esketamine during gastrointestinal endoscopy in elderly patients: A randomized controlled trial. Br. J. Clin. Pharmacol. 88 (3), 1279–1287. doi:10.1111/bcp.15072
 Yang, X., Gong, R., Qin, L., Bao, Y., Fu, Y., Gao, S., et al. (2022b). Trafficking of NMDA receptors is essential for hippocampal synaptic plasticity and memory consolidation. Cell. Rep. 40 (7), 111217. doi:10.1016/j.celrep.2022.111217
 Yongping, Z., Xinyi, L., Aming, S., Qiang, X., Tianqi, Z., Mengmeng, S., et al. (2022). The safety and efficacy of esketamine in comparison to dexmedetomidine during drug-induced sleep endoscopy in children with obstructive sleep apnea hypopnea syndrome: A randomized, controlled and prospective clinical trial. Front. Pharmacol. 13, 1036509. doi:10.3389/fphar.2022.1036509
 Yu, E. H., Tran, D. H., Lam, S. W., and Irwin, M. G. (2016). Remifentanil tolerance and hyperalgesia: Short-term gain, long-term pain?Anaesthesia 71 (11), 1347–1362. doi:10.1111/anae.13602
 Yu, L., Zhou, Q., Li, W., Zhang, Q., Cui, X., Chang, Y., et al. (2022). Effects of esketamine combined with ultrasound-guided pectoral nerve block type II on the quality of early postoperative recovery in patients undergoing a modified radical mastectomy for breast cancer: A randomized controlled trial. J. Pain Res. 15, 3157–3169. doi:10.2147/jpr.S380354
 Yuan, J., Chen, S., Xie, Y., Wang, Z., Xing, F., Mao, Y., et al. (2022). Intraoperative intravenous infusion of esmketamine has opioid-sparing effect and improves the quality of recovery in patients undergoing thoracic surgery: A randomized, double-blind, placebo-controlled clinical trial. Pain Physician 25 (9), E1389–e1397.
 Zanos, P., Moaddel, R., Morris, P. J., Georgiou, P., Fischell, J., Elmer, G. I., et al. (2016). NMDAR inhibition-independent antidepressant actions of ketamine metabolites. Nature 533 (7604), 481–486. doi:10.1038/nature17998
 Zanos, P., Moaddel, R., Morris, P. J., Riggs, L. M., Highland, J. N., Georgiou, P., et al. (2018). Ketamine and ketamine metabolite Pharmacology: Insights into therapeutic mechanisms. Pharmacol. Rev. 70 (3), 621–660. doi:10.1124/pr.117.015198
 Zhang, Y., Ou, C., Bai, X., Lai, J., Huang, W., and Ouyang, H. (2022). Efficacy and safety of the combination of propofol and S(+)-ketamine for procedural sedation in pediatric patients undergoing totally implantable venous access port implantation: A prospective randomized controlled study. Front. Pediatr. 10, 974917. doi:10.3389/fped.2022.974917
 Zhang, Y., Ye, F., Zhang, T., Lv, S., Zhou, L., Du, D., et al. (2021). Structural basis of ketamine action on human NMDA receptors. Nature 596 (7871), 301–305. doi:10.1038/s41586-021-03769-9
 Zhang, Z., Zhang, W. H., Lu, Y. X., Lu, B. X., Wang, Y. B., Cui, L. Y., et al. (2023). Intraoperative low-dose S-ketamine reduces depressive symptoms in patients with crohn's disease undergoing bowel resection: A randomized controlled trial. J. Clin. Med. 12 (3), 1152. doi:10.3390/jcm12031152
 Zheng, Y., Xu, Y., Huang, B., Mai, Y., Zhang, Y., and Zhang, Z. (2022). Effective dose of propofol combined with a low-dose esketamine for gastroscopy in elderly patients: A dose finding study using dixon's up-and-down method. Front. Pharmacol. 13, 956392. doi:10.3389/fphar.2022.956392
 Zhou, C., Douglas, J. E., Kumar, N. N., Shu, S., Bayliss, D. A., and Chen, X. (2013). Forebrain HCN1 channels contribute to hypnotic actions of ketamine. Anesthesiology 118 (4), 785–795. doi:10.1097/ALN.0b013e318287b7c8
 Zhou, C., Liang, P., Liu, J., Ke, B., Wang, X., Li, F., et al. (2015). HCN1 channels contribute to the effects of amnesia and hypnosis but not immobility of volatile anesthetics. Anesth. Analg. 121 (3), 661–666. doi:10.1213/ane.0000000000000830
 Zhou, L., Li, F., Xu, H. B., Luo, C. X., Wu, H. Y., Zhu, M. M., et al. (2010). Treatment of cerebral ischemia by disrupting ischemia-induced interaction of nNOS with PSD-95. Nat. Med. 16 (12), 1439–1443. doi:10.1038/nm.2245
 Zhu, M., Xu, S., Ju, X., Wang, S., and Yu, X. (2022). Effects of the different doses of esketamine on postoperative quality of recovery in patients undergoing modified radical mastectomy: A randomized, double-blind, controlled trial. Drug Des. Devel Ther. 16, 4291–4299. doi:10.2147/dddt.S392784
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 © 2023 Zhou, Peng, Liang, Chen, Liu, Wang, Guo, Deng, Ye, Zhong and Wang. 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.
OPS/images/fphar-14-1228895-g003.gif
- O

Loss of consciousness and analgesia






OPS/images/fphar-14-1228895-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Recent advances in the study of anesthesia-and analgesia-related mechanisms of S-ketamine		1 Introduction

		2 NMDA receptors		2.1 Structural basis of NMDA receptors

		2.2 GluN2A subunit and hypnosis

		2.3 GluN2B subunits and analgesia





		3 AMPA receptors		3.1 The role of AMPA receptors

		3.2 The effect of Ca2+ on AMPA





		4 S-ketamine and opioid receptors		4.1 Involvement in analgesic effect

		4.2 Other possible mechanisms affecting opioid receptors

		4.3 Other effects of opioid receptors





		5 Monoamine system		5.1 Sympathetic excitation and analgesia

		5.2 Other effects of the monoamine system





		6 Cholinergic system

		7 Ion channel		7.1 HCN1

		7.2 Na+ channels





		8 Current status of clinical application

		9 Conclusion

		Author contributions

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-14-1228895-g001.gif
e W OGNt Glunzs
Mo

NTD

LBD
™D

N

G- GIuNZA

GlN1-GlN28





OPS/images/fphar-14-1228895-g002.gif
PR

Gz









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





