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    Frontiers in Clinical Drug Research – Central Nervous System covers important advances in the field of drug development with particular focus on research on drugs in advanced stages of development, clinical trials and applications. This Volume published under the editorship of Prof. Atta-ur-Rahman aims at providing readers with an update on contemporary research. The research articles are comprehensive and have been written by an impressive group of authors, most of whom are well known for their own contributions in the field of drug research.




    This book should be of significant interest to Ph.D. students and established researchers. I commend the editor, Prof. Atta-ur-Rahman, and all the contributors for this well written volume which highlights the quest for a cure for Neurological disease and related disorders.
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    Frontiers in Clinical Drug Research – Central Nervous System presents the latest researches on the Central Nervous System (CNS). The contributions by leading researchers in the field shed light on the development and pathophysiology of the brain and spinal cord, physiological sites of drug action in the CNS and clinical findings on drugs used to treat CNS defects due to injury or impaired development. The book also highlights other aspects of CNS medicine such as pain medicine, stem cell research, pharmacology, toxicology and translational models in animals.




    In the first chapter, Odagaki has provided an update of the recent development of psychoactive agents that act as agonists or allosteric modulators at several GPCR subtypes. These are potentially useful as therapeutic drugs for mental disorders. In Chapter 2 Gosselin present the promising recent developments in the quest of modulators of glial activity, particularly emphasizing the hurdles embodied by their pharmacodynamics and pharmacokinetics specificities. Particular attention is given to neuropathic pain owing to the important literature available in the field.




    Spinal Cord Injury (SCI) is a common cause of neurological morbidity and mortality, particularly affecting young adults. In Chapter 3 Fehlings et al. discuss the potential of ion-channel blockers, targeted therapeutics and monoclonal antibodies. The experiences of human SCI stem cell trials are critically appraised and a novel therapeutic target of central pattern gait generator stimulation in the process of neuro-rehabilitation is proposed. Lee and Hwang present the molecular and functional characteristics of the peptide neurotoxins targeting voltage-gated ion channels in the nervous system in chapter 4. They also discuss the current status of research and development. In the last chapter Kaur et al. have summarized the currently available and potential new drugs along with their mechanism of action underlying suppression of microglial activation for the treatment of White Matter Damage (WMD) in the developing brain.




    I hope that the readers will find these reviews valuable and thought provoking so that they trigger further research in the quest for the development of pharmacological agents used for the treatment of allergies.




    I am grateful for the timely efforts made by the editorial personnel, especially Mr. Mahmood Alam (Director Publications) and Miss Maria Baig at Bentham Science Publishers.
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      Abstract




      During the last half a century, a lot of psychoactive agents have been developed and utilized as therapeutic drugs for mental disorders such as schizophrenia, mood disorders, anxiety disorders, and dementia. Based on the major target illnesses or symptoms, they have been classified into antipsychotics, antidepressants, mood stabilizers, anxiolytics, hypnotics, and nootropics. From a pharmacological point of view, it is well established that most of these psychotropic drugs alter neural transmission via classical neurotransmitters, e.g., dopamine, serotonin (5-HT), norepinephrine (NE), glutamate, γ-aminobutyric acid (GABA), and acetylcholine, all of which are implicated in the maintenance and control of higher brain function and human behavior. One major molecular target of these psychotropic drugs is a G protein-coupled receptor (GPCR), at which the neurotransmitter is specifically bound. In most cases, the psychotropic drugs behave as antagonists at the GPCR. For instance, all classical antipsychotics are antagonists of dopamine D2 receptors. The recent approval and great success of aripiprazole (a partial dopamine D2 agonist) as an effective antipsychotic drug in many countries, has paved the way for the concept that some GPCR agonists have the potential to treat psychiatric illnesses. Interestingly, the prototypic atypical antipsychotic clozapine (or its active metabolite N-desmethylclozapine) behaves as an agonist at several GPCRs. It is also well known that 5-HT1A receptor agonists, such as buspirone and tandospirone, are efficacious anxiolytics. Another major progress in psychopharmacology in recent years is the recognition of multiple allosteric sites for many GPCRs, and many novel allosteric modulators of GPCRs have been synthesized. Though still preliminary, many studies have indicated that these allosteric modulators are promising as novel effective psychotropic drugs. In this chapter, the author will provide an update of the recent development of psychoactive agents that act as agonists or allosteric modulators at several GPCR subtypes, which are potentially useful as therapeutic drugs for mental disorders.
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      INTRODUCTION




      After a series of serendipitous discoveries of psychoactive drugs several decades ago, pharmaceutical companies have developed many newer therapeutic agents for the treatment of mental disorders. These new generation psychotropic drugs are generally more tolerable than their ancestors regarding the profile of adverse effects. From the viewpoint of efficacy for the targeted psychiatric symptoms, however, relatively little progress has been made. It stands to reason as long as the principle modes of pharmacological mechanisms of the newer drugs are essentially same as those of the prototypic agents.




      To make a breakthrough in the development of psychotropic drugs toward the ideal ones with more efficacy and minimal adverse events, alternative mechanisms of action derived from novel pathophysiological hypotheses of mental disorders should be considered. However, it may also be true that efficacious psychotropic drugs cannot be developed irrelevant to the classical hypothesized neural transmissions implicated in pathophysiology of mental disorders. For example, despite the promising preclinical reports and expectations from clinicians, the results of clinical studies on the effects of sigma receptor ligands for mental disorders have been still controversial [1-3]. In addition, a study using single photon emission computed tomography (SPECT) with [123I]iodobenzamide demonstrated that the possible antipsychotic activity of EMD 57445 (panamesine), one of the candidates of high affinity sigma ligands investigated, was not necessarily attributable to its affinity for sigma receptors, but simply due to the potent antidopaminergic effects of its active metabolite EMD 59983 [4].




      Even if we are still stand on the so-called monoamine hypotheses of mental illnesses, it is possible to develop new therapeutic drugs with distinct mechanisms of action from those of conventional psychotropic agents, i.e., dopamine D2 receptor antagonism of antipsychotics, and norepinephrine (NE) and/or serotonin (5-HT) re-uptake inhibition of most antidepressants. One promising possibility is to utilize an agonist, especially a partial agonist, at several neurotransmitter receptors, and this strategy has been successfully established in some cases. An alternative gateway to the better psychotropic drugs with novel modes of action is to develop allosteric modulators of neurotransmitter receptor subtypes. In the present chapter, the author focuses on the present status and future prospects of newer psychotropic drugs and their candidates, which behave as an agonist or an allosteric modulator of G protein-coupled receptors (GPCRs).


    




    

      PHARMACOLOGICAL BACKGROUND




      

        Agonists and Partial Agonists




        GPCRs serve as molecular targets of many psychotropic drugs. The pharmacological activity of a drug can be defined by the dual properties of affinity and intrinsic efficacy with regard to their interaction with receptors. Drugs that shift the distribution of conformations toward activation of G proteins and subsequent intracellular signaling cascades are designated as agonists. A full agonist will bind to the receptor to propagate the neurotransmission to the same extent as an endogenous ligand such as a neurotransmitter. An antagonist is defined as a ligand with affinity but without any efficacy, and thus its binding to the receptor will block the action of the endogenous neurotransmitter and an exogenous agonist.




        Intrinsic activity of a ligand is defined empirically as the maximal response to the ligand as a fraction of that to a full agonist at the receptor. Partial agonists have an intrinsic activity between 0 and 1, and when they bind to the receptor they do not elicit the same conformational shift toward G protein activation and consequent biological responses as full agonists (Fig. 1). As a consequence, they can act either as functional agonists or functional antagonists, depending on the surrounding levels of the endogenous neurotransmitters. Even when all receptors are occupied with, and activated by, high concentrations of partial agonists, there exist ceiling effects. Thus, partial agonists appear to have generally milder effects than full agonists. Furthermore, the use of partial agonists often avoids the development of adverse effects (e.g., desensitization, adaptation, tolerance and dependence) that are usually associated with overstimulation of the receptors by full agonists [5, 6].




        The drugs that behave as partial agonists at GPCRs have been used successfully in some cardiological applications [6]. For instance, some of β-blockers widely used for hypertensive patients (e.g., pindolol), behave as a partial agonist at β-adrenergic receptors, and possess intrinsic sympathomimetic activity [7]. Another well-known example of GPCR agonists used in clinical practice is pharmacotherapy of Parkinson’s disease with dopamine agonists such as bromocriptine, pergolide, cabergoline, talipexole, pramipexole, and ropinirole [8]. Also, morphine and some synthetic opioids, which are used as effective analgesics, have agonistic properties at opioid receptors [9]. Partial agonists at μ-opioid receptor, such as methadone [10] and buprenorphine [11], have been used in the substitution therapy of opioid addicts.
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Figure 1)




        Example of concentration-response curves for the agonists with different maximal agonist effects. The responses elicited by the full agonist (●) and the two partial agonists (○, △) at the indicated concentrations are expressed as normalized values of the maximal response of the full agonist. The intrinsic activities [1.0 for the full agonist (●), 0.61 for the partial agonist (○), and 0.32 for the partial agonist (△)] are indicated in parentheses.




        In psychiatric pharmacotherapy, the 5-HT1A receptor agonist buspirone was a front runner of drugs with agonist properties at GPCRs that were successfully introduced into the treatment of mental disorders [12, 13]. Nevertheless, the great success of aripiprazole, a dopamine D2 receptor partial agonist, in the treatment of schizophrenic disorders in recent several years, has brought revolution in developing of novel psychotropic drugs.


      




      

        Allosteric Modulators




        The binding site of a GPCR for the endogenous ligand is termed the orthosteric binding site, which can be occupied competitively by the conventional agonists and antagonists. In addition, it has been known that multiple GPCRs have “allosteric” binding sites that are spatially and often functionally distinct from the orthosteric binding sites. To develop the compounds that act at allosteric binding sites appears an alternative and attractive approach to produce novel classes of psychotropic drugs [14-18]




        Allosteric ligands can possess multiple modes of pharmacological action [19]. Some allosteric ligands are capable of receptor activation in their own right regardless of their binding to allosteric sites, but not to orthosteric binding sites, and are designated as allosteric agonists. Most allosteric modulators of GPCRs are, however, pharmacologically quiescent in the absence of an orthosteric ligand, and increase or decrease the action of an orthosteric agonist by binding at an allosteric site that leads to a change in receptor conformation (Fig. 2). They are generally termed positive and negative allosteric modulators depending on the direction of modulation of the response elicited by an orthosteric ligand. Typically, the positive and negative allosteric modulators exert their pharmacological effects by shifting the concentration-dependent response curve to the left (Fig. 2, right panel) and to the right, respectively. In some cases, the intrinsic efficacy of the receptor-orthosteric ligand complex can be altered. When an allosteric ligand has dual pharmacological actions, i.e., stimulatory effect as an allosteric agonist and potentiating effects on the response elicited by an orthosteric ligand, it is referred to as “ago-allosteric” modulator.




        As opposed to a classical agonist, positive allosteric modulators have several major advantages [21]. Above all, it is possible with relative ease to develop truly subtype selective ligands, as the allosteric binding sites are usually less conserved as compared with the orthosteric sites. Another major advantage is that allosteric modulators have lower risk of target-mediated toxicity, due to a “ceiling effect” whereby progressively increasing doses of a positive or negative allosteric modulator beyond a certain point will fail to elicit a further pharmacological response. A third advantage for allosteric modulators is related to their ability to selectively tune response only in tissues, in which the endogenous agonist exerts its pharmacological effects. Such modulators are quiescent in the absence of endogenous orthosteric activity, and thus they can process information gained from the physiology of the system to produce optimum effect, both spatially and temporally. Furthermore, most of allosteric ligands for metabotropic glutamate (mGlu) receptors are neutral, lipophilic molecules, and thus they are able to pass freely the blood brain barrier through passive diffusion [22].
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Figure 2)




        Representative allosteric modulation of the response induced by an orthosteric agonist. Left panel shows a schematic model of signaling cascade through membrane-bound GPCRs. [A] In the absence of allosteric modulator, the binding of a ligand (L) to the GPCR induces conformational change in the receptor, which then facilitates or inhibits the effector (E) function through heterotrimeric (α, β, and γ) G proteins. [B] When an allosteric ligand (A) binds to a topographically distinct (allosteric) site on the GPCR, the affinity and/or efficacy of the orthosteric ligand is altered. Right panel shows an example of positive allosteric modulator of M1 muscarinic acetylcholine receptor (mAChR) function. The increase in specific [35S]GTPγS binding to Gαq elicited by carbachol was determined by the antibody-capture scintillation proximity assay/[35S]GTPγS binding using the anti-Gαq antibody in rat hippocampal membranes, in the absence (●), and presence of 1 μM (○), 10 μM (△), and 100 μM (▽) VU 0029767 [20].




        For clinical use, only two allosteric modulators have been marketed to date [18]. Cinacalcet, a positive allosteric modulator of the calcium sensing receptor, is used for the treatment of secondary hyperparathyroidism and parathyroid carcinoma. Another one is maraviroc (UK-427, 857), a noncompetitive allosteric antagonist of the chemokine receptor, CCR5, which has been approved for the treatment of HIV infection.




        Unfortunately, no psychotropic drugs have been clinically available yet, whose principal mechanisms of action are located on allosteric sites, but not on orthosteric sites, of GPCRs. Although it has been shown that N-desmethylclozapine, an active metabolite of the atypical antipsychotic clozapine, potentiates N-methyl-D-aspartate (NMDA) receptor activity probably through the allosteric interaction with the M1 muscarinic acetylcholine receptor (mAChR) [23], this might be only an ancillary pharmacological property of clozapine, one of the most dirty drugs targeting multiple receptor subtypes. Nevertheless, development of the compounds acting at allosteric sites of GPCRs may pave the way for novel epoch-making psychotropic drugs that are able to stabilize disorganized higher brain functions in the patients suffering from mental disorders. In the present chapter, theoretical background and promising compounds in the near future have been concisely reviewed as to the allosteric modulators for several subtypes of mAChRs and mGlu receptors.


      


    




    

      DRUGS THAT BEHAVE AS AN AGONIAT AT GPCRs




      

        5-HT1A Receptor




        The 5-HT receptor family is composed of at least 14 distinct subtypes, which are subclassified into 5-HT1 to 5-HT7 receptors. The 5-HT1A receptor, a member of 5-HT1 receptors, has been of particular interest because its function is involved in many physiological phenomena including control of mood, impulsivity, cognition, and memory.




        Buspirone has been widely used for the treatment of anxiety or dysphoria of moderate intensity since 1980s [12, 13, 24]. This compound belongs chemically to the azapirone derivatives, and behaves as a partial agonist at 5-HT1A receptor, without any affinity for the benzodiazepine receptors. As a consequence, it does not exert the adverse events related to the benzodiazepine receptors, such as sedation, hypnotic effects, muscle relaxation, tolerance, and withdrawal syndrome. Although the mechanisms of action of buspirone are incompletely understood, it has been hypothesized that the anxiolytic effect is mediated through a reduction of the firing rate of dorsal raphe serotonergic neurons and decreased synthesis and release of 5-HT, resulted from its stimulatory effects on somatodendritic 5-HT1A autoreceptors [12, 24].




        In Japan, buspirone has not been marketed, and instead of buspirone, another azapirone derivative tandospirone (SM　3997) is approved as an anxiolytic drug [25]. Tandospirone is also a partial agonist at 5-HT1A receptor subtype, with an intrinsic activity at least comparable to buspirone [26-28].




        In addition to the standardized anxiolytic effects in the patients with generalized anxiety disorder [29, 30], marginal to substantial antidepressant-like effects have been reported as to the azapirones with 5-HT1A receptor agonistic properties, such as buspirone [31], gepirone [32-34], and ipsapirone [35, 36]. In line with the potential antidepressant effects of these 5-HT1A receptor partial agonists, diverse preclinical and clinical studies have indicated that dysfunctional states of 5-HT1A receptors are implicated in the pathogenesis of major depressive disorders [37].




        5-HT1A receptors are located presynaptically on 5-HT cell bodies in the dorsal and medial raphe nuclei, as well as postsynaptically in various brain regions including limbic systems. In contrast to their anxiolytic effects, it is suggested that the antidepressant-like effects of 5-HT1A receptor agonists are mediated by postsynaptic 5-HT1A receptors [38-40]. The therapeutic effects of 5-HT1A receptor agonists as antidepressants require repeated administration. This delay can be explained by the time-lag necessary for adaptation of 5-HT neurons subsequent to subsensitivity of presynaptic 5-HT1A receptors in raphe nuclei induced by long-term 5-HT1A receptor stimulation [40, 41].




        As antidepressants, the clinical efficacy of the 5-HT1A receptor partial agonists is, at least when used as monotherapy, often limited or insufficient [35, 36, 42], which makes most clinicians disenchanted [41]. One of the possible theoretical explanations for the limited efficacy and poor tolerability of these 5-HT1A receptor partial agonists has been raised from a pharmacokinetic point of view [41]. In order to avoid such undesirable pharmacokinetic properties of the azapirones, i.e., marked variations in plasma concentrations derived from their rapid absorption and short elimination half-life, the extended-release formulation of gepirone has been used in recent clinical trials [31, 32, 34].




        Another important issue to be considered according to the clinical antidepressant efficacy of the 5-HT1A receptor agonists is whether optimal intrinsic activity can be determined [40]. Preclinical studies clearly indicated that the intrinsic activity of the 5-HT1A receptor agonists were correlated with the antidepressant effects predicted by means of forced swimming test [43]. Then, 5-HT1A receptor full agonists might be superior to partial agonists as effective antidepressants. It is, however, uncertain whether the data derived from preclinical studies are applicable directly to clinical situations. Moreover, even if full agonists are preferable as antidepressants, the optimal intrinsic activity for anxiolytic efficacy might be unequal to that. In fact, it has been shown that 5-HT1A receptor agonists are not anxiolytic but even anxiogenic in some experimental paradigms [44]. Anxiety is closely coherent to depression, and often appears as co-morbidity of depressive disorders. The complicated situations in clinical practice should be taken into consideration in developing new antidepressant/anxiolytic drugs with 5-HT1A receptor agonist properties.




        Interestingly, besides azapirone class anxiolytic drugs such as buspirone, several clinically used compounds behave as 5-HT1A receptor agonists. For example, an atypical antidepressant trazodone, along with its active metabolite m-cholophenylpiperazine (m-CPP), is a 5-HT1A receptor partial agonist [28]. Also, one constituent of herbal extracts of yokukansan, a traditional medicine used for the management of behavioral and psychological symptoms of dementia (e.g., aggression, anxiety, agitation, and hallucinations), was shown to behave as a 5-HT1A receptor partial agonist [45].




        Another major issue is the possible importance of 5-HT1A receptor functionality in pathophysiology of schizophrenia and potential benefit of 5-HT1A agonism in mechanisms of action of antipsychotic drugs [46, 47]. Several lines of investigations including human postmortem studies have indicated elevated 5-HT1A receptors in the brain, especially in frontal cortical areas, of patients suffering from schizophrenic disorders. Although the pathophysiological significance of this finding remains to be elucidated, the importance of 5-HT1A receptors and their mediated signaling pathways as a promising target of newer antipsychotic drugs has been a focus of interest of recent publications [48, 49]. The prototypic atypical antipsychotic clozapine has been shown to be a partial agonist at 5-HT1A receptors [50]. This pharmacological profile is shared by several clinically available antipsychotics (mostly atypical, though not exclusively), such as aripiprazole, ziprasidone, quetiapine, perospirone, lurasidone, nemonapride, and asenapine (ORG 5222), as well as putative atypical antipsychotics in the investigational stage [51-54]. The atypical antipsychotics are superior to the typical drugs in efficacy for improving negative symptoms of schizophrenia, and 5-HT1A receptor partial agonist properties may be contributing to this superiority [49]. Furthermore, the cognitive enhancing properties of 5-HT1A receptor agonists have been widely documented [48, 55]. Since the cognitive impairments associated with schizophrenia are of key importance for work and social function [56], further preclinical as well as clinical investigations are necessary as to the relevance of 5-HT1A receptor stimulation in schizophrenic patients.


      




      

        5-HT2C Receptor




        The 5-HT2C receptor is also implicated in multiple physiological functions related to food intake, reproductive behavior, mood, and anxiety. In psychiatric field, this receptor subtype has been generally assumed to be involved in weight gain and related metabolic syndrome, burdensome adverse effects associated with some atypical antipsychotic drugs like clozapine and olanzapine ([57], but see also [58]). Recent preclinical studies have indicated that the 5-HT2C receptor agonist WAY 163909 [59] possesses therapeutic potential as an atypical antipsychotic [60] and as an antidepressant drug [61]. Potential antidepressant-like effects of other 5-HT2C receptor agonists (WAY 161503, Ro 60-0175, and Ro 60-0332) were also indicated by several animal behavioral studies [62-64]. On the other hand, Dekeyne et al. [65] provided the data indicating antidepressant and anxiolytic properties of a novel compound S32006, a selective antagonist at 5-HT2C receptors. In this regard, it is of interest to note that agomelatine, a recently licensed antidepressant [66], is an agonist at melatonin receptors with an antagonistic property at 5-HT2C receptors. The relevance of 5-HT2C receptor antagonism in the antidepressant action of agomelatine in humans is, however, still controversial [67, 68]. The 5-HT2C story in antidepressant efficacy is further complicated with the findings that agomelatine is a neutral antagonist whereas S32006 behaves as an inverse agonist in constitutively active situations [69].




        It is likely that 5-HT2C receptor is a promising target in the development of new psychotropic drugs. Nevertheless, further investigations are necessary to clarify the importance of 5-HT2C receptors in brain function and behavioral control, and to determine the potentiality of modulation of 5-HT2C receptor function for the treatment of mental disorders.


      




      

        5-HT4 Receptor




        It has been demonstrated that 5-HT4 receptor agonists are likely to improve cognitive function and memory via both direct and indirect mechanisms, which raises the idea that they potentially serve as adjunctive therapeutics for improving cognitive impairments in antipsychotics-treated schizophrenic patients, and as cognitive-enhancing and/or neuroprotective drugs for the neurodegenerative illnesses such as Alzheimer’s disease [70, 71]. Also, it has been suggested that 5-HT4 receptor agonists are promising as faster-acting antidepressant-like drugs, based on the results of behavioral, neurochemical, and neurophysiological animal experiments [72, 73]. It is of interest that these antidepressant-like effects of 5-HT4 receptor agonists were evident after short-term (3-days) administration, indicative of potentially more rapid onset of action than the update available antidepressants. In addition to the putative antidepressant-like effects when administered alone, in vivo microdialysis data have shown that increase in extracellular 5-HT levels by paroxetine is augmented by 5-HT4 receptor agonist [74]. There appeared no clinical studies available on the potential efficacy of 5-HT4 receptor agonists.


      




      

        5-HT6 Receptor




        The 5-HT6 receptor is almost exclusively distributed in the central nervous system (CNS), and thus selective ligands targeting this receptor subtype are potentially beneficial psychotropic drugs with minimum peripheral side effects. Recently, several selective agonists and antagonists at 5-HT6 receptor became available in preclinical studies, and their potential effectiveness as cognitive enhancers, antidepressants, and anxiolytics have been intensively explored. Carr et al. [75] reported that the two selective 5-HT6 receptor agonists, WAY 208466 and WAY 181187, showed both antidepressant-like and anxiolytic-like effects in rat behavioral tests. In support of these results, another 5-HT6 receptor agonist 2-ethyl-5-methoxy-N,N-dimethyltryptamine (EMDT) possessed antidepressant-like effects in behavioral and immunohistochemical paradigms in mice, whereas the 5-HT6 receptor antagonist SB 271046 prevented the antidepressant-like properties of EMDT and fluoxetine [76]. Furthermore, it has been suggested that several 5-HT6 receptor agonists may be effective for the treatment of obsessive compulsive disorder (OCD) [77], as well as cognitive impairment [78, 79]. Paradoxically, there have been many preclinical studies indicating that 5-HT6 receptor antagonists are also effective as potential antidepressants, anxiolytics, and cognitive enhancers [80-82]. The interpretation of the relevance of 5-HT6 receptor in psychiatric pharmacotherapy is further complicated by the findings that many, but not all, typical and atypical antipsychotics as well as antidepressants are potent antagonists at this receptor subtype [83-85]. Future studies are necessary to explore the underlying mechanisms to fully explain the apparently discrepant results for the potential therapeutic efficacy by both agonists and antagonists at 5-HT6 receptor.


      




      

        Dopamine D1 Receptor




        Currently available antipsychotics have only limited efficacy in the treatment of negative symptoms and cognitive deficits in schizophrenic patients. Since both clusters of symptoms are supposed to arise from a dopaminergic deficit in the prefrontal cortex or hypofrontality [86], wherein dysfunction of dopamine D1 receptors is highly suggested [87, 88], stimulation of the dopamine D1 receptors appears a rational strategy for the better outcome and higher social functioning of the schizophrenic patients. Indeed, several preclinical studies have supported this notion. For instance, Castner et al. [89] revealed that co-administration of the dopamine D1 receptor agonist ABT 431 (prodrug of A 86929) reversed haloperidol-induced working memory deficits in monkeys. McLean et al. [90] reported that SKF 38393, a partial agonist at dopamine D1-like receptors, significantly ameliorated the cognitive deficits induced by sub-chronic phencyclidine (PCP) treatment in rat behavioral models. Dopamine D1 receptor agonists such as A 77636 and SKF 38393 were reported to ameliorate ketamine-induced spatial working memory deficits in rhesus monkeys [91]. Salmi et al. [92] also pointed out the potential clinical utility of a full dopamine D1 receptor agonist dihydrexidine in various CNS disorders including schizophrenia. Of particular interest is l-stepholidine, a tetrahydroberberine alkaloid isolated from the Chinese herb Stephania intermedia, since it has been shown to possess a dual action at dopamine receptors, i.e., antagonistic at dopamine D2 receptors and agonistic at D1 receptors [93, 94]. In animal models, it shows efficacy as an atypical antipsychotic drug like clozapine [95]. As l-stepholidine has poor oral bioavailability limiting its practical application, its derivative bi-acetylated l-stepholidine has been introduced recently by Guo et al. [96], who showed that this compound was not only effective against the hyperactivity, but also improved the sensorimotor gating deficit, social withdrawal and cognitive impairment, in the animal models of schizophrenia.




        It is also noteworthy that the prototypic atypical antipsychotic clozapine has been reported to be an agonist at dopamine D1 receptors in in vivo thermoregulatory experiments in rats [97]. However, the author is not aware of the direct evidence indicating that either clozapine or its active metabolite N-desmethylclozapine has dopamine D1 receptor agonist properties in vitro.


      




      

        Dopamine D2 Receptor




        The potential benefit of the dopamine D2 receptor partial agonists in the treatment of schizophrenia was originally hypothesized in 1970s, based on the concept that the drugs behaving as agonists solely at autoreceptors, but not at postsynaptic dopamine receptors, serve as effective antipsychotics [98]. Despite the subsequent eager efforts with the candidate compounds such as apomorphine, bromocriptine, n-propyl-norapomorphine (NPA), (-)-3-(3-hydroxyphenyl)-N-n-propylpiperidine [(-)-3PPP] (preclamol), talipexole (B-HT 920), roxindole (EMD 49980), OPC-4392, terguride, pramipexole, and SDZ-HDC-912, none of these compounds had been successfully developed as a commercially available antipsychotic drug for a long time [99]. At last, aripiprazole was launched into market as a “dopamine system stabilizer” or “Godilocks antipsychotic” [100, 101]. Still up to the present, aripiprazole remains only one antipsychotic drug with such unique pharmacological properties [102]. In my opinion, the principal reason of this fact is derived from the lower intrinsic activity of aripiprazole compared with other dopamine D2 receptor partial agonists, and this matter was discussed previously in detail [103]. The most appropriate level of blockade or activation of dopamine D2 receptor-mediated signaling may be individually different from patient to patient, and dependent on pathological phase even in the same patient. In order to fine-tune the dysregulated activity into the well-stabilized range, it would be preferable that several dopamine D2 receptor partial agonists with different intrinsic activities become clinically available. In this sense, bifeprunox had been a promising compound as a successor of aripiprazole, because it might have an intrinsic activity somewhat higher than aripiprazole [104-106]. In a randomized, double-blind, placebo-controlled, multi-center study, 20 mg of bifeprunox was found to be significantly more effective than placebo in reducing symptoms of schizophrenia, with a low incidence of side effects [107]. However, further development of this drug was unfortunately ceased in the end.




        Clozapine is an antagonist (or inverse agonist) at dopamine D2 receptors on its own, but it should be noted that its principle active metabolite N-desmethylclozapine behaves as a partial agonist at dopamine D2 receptors [108]. This unique pharmacological profile raised a possibility that this compound served as a novel antipsychotic with pro-cognitive efficacy [109]. However, clinical data on its antipsychotic efficacy are scant up to the present, and the limited information tells us that the results on its efficacy and safety in schizophrenic patients are disappointing [109, 110].




        Memantine is nowadays prescribed widely for the treatment of Alzheimer’s disease, and its primary pharmacological action is commonly considered to reside in the antagonism at NMDA receptors [111]. Interestingly, it is reported that memantine also behaves as an agonist at dopamine D2 receptors [112]. The relevance of these findings to its clinical benefits and/or adverse events remains unclear.


      




      

        Dopamine D3 Receptor




        It was reported that dopamine D3 receptor agonist, (+)-PD 128907, displayed an atypical antipsychotic-like profile, similar to clozapine in rodent models [113]. However, the selectivity of this compound to dopamine D3 receptor over D2 subtype is not sufficiently high, and it possesses agonistic properties at dopamine D2 receptor [114], which are possibly contributing to beneficial antipsychotic-like effects as described above. Consequently, there is scant evidence indicating that dopamine D3 receptor activation is useful in the treatment of schizophrenic disorders. Although it has been reported that (+)-PD 128907 protects the toxic effects of cocaine in mice, mainly via stimulation of dopamine D3 receptors [115], the clinical relevance of these findings is unclear.




        Cariprazine (RGH 188) is a potent dopamine D3/D2 receptor partial agonist (or an antagonist depending on the experimental systems [116]), with ca. 10-fold preference for the D3 receptor. In the assay systems for inhibition of forskolin-stimulated cAMP accumulation in CHO cells expressing human dopamine D2 and D3 receptors, cariprazine showed the intrinsic activities comparable to aripiprazole [117]. In preclinical studies, cariprazine was shown to be a promising candidate as an atypical antipsychotic drug with beneficial effects on learning performance [118]. The results of clinical trials of this compound for schizophrenia and bipolar disorders will be disclosed in near future [119]. It is, however, also indefinite to what extent the agonistic effects of cariprazine on dopamine D3 receptors contribute to the preclinical and clinical efficacy, since it also behaves as an agonist at dopamine D2 and 5-HT1A receptors [116], both of which are promising molecular targets of several novel antipsychotics as described above. Further well-designed clinical trials focusing on the functional role of the dopamine D3 receptors in human cognitive function, and on the possible pro-cognitive properties of cariprazine in schizophrenic patients, are needed [120].


      




      

        Muscarinic Acetylcholine Receptors (mAChRs)




        The mAChR family comprises five molecular distinct subtypes termed M1 to M5, which in the CNS play a key role in the regulation of cognition, attention, mood, and nociception, as well as other brain functions such as control of motor and vegetative systems. Several lines of evidence strongly suggest that alterations in signaling pathways mediated via these mAChR subtypes are implicated in Alzheimer’s disease [121], and several mental disorders like schizophrenia [122]. Accordingly, these mAChR subtypes serve as rationally promising molecular targets for the development of effective drugs for the treatment of these neurodegenerative and functional neuropsychiatric disorders [123-125]. Unfortunately, all mAChR ligands used in early preclinical and clinical studies lacked true receptor subtype selectivity, probably because of the highly conserved homology sequence for the orthosteric acetylcholine binding site [126]. This is the main reason why mAChRs are collectively discussed here in the present section.




        Based on the rational hypothesis, considerable preclinical and clinical research efforts have been made to develop efficacious mAChR agonists (especially functional M1 agonists, see [127, 128]) for the treatment of cognitive impairments associated with Alzheimer’s disease and other types of dementia. However, no or little clinically significant benefit has been reported with these compounds in early studies, and further development of most of these compounds was discontinued [128-131].




        Xanomeline was originally reported to be a mAChRs agonist with preferential functional selectivity to M1 subtype over other mAChRs and other neurotransmitter receptors in vitro and in vivo [132]. Later, it was often referred to as a M1/M4 preferring mAChR agonist [133]. This subtype selectivity profile has been claimed to explain its limited parasympathomimetic side effects mediated via peripheral M2 and M3 receptor subtypes. As a result, this compound attracted much attention of preclinical and clinical researchers, as a promising drug for the treatment of Alzheimer’s disease [133]. In a randomized, double-blind, placebo-controlled, multicenter trial, xanomeline provided significant cognitive effect compared to placebo at the highest dose, whereas 52% of patients discontinued therapy in the high-dose arm of xanomeline-treated group because of adverse events, mainly gastrointestinal in nature [134, 135]. These findings raised the question in terms of the subtype selectivity of xanomeline, determined from earlier studies [136]. Although some selectivity for M1 over M2 was reported for xanomeline [124, 126, 137], much higher selectivity to M1 over other mAChR subtypes should be necessary to separate the beneficial pro-cognitive effects from undesirable parasympathomimetic adverse effects.




        In the above-mentioned clinical trial, of particular interest were the findings that xanomeline produced prominent dose-dependent beneficial effects on psychological and behavioral disturbances associated with Alzheimer’s disease, such as vocal outbursts, suspiciousness, delusions, agitation, hallucinations, and compulsiveness [134, 135]. The favorable effectiveness of xanomeline on these psychosis-like symptoms raised the possibility that this mAChRs agonist might provide a novel approach for the treatment of schizophrenia [136, 138]. In support of this concept, several preclinical results in rodents indicate that xanomeline possesses antipsychotic-like profile, similar to atypical antipsychotics like clozapine, in electrophysiological, neurochemical, and behavioral paradigms [139-141]. In some behavioral models, xanomeline was also reported to exhibit the effects similar to those elicited by typical antipsychotic drugs like haloperidol [141-143]. The antipsychotic-like effects of xanomeline, without causing extrapyramidal symptoms, were also reported in non-human primates [144]. Following these preclinical encouraging reports, a pilot study with double-blind and placebo-controlled design was performed to examine the possible efficacy of xanomeline on clinical outcomes in subjects with schizophrenia [145]. In addition to the significant improvement in psychiatric symptoms, the subjects in the xanomeline-treated group showed significant improvements in some subsets of cognitive test battery, such as verbal learning and short-term memory. Unfortunately, however, the development of xanomeline as an antipsychotic has been discontinued [128]. Interestingly, several studies using mAChR subtype knockout mice indicate that antipsychotic-like effects of xanomeline are mediated predominantly via M4 subtype, rather than M1 receptor [146-148].




        With possible preferential effects of mAChRs agonists as cognitive enhancers and/or antipsychotics in mind, it is again necessary to mention the pharmacological profiles of clozapine, and its major active metabolite N-desmethylclozapine. In 1990s, it was shown that clozapine itself behaved as a full or partial agonist at cloned M1, M2, M3, and M4 mAChRs expressed in CHO cells [149-151]. Subsequently, Sur et al. [23] reported that N-desmethylclozapine was a relatively potent partial agonist at M1 mAChR subtype, by interacting with a site that does not fully overlap with acetylcholine orthosteric site. Whether allosteric or orthosteric, this interesting paper was followed by several studies focusing on the agonist properties of this compound at mAChRs. Weiner et al. [152] reported that N-desmethylclozapine had agonistic properties at all five mAChR subtypes, whereas clozapine itself behaved as less efficacious agonist at M1, M2, and M4 mAChRs, but as an antagonist at M3 and M5 subtypes. Davies et al. [153] also reported the agonist effects of clozapine at M1 mAChR, and those of N-desmethylclozapine at M1 and M5 mAChRs. On the other hand, Thomas et al. [154] demonstrated that the agonist effects of N-desmethylclozapine were detectable in human recombinant and rat native M1 mAChRs, but not in human native M1 subtype in postmortem brain tissue. Thus, the available information is still controversial. Further investigations are necessary to clarify whether and how the agonist effects of clozapine (and its metabolites) at each mAChRs, if any, contribute to the clinical unique profile of clozapine.




        Extensive efforts to develop the selective orthosteric agonists at mAChR subtypes are still ongoing. For example, LY 593093 was recently reported as a selective orthosteric partial agonist at M1 mAChR [155]. This compound stimulated M1 mAChR-mediated β-arrestin recruitment in vitro. Additionally, it was also active in in vivo experiments, as demonstrated by the effects on phosphoinositide hydrolysis in hippocampus, as well as beneficial efficacy on spatial learning paradigm.


      




      

        Group II mGlu Receptors (mGlu2 and mGlu3)




        Glutamatergic abnormalities have long been postulated in psychiatric disorders, in particular schizophrenia. According to the glutamate hypothesis of schizophrenia, compounds that can correct or modulate dysfunctional glutamatergic neurotransmission are supposed to be useful as effective therapeutic drugs for schizophrenia. However, the drugs targeting ionotropic glutamate receptors are not considered therapeutically useful, because of the ubiquitous involvement of these receptors in mediating fast synaptic transmission throughout the CNS. An alternative approach is to target mGlu receptors that modulate synaptic neurotransmission with heterogeneous localization and distinct functional properties. Among eight subtypes of mGlu receptors, group II mGlu receptors, comprising mGlu2 and mGlu3, have been of particular interest as a potential target of novel antipsychotic drugs devoid of antagonism at dopamine D2 receptors [156]. Accumulating evidence shows that group II mGlu receptors agonists exhibit significant beneficial pharmacological effects in numerous experimental models of psychiatric disorders including schizophrenia [157, 158].




        The possible antipsychotic-like effects of an agonist at group II mGlu receptors were first described in 1988, with regard to LY 354740 in PCP model [159]. Subsequently, several drugs with the similar pharmacological properties have been developed, and the promising antipsychotic-like properties of these drugs have been confirmed in varied preclinical studies. These include LY 379268 [160-163], MGS 0008 and MGS 0028 [164], LY 544344 (prodrug of LY 354740) [165], and LY 404039 [166]. Interestingly, some beneficial effects on cognitive impairments were also reported for some of these group II mGlu receptors agonists [159, 167], whereas this issue appears controversial [156, 158, 168]. By means of knockout mice lacking either or both of mGlu receptor subtypes, it has been speculated that the antipsychotic-like effects of group II mGlu receptors agonists demonstrated in animal models are attributable to mGlu2, but not mGlu3 [169, 170].




        Based on the above-mentioned encouraging preclinical results, one Phase 2 clinical trial was performed with a group II mGlu receptors agonist in schizophrenic patients [171]. In this randomized, double-blind, placebo-controlled study, the effect of LY 2140023, a pro-drug of LY 404039 synthesized to overcome its low oral bioavailability, was evaluated, with olanzapine as an active control. The results showed significant improvements in both positive and negative schizophrenic symptoms in the patients treated with LY 2140023, to the same extent as in the olanzapine-treated group. There were no disagreeable adverse events, such as prolactin elevation, extrapyramidal symptoms, or weight gain, in the group treated with LY 2140023. However, subsequent another Phase 2 study failed to reveal significant efficaciousness of LY 2140023, when compared to the placebo group [172].




        Even if these compounds are proven to be effective antipsychotics, the fundamental thesis concerning the roles of mGlu receptors played in the antipsychotic effects of these compounds, has been critically questioned by Seeman [173]. Thus, LY 404039 [174] and other related compounds, such as LY 354740 and LY 379268 [175], are not only group II mGlu receptors agonists, but also equipotent ligands at high-affinity states of dopamine D2 receptors with partial agonist properties. It remains to be addressed whether effective antipsychotic drugs can be developed entirely irrelevant to the dopamine hypothesis. However, these findings have not been replicated by others [176, 177], and the data using knockout mice indicate that dopamine D2 antagonists and group II mGlu receptors agonists exert antipsychotic effects independently, through dopamine D2 receptors and mGlu2/mGlu3 receptors, respectively [176].




        In healthy human subjects, LY 354740 attenuated ketamine-induced working memory impairments [178]. In this case again, the question remains to be addressed whether the observed effects of these compounds are attributable solely to their pharmacological properties as glutamatergic ligands. It has also been reported that ketamine behaves as an agonist at dopamine D2 receptors on its own [179]. However, it should be mentioned at the same time that the data are inconsistent as to the possibility that psychotomimetics like PCP and ketamine directly act on dopamine D2 receptors [180].




        Glutamatergic system is also implicated in the pathophysiology of depression and anxiety, and several hypotheses have been raised according to the possible development of novel therapeutic drugs with primary site of action on mGlu receptors [181]. One possibility is the potential anxiolytic-like effect of group II mGlu receptors agonists [182], though several reports have suggested that group II mGlu receptors antagonists also show anxiolytic-like effects in preclinical models of anxiety [181]. As summarized by Palucha and Pilc [181], the possible anxiolytic-like effects of group II mGlu receptors orthosteric agonists have been evaluated mainly by utilizing LY 354740 in a variety of animal models of anxiety, with promising results in most studies. The anxiolytic potential of LY 354740 has been experimentally confirmed in some human studies using fear-potentiated startle paradigm [183], and CO2-induced panic provocation [182]. In the Phase 2 study for the panic disorder patients, the anti-panic effects of LY 354740 were not indicated [184]. Its low bioavailability following oral administration provoked the pharmaceutical company to synthesize LY 544344, a prodrug of LY 354740 with improved bioavailability [165]. In healthy human volunteers, the anti-anxiety effects of LY 544344 were determined in panic symptoms experimentally induced by cholecystokinin tetrapeptide (CCK-4) [185]. The results were marginal or equivocal, because the anxiolytic effects were only significant, when the two subjects, who did not show the reduction in CCK-4-induced ACTH release by LY 544344, were removed out of twelve subjects. The randomized, double-blind, parallel, placebo-controlled clinical trial was designed to evaluate the efficacy, safety, and tolerability of LY 544344 in generalized anxiety disorder patients [186]. Unfortunately, this trial was discontinued early based on the findings of convulsions reported in preclinical studies [187]. Nevertheless, the reported results indicated that higher dose of LY 544344 was effective in improvement of anxiety symptoms as compared to placebo.


      




      

        Miscellaneous




        Besides the compounds acting as agonists at GRCR subtypes described above, many GPCR agonists have been raised as novel candidate psychotropic drugs. For instance, there have been several preclinical reports indicating the possible cognitive enhancing effects of selective dopamine D4 receptor agonists, such as PD 168,077 [188] and A-41299 [189]. A potential atypical antipsychotic, L 15063, has unique pharmacological properties, i.e., partial dopamine D4 receptor agonism, in combination with dopamine D2/D3 receptors antagonism, and 5-HT1A receptor agonism [190]. This compound was shown to be efficacious in animal models of cognitive deficits and negative symptoms of schizophrenia [191]. Another example is LSP 1-2111, the group III mGlu receptors orthosteric agonist, with preference to mGlu4 receptor. This agonist was reported to possess anxiolytic [192] and antipsychotic [193] effects.


      


    




    

      DRUGS THAT BEHAVES AS AN ALLOSTERIC MODULATOR AT GPCRs




      

        M1 mAChR




        As described above, M1 mAChR is one of the potential molecular targets for the treatment of several neuropsychiatric disorders, including Alzheimer’s disease and schizophrenia. Considerable efforts have been centered on development of selective M1 mAChR agonists. Unfortunately, these efforts have been largely unsuccessful, because of the highly conserved amino acid sequence of the orthosteric acetylcholine binding site, across five mAChR subtypes. As an alternative approach, intensive endeavors have been made, in recent two decades, to develop the compounds that can stimulate M1 mAChR by acting at allosteric sites.




        The first identified compound of this type was brucine, which behaved as a positive allosteric modulator of M1 mAChR in vitro [194-197]. However, brucine elicited only a two- to three-fold increase in affinity for acetylcholine, even at the high concentrations. Therefore, brucine was unlikely suitable to be utilized as an allosteric potentiator in in vivo experiments. Nevertheless, the functional selectivity of brucine for M1 mAChR opened up a new concept that it will be possible to develop beneficial drugs with absolute selectivity for each mAChR subtypes.




        Using a high-throughput functional screening, Spalding et al. [198] identified a compound designated as AC-42, which showed a potent and efficacious agonist activity at M1 mAChR subtype, with no detectable agonist properties at other mAChRs. The experiments with a series of chimeric receptors showed that AC-42 activated the receptor, through regions that are distinct from those used by orthosteric agonists. Thus, this compound was supposed to be a selective allosteric agonist at M1 mAChR subtype, which was pharmacologically verified by Langmead et al. [199]. However, AC-42 and its analogues [200] had limited potency and pharmacokinetic properties unsuitable for use in tissue or animal model studies.




        More recently, another selective M1 allosteric agonist, termed TBPB, was reported [201]. Interestingly, this compound was applied in in vivo studies, where it was shown that TBPB possessed atypical antipsychotic-like properties, in Fos-like immunoreactivity induction pattern as well as in behavioral model of psychosis, without occupying central dopamine D2 receptors. Furthermore, TBPB potentiated NMDA receptor currents in hippocampal pyramidal cells through activation of M1 mAChR subtype, and had effects on the processing of the amyloid precursor protein toward the non-amyloidogenic pathway and decreased Aβ production in vitro.




        Another allosteric agonist with a high selectivity at M1 mAChR subtype, 77-LH-28-1, is a compound synthesized as a structural analog of AC-42 [202, 203]. It has been reported that cell firing is increased by 77-LH-28, but not by AC-42, through M1 mAChR activation, in hippocampal slice experiments. Furthermore, this compound induced gamma frequency oscillation in hippocampus in vitro, and following subcutaneous injection in vivo, cell firing was facilitated in hippocampus at a dose of 3 mg/kg, in a scopolamine-sensitive manner [202]. Interestingly, 77-LH-28 and AC-42 were capable to activate M1 mAChR-mediated Gαq/11 and Gαs, but not Gαi1/2, whereas orthosteric agonists were activators in all of these three kinds of coupling [203]. These findings may be relevant to the possibility of development of newer drugs with functional selectivity, which act at only one of the multiple signaling pathways mediated by the same receptor subtype [204].




        Bradley et al. [205] reported another selective M1 receptor allosteric agonist AC-260584, which was orally bioavailable. This compound showed functional selectivity to M1 mAChR subtype over other mAChRs in several in vitro biochemical assays. Furthermore, this compound activated extracellular signal-regulated kinase 1 and 2 (ERK1/2) phosphorylation in discrete mouse brain regions, mediated through M1 mAChR. Interestingly, AC-260584 improved the cognitive performance in the novel object recognition test in mice, in a pirenzepine-sensitive manner.




        In addition to the novel allosteric agonists of M1 mAChR, many positive allosteric potentiators of M1 mAChR have been recently identified by high-throughput screening approach [206-208]. Ma et al. [206] reported that benzyl quinolone carboxylic acid (BQCA) acted as a highly selective positive allosteric potentiator of M1 mAChR in vitro as well as in vivo. When administered systematically in rodents, BQCA reversed scopolamine-induced memory deficits in contextual fear conditioning, increased blood flow to the cerebral cortex, repressed amphetamine-induce locomotion, and increased wakefulness with reduction of delta sleep. In addition, BQCA and its analogues potentiated acetylcholine-induced β-arrestin recruitment, with EC50 values correlated with the potencies determined in calcium mobilization assay. In contrast, the allosteric agonist of M1 mAChR, such as AC-42 and TBPB, failed to reverse scopolamine-induced memory deficits, and to induce β-arrestin recruitment. The pharmacological, electrophysiological, and behavioral characteristics of BQCA were also investigated in detail by Shirey et al. [209]. It was reported that activation of M1 receptor by BQCA resulted in induction of robust inward current, increase in spontaneous EPSPs, and increased firing in medial prefrontal cortex pyramidal cells. Also, this compound restored discrimination reversal learning in a transgenic mouse model of Alzheimer’s disease in vivo, and regulated non-amyloidogenic APP processing in vitro. In the report of Mario et al. [207], it was shown that VU 0119498, VU 0027414, VU 0090157, and VU 0029767, induced at least 5-fold leftward shifts of the acetylcholine concentration-response curve, without showing agonist activity on their own, indicative of the properties of pure positive allosteric modulators. These molecules were, however, heterogeneous in chemical structures. Furthermore, they and strikingly different in pharmacological characteristics, such as the selectivity for M1 mAChR subtype, potentiating ability for the effects of acetylcholine on mutant M1 receptor, the attitudes on the stimulatory effects of an allosteric agonist TBPB, and the effectiveness as a modulator depending on the M1 mAChR-coupled signaling pathways. Reid et al. [208] identified UV 0405652 (ML 169) as a highly selective and brain penetrant positive allosteric modulator of M1 mAChR, which potentiated carbachol-mediated non-amyloidogenic APPsα release. Although further multifarious investigations are necessary, these findings provide exciting hypothesis that it will be possible to develop highly selective positive allosteric modulators of M1 mAChR subtype, which are clinically available as efficacious pro-cognitive drugs for the treatment of Alzheimer’s disease and psychiatric disorders.


      




      

        M4 mAChR




        As described before, there have been several reports indicating the importance of M4 mAChR, rather than M1 subtype, as a molecular target implicated in the antipsychotic-like effects of xanomeline [146-148]. Therefore, selective allosteric modulators (allosteric agonists or positive allosteric potentiators) of M4 mAChR, may serve as novel effective antipsychotics devoid of direct antagonistic properties at dopamine D2 receptors. Indeed, several recent reports have provided the data supporting this hypothesis. A compound termed VU 10010 was reported to act as a highly selective positive allosteric modulator of M4 mAChR, and whole-cell patch clamp study indicated that it increased carbachol-induced depression of transmission at excitatory synapses in hippocampal CA1 pyramidal cells [210]. Unfortunately, this compound was not suitable for in vivo studies, and the same research group developed the two analogs of UV 10010, named VU 0152099 and VU 0152100 [211]. Both compounds were also potent and selective allosteric modulators of M4 subtype, with no agonist activities on their own. Interestingly, they reversed amphetamine-induced hyperlocomotion in rats, when systematically administered. On the other hand, Chan et al. [212] reported another compound LY 2033298, which was shown to be effective in conditioned avoidance responding and prepulse inhibition models in rats, when co-administered with a sub-effective dose of oxotremorine. In this report, it was also demonstrated that the potentiating effects of LY 2033298 on oxotremorine-induced inhibition of condition avoidance responding were significantly attenuated in M4 mAChR knockout mice, indicative of the involvement of M4 subtype. Interestingly, the modes of potentiating action of these compounds on the acetylcholine-mediated response are not completely identical to each other. Thus, the compounds such as VU 10010 potentiate the acetylcholine’s effects, by shifting the concentration-response curve leftward as well as by augmenting the maximal response elicited by acetylcholine, while they are quiescent in the absence of the orthosteric agonist [210, 211]. On the other hand, LY 2033298 shows robust allosteric agonism action in many biochemical assay systems, in addition to the potentiating effects on the affinity of M4 for acetylcholine, which is likely relevant also in vivo [213]. Then, LY 2033298 is a so-called ago-allosteric modulator of M4 mAChR. The possible implications of such subtle differences in the pharmacological modes of action in their in vivo effects remain to be addressed further.


      




      

        mGlu2 Receptor




        As already described in the section regarding the orthosteric agonists of group II mGlu receptors, a large number of preclinical and clinical studies have provided the notion that stimulation of group II mGlu receptors, in particular mGlu2, may represent a novel efficacious approach to the treatment of schizophrenia as well as anxiety disorders [157, 158]. However, despite the tremendous efforts for the development of group II mGlu receptors agonists, differentiation between mGlu2 and mGlu3 has not been successful, and it is not yet clear whether orthosteric agonists will reach the market for broad clinical use. As an alternative way, many allosteric potentiators of mGlu2 receptor have been developed in recent years [214-222]. Among these compounds, LY 487379 may be somewhat unique, since it potentiates agonist-induced response in mGlu2 receptors through dual actions, i.e., by shifting the concentration-response curve leftward as well as by increasing the maximum response [215].




        Accumulating results in behavioral studies have shown that these selective allosteric potentiators of mGlu2 receptor are promising candidate drugs with antipsychotic and/or anxiolytic properties. Thus, LY 487379 inhibited PCP- and amphetamine-induced hyperlocomotor activity in mice [219]. Interestingly, this compound was also effective in reversal of amphetamine-induced disruption of prepulse inhibition of the acoustic startle reflex, which was not mimicked by the orthosteric group II mGlu receptors agonist LY 379268. In social novelty discrimination test in the rats treated with PCP during neonatal period, LY 487379 was as effective as LY 354740, an orthosteric mGlu2/3 agonist [167]. Pro-cognitive effects of LY 487379 were also indicated in other behavioral tests [223].




        Biphenyl-indanone A (BINA) is another selective positive allosteric modulator of mGlu2, which was shown to be effective in PCP-induced hyperlocomotion model, but not in amphetamine-induced hyperlocomotion [222]. Interestingly, it was reported that this compound blocked PCP-induced disruption of prepulse inhibition in mice, decreased stress-induced hyperthermia, and provided anxiolytic-like effects in elevated plus maze test [222]. BINA also attenuated 5-HT-induced increase in spontaneous excitatory postsynaptic currents in medial prefrontal cortex [224]. In addition, BINA reduced (-)-DOI-induced head twitch behavior and Fos expression in medial prefrontal cortex [224].
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