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Abstract

:

Schizophrenia is a common debilitating disease characterized by continuous or relapsing episodes of psychosis. Although the molecular mechanisms underlying this psychiatric illness remain incompletely understood, a growing body of clinical, pharmacological, and genetic evidence suggests that G protein-coupled receptors (GPCRs) play a critical role in disease development, progression, and treatment. This pivotal role is further highlighted by the fact that GPCRs are the most common targets for antipsychotic drugs. The GPCRs activation evokes slow synaptic transmission through several downstream pathways, many of them engaging intracellular Ca2+ mobilization. Dysfunctions of the neurotransmitter systems involving the action of GPCRs in the frontal and limbic-related regions are likely to underly the complex picture that includes the whole spectrum of positive and negative schizophrenia symptoms. Therefore, the progress in our understanding of GPCRs function in the control of brain cognitive functions is expected to open new avenues for selective drug development. In this paper, we review and synthesize the recent data regarding the contribution of neurotransmitter-GPCRs signaling to schizophrenia symptomology.
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1. Introduction


Schizophrenia is one of the most severe psychiatric disorders with the onset typically observed in late-adolescence or early adulthood. While the lifetime prevalence is approximately 1%, regardless of sex, race, or country, the first-degree relatives are ten times more susceptible to develop schizophrenia symptoms than the individuals in the general population [1]. The disease tends to present three main clusters of symptoms: cognitive, positive, and negative. One cluster is usually dominating over another, albeit the prevalence may change over time. The cognitive deficits are often manifested the earliest, long before the onset of the disease in the prodromal stage, and may be visible in the childhood or early adolescence. They can be classified into nonsocial (deficits in verbal fluency, memory, problem solving, speed of processing, visual, and auditory perception) or social, the latter associated with the facial emotion perception and understanding the self and others [2]. The spectrum of positive symptoms includes hallucinations, delusions, suspiciousness, abnormal excitement, and hostility. Among negative symptoms, the most frequently observed are paucity in speech, blunting of affect, loss of motivation, inability to focus on relevant issues, social isolation, apathy, and anhedonia [3]. Negative symptoms are a core component of schizophrenia and are largely responsible for long-term morbidity and poor social functioning of patient with the disorder [4].



The etiology of schizophrenia is unknown. Over 50 years of investigation have demonstrated that the illness does not emerge from a defect in one particular brain region, but rather involves the variety of structural and neurochemical dysfunctions in multiple brain regions. The most extensively studied abnormalities were those in neurotransmitter systems in the brain. For many years, the main theory of schizophrenia was centered on dopamine and its D2 receptor. This hypothesis is based on two types of observations: first, antipsychotic medications antagonized dopamine receptors and second, certain drugs such as amphetamine caused psychosis or exacerbated schizophrenic symptoms by enhancing dopamine activity in subcortical and limbic brain regions [5]. This was further supported by brain imaging studies showing increased density of dopamine D2 receptors in antipsychotic-free patients [6]. Similarly, both serotonin (5-HT) and norepinephrine have been implicated in disease’s pathophysiology due to a potency of second-generation antipsychotics to antagonize 5-HT and α-adrenergic receptors. The role of other neurotransmitters such as glutamate, GABA, and acetylcholine in the neuropathology of schizophrenia have started to gain a particular attention as the genetic studies linked several genes targeting glutamatergic and cholinergic transmission with elevated risk for schizophrenia [7,8]. Recent studies have also linked the disorder with immune dysfunctions and inflammatory process [9], which may be associated with accelerated aging and greater comorbidity and mortality. The evidence has emerged to suggest that chemokines action, beyond their classical chemotactic functions, may confer majority of the inflammatory aspects of neuro-immune axis. This includes, but is not limited to, previously neglected to direct neurotransmitter like-effects, control of blood–brain barrier permeability, regulation of neurogenesis, neuroendocrine axes, neuronal sprouting, and axonal outgrowth [10,11,12].



A large number of neurotransmitters involved in schizophrenia act through metabotropic G protein-coupled receptors (GPCRs). These receptors mediate slow synaptic transmission by modulating intracellular signal transduction and induction of gene expression to exert antipsychotic action [13,14]. The GPCRs for serotonin, dopamine, adrenaline, and glutamate are traditionally recognized as molecular targets for antipsychotics. However, comprehensive research on GPCR family led to the identification of several allosteric positive or negative modulators or functionally selective compounds targeting different neurotransmitter systems that are now in the center of the concept of biased ligands, which modulate only a given receptor’s downstream signaling [15,16]. The application of this GPCRs-based concept of schizophrenia treatment raises the possibility to implement therapeutically relevant outcomes with neglectable side effects. In this review, we provide a summary of GPCRs-acting neurotransmitters and chemokines and their role in schizophrenia as well as discuss the treatment involving novel mechanisms of GPCR signaling.




2. GPCR and Ca2+ Signaling


The G proteins are classified into four main families depending on the α subunit: Gi, Gs, Gq, and G12/13. In general terms, Gs and Gi families affect the intracellular cAMP concentration by regulating adenylyl cyclase activity, whereas Gq acts through phospholipase Cβ, and G12/13 activates downstream signaling of small GTPases [17] (Figure 1).



Upon ligand binding, the receptor undergoes conformational changes and facilitates the exchange of GDP with GTP in the Gα subunit. Activated Gα-GTP subunit dissociates from heterodimeric Gβγ complex and triggers the activation of key effectors responsible for the generation of second messengers. Depending on the nature of Gα subunit, activation of GPCRs may result in changes in intracellular cAMP, Ca2+, diacylglycerol (DAG), or inositol 1,4,5-triphosphate (IP3) level that regulate distinct downstream signaling cascades. DAG may bind to and activate protein kinase C (PKC). The Gαs and Gαi exert their effect on protein kinase A (PKA) through the modulation of adenylyl cyclases (ACs) activity, thus regulating the rate of cAMP production. The Gβγ dimer has regulatory and signaling functions, serving as modulator for variety of ion channels and protein kinases, for instance, protein kinase D and phosphatidylinositol-3-kinase [15,18,19]. The IP3 diffuses from plasma membrane compartment to the ER where it binds IP3 receptors ultimately leading to the release of Ca2+ to the cytosol. Emptying ER from calcium ions is detected by stromal interaction molecules (STIM) that are moved to the cell membrane and activate Ca2+ release-activated Ca2+ (CRAC) channels (formed from ORAI proteins) and transient receptor potential canonical (TRPC) channels [20]. Increased level of Ca2+ in cytosol can induce the formation of the Ca2+/calmodulin complex, which can exert direct and indirect actions on cell functioning. Up to now, a huge number of proteins in all eukaryotic cells can be regulated by this complex [21]. For example, a direct, short time effect includes activation of phosphatase calcineurin (CaN) that dephosphorylates the family of transcription factor nuclear factor of activated T cell (NFAT) enabling its translocation to the nucleus [22]. Accumulating evidence showed that NFAT is widely expressed in the CNS and plays critical roles in neurological diseases [23,24,25]. Calcineurin is also linked to receptors for several brain transmitters including glutamate, dopamine, and GABA, and plays a key role in the interaction between pro-inflammatory and anti-inflammatory signals [26].



Overactivation of PLC-mediated pathway by elevated cytosolic Ca2+ level may induce the oxidative stress by increasing pro-oxidant and decreasing antioxidant potency within cells and tissues. High level of oxidative stress has been reported in peripheral blood cells, neutrophils, platelets, cerebrospinal fluid, and post-mortem brain in patients with schizophrenia [27,28]. Oxidative stress is intimately linked to a variety of pathophysiological processes, such as inflammation, oligodendrocyte abnormalities, and mitochondrial dysfunction [29,30,31]. An important component in brain pathophysiology is Ca2+/CaM-regulated nitric oxide synthase (NOS), which synthesizes nitric oxide (NO) and promotes further generation of a number of reactive oxygen and nitrogen species [32,33,34]. Furthermore, an impaired expression and function of redox-sensitive transcriptional factors (i.e., Nrf2, NF-κB,) can escalate toxic cell damages [35,36]. Nuclear factor erythroid 2-related factor 2 (Nrf2) is a translational activating protein that translocates to the nucleus in response to oxidative stress, resulting in increased expression of numerous cytoprotective genes, including genes coding for mitochondrial and non-mitochondrial antioxidant proteins, and has been shown to play a critical role in the pathogenesis of schizophrenia [37,38].



Nowadays, a large number of studies is directed toward understanding the role of GPCRs for individual neurotransmitter systems in the pathology of schizophrenia. This is because the receptors are the site of action of many drugs widely used in clinical practice but are also considered as novel targets for new generation antipsychotics. Moreover, the neuropharmacological observations with antipsychotic drugs targeting GPCRs underpinned the formulation the major hypotheses of schizophrenia origin that implicated the dopaminergic, adrenergic, cholinergic, serotonergic, glutamatergic, GABAergic systems, and neuroinflammatory processes.




3. Dopaminergic Receptors


One of the first hypotheses of schizophrenia origin, put forward in the 1960s, stated that the disease is a result of hyperactivity of dopamine (DA) transmission in the brain, particularly in the striatum [39]. In mammalian brain, five dopamine-binding receptors subtypes have been identified, called D1 through D5 [40]. These receptors are divided into two subfamilies: D1-like receptors (D1 and D5) and D2-like receptors (D2, D3, and D4). This classification is based on different pharmacological properties, neuroanatomical distribution, and the activation of downstream signaling pathways [40]. The D1-like receptors are primarily located on the post-synaptic membrane and their high density has been identified in the striatum, nucleus accumbens, prefrontal cortex hippocampus, thalamus, and hypothalamus [40]. The D2-like receptors are expressed both pre- and postsynaptically and their distribution has been demonstrated in key brain regions affected by schizophrenia: the olfactory tubercule, striatum, nucleus accumbens, hippocampus, amygdala, and hypothalamus [40].



Stimulation of the D1-like receptors leads to the activation of the G protein Gαs, induction of adenylate cyclase (AC) activity, and subsequent activation of PKA (Figure 2). By contrast, the subfamily of D2-like receptors interact with the Gαi/o of G proteins leading to inhibition of AC activity and reduction of cyclic AMP production [41]. One of the key targets for PKA in the human brain appears to be dopamine- and cAMP-regulated phosphoprotein 32 kDa (DARPP-32), which modulates synaptic transmission, by regulating Na+, K+, and Ca2+ ion channels [42]. DARPP-32 has been found to affect the activity of the receptors for other neurotransmitters such as GABA or acetylcholine [43]. Interestingly, DARPP-32 level was relevantly decreased in the dorsolateral prefrontal cortex (DLPFC) in patients diagnosed with schizophrenia in comparison to controls subjects, which may indicate its involvement in disease-related dysfunction [44].



Abnormal activity of the DA system has been widely implicated in schizophrenia. In schizophrenic patients, the expression of D1 receptors was reduced in prefrontal cortex as determined using PET imaging, which has been linked to development of dysfunction in working memory [45,46]. On the other hand, mRNA levels of D1 receptors were elevated in the temporal and parietal cortex of schizophrenic patients, which may be correlated with auditory hallucinations [47]. Over 40 years of research on the D1 receptor have thoroughly validated its utility as a promising drug target. Recent advancement of new ligands such as drug-like non-catechol D1R agonists and positive allosteric modulators demonstrated that selective modulation of D1 receptors activity may be effective in a treatment of neuropsychiatric disorders including schizophrenia [48].



However, one of the most convincing evidence of disturbances in dopaminergic transmission in schizophrenia comes from the clinical efficacy of first generation and atypical antipsychotics, all being antagonists or partial agonists of D2 receptors [49,50]. The use of these medications is frequently a trade-off between alleviating psychotic symptoms and the risk of sometimes severe adverse effects. The atypical antipsychotics such as clozapine and olanzapine tend to cause metabolic syndrome, whereas first-generation antipsychotics, especially those bound to dopaminergic neuroreceptors, are associated with movement disorders [51]. This indicates the need of searching for novel antidopaminergic agents. Brexpiprazole, for instance, exhibits low risk of D2 receptor sensitization, is well-tolerated, and has low side effects in patients with schizophrenia Moreover, it may have a lower risk for producing rebound symptoms associated with D2 receptor and 5-HT2A receptor sensitization when switching from other antipsychotics such as risperidone [52,53]. The most recently approved, first-in-class antipsychotic—lumateperone—combines the synergy of the drug’s affinity for 5-HT2A receptors at low doses, dose-dependent presynaptic D2 receptors agonism, postsynaptic D2 antagonism, and selectivity to mesolimbic and mesocortical areas for a wide range of symptoms associated with schizophrenia [54].



The involvement of D2 receptors in pathogenesis of schizophrenia is further supported by the data from transgenic mouse models. It has been shown that overexpression of this receptor in the striatum leads to the deficits in inhibitory neurotransmission and dopamine sensitivity in the prefrontal cortex in mouse [55]. Administration of genetic construct encoding enzymes related to the synthesis of dopamine—tyrosine hydroxylase and guanosine triphosphate cyclohydrase—into the substantia nigra pars compacta of adolescent animals resulted in enhancement of dopamine production and appearance of schizophrenia-like behavior [56]. Similarly, administration of dopamine-like drugs such as amphetamine or methylphenidate evoked a hyperlocomotion state in animals and exacerbated psychotic symptoms in schizophrenic patients [57]. It has also been suggested that dopamine D3 receptors may be involved in the regulation of cognitive functions and motor coordination [58]. In line with that, the selective antagonists of these receptors, but not D2 receptors, enhanced social novelty discrimination and novel object recognition in rats, while overall having pro-cognitive effects [59].



Several studies have investigated a possible link between dopaminergic receptor polymorphisms and schizophrenia. A positive correlation was demonstrated between S311C polymorphism of D2 receptor and the response to atypical antipsychotic agents, such as risperidone [60]. The other reports have investigated an association between D3 receptor polymorphism-S9G and occurrence of schizophrenia, however, the results were not consistent [61,62].



The disturbance in dopamine system may be also associated with several mechanisms that involve signaling by other neurotransmitters. For example, Kapur and Seeman demonstrated that pharmacological antagonist of N-methyl-D-aspartate (NMDA) receptor, ketamine, has a strong affinity for D2 receptors [63]. Several studies showed that single dose of ketamine (25 mg/kg, i.p.) increased dopamine release in the prefrontal cortex of rats and repeated administration increased basal dopamine concentration [64,65]. Similarly, MK-801 increased extracellular levels of dopamine and dopamine turnover in the prefrontal cortex and striatum whereas phencyclidine (PCP) in the nucleus accumbens, amygdala, and prefrontal cortex [66]. Although these observations indicate NMDA receptor hypofunction-induced changes in dopaminergic system, they do not explain whether they arise from direct effects over dopamine receptors or indirect action of the drugs via glutamatergic signaling. It has been demonstrated that NMDA dysregulation may provoke psychotic effects at least partially impacting dopamine receptors [67]. There are also indications that dysfunctional dopaminergic signaling in schizophrenia may lie in altered expression or function of dopamine receptor-interacting proteins (DRIPs) [68]. DRIPs play a crucial role in the regulation of intracellular activity of individual dopaminergic receptors in the brain, e.g., their biosynthesis, membrane localization, and signaling [68]. It was reported that one of DRIPs, neuronal calcium sensor I (NCS-1) was upregulated in the DLPFC of schizophrenic brain [69]. The effect of interaction between the D2 receptor and NCS-1 is a control of receptor desensitization and its half-life in the plasma membrane after ligand biding [69]. Such specific relationship between D2 receptor and NCS-1 indicates the crucial role of DRIPs in the regulation of dopamine receptors density and provides a link between abnormalities in the brain dopamine system and defects in Ca2+ homeostasis in schizophrenia.



Nonetheless, all the studies done in preclinical models and in humans collectively suggest that the dysregulation of neurotransmitter systems in the pathophysiology of this disorder is significantly more complex and not limited to only abnormalities in the expression and functioning of dopamine receptors.




4. Adrenergic Receptors


It is commonly known that norepinephrine (NE), also called noradrenaline (NA), as widespread neuromodulator of all cell types in the CNS, orchestrates brain functions, including arousal, stress responses, anxiety, executive control, and also memory consolidation by transmitting its biological signals via α-and β-adrenergic receptors (ARs) [70]. ARs are classified into three groups: α1 (α1A, α1B, α1D), α2 (α2A, α2B, α2C), and β (β1, β2, β3) receptors, all of which are members of the G-protein coupled receptor family but exhibit distinct physiological and pharmacological profiles (Figure 3). The α1 receptors through the Gq signaling pathway increase PLC activity and generate IP3 and DAG to amplify intracellular calcium mobilization [71]. All three β-AR subtypes are prototypic Gs coupled receptors and their stimulation affects intracellular cAMP accumulation and PKA activation [72,73]. In addition, β2 and β3 receptors may couple to Gi protein and influence ERK/MAPK pathway [74], whereas stimulation of Gi/o-coupled α2-ARs suppresses intracellular cAMP signaling and attenuates calcium release, thus inhibiting signal transduction [75]. The ARs are mainly found post-synaptically but α2- and β2 receptors can also exert autoreceptor function at presynaptic terminals of noradrenergic neurons [76,77]. The signal transduction of the NE system in neurons has been extensively reviewed elsewhere [78].



In general terms, the positive symptoms of schizophrenia are exacerbated by selective and indirect noradrenaline receptor agonists such as ephedrine, clonidine, and desipramine, while antagonists, such as yohimbine, propranolol, and oxypertine may ameliorate these symptoms [79]. Although no specific mechanism has yet been confirmed, growing body of evidence indicates that NE signaling through α-AR can contribute to cognitive deficits observed in schizophrenia [80].



It is believed that moderate levels of NE engage high affinity postsynaptic α2-ARs, whereas increased concentrations of this catecholamine, probably released from the locus coeruleus (LC) during stress, impair PFC cognitive function via α1-adrenoceptors [81]. Birnbaum and colleagues observed that administration of potent activator of PKC or indirect stimulation of PKC with α1R agonist can result in a loss of prefrontal cortical regulation involving disrupted cognitive performance and spatial working memory in rats and monkeys [82]. From a pharmacological perspective, specific α2-AR agonists, administered alone or in combination with antipsychotics may enhance neurocognitive functions but also reduce positive and even negative schizophrenia symptoms leading to potentially high clinical relevance for treatment of this disorder. For instance, administration of clonidine to patients with schizophrenia improved stimulus filtering by normalization of both their sensory gating (P50) and sensorimotor gating (PPI) deficits to such levels that were not significantly different from levels of healthy controls [83,84]. Interestingly, the NE system can modulate PPI independently of 5-HT2A neurotransmission and even compensate deficiency of serotonergic system, which seems to be evolutionary advantageous for maintaining enhanced protection against sensimotor gating impairments [85]. Likewise, the manipulation of noradrenergic activity by guanfacine, another α2 receptor agonist, ameliorated cognitive impairments of schizophrenic patients when used as an adjunctive treatment with neuroleptics [86].



Both NE and DA are important components of the arousal systems and their complementary action is needed for proper PFC function [87]. The high levels of D1 stimulation has been demonstrated to increase the production of cAMP, thereby opening hyperpolarization-activated cyclic nucleotide-gated (HCN) cation channels near the synapse and detuning of spatial information processing [88]. In schizophrenia, disturbed stimulation of α2-AR located on the apical dendrites of cortical pyramidal cells may affect dynamics of the HCN channels in cortical pyramidal cells leading to increased hyperpolarization-activated currents and reduced apical amplification [89,90]. As a result, Gs-mediated excessive cAMP upregulation, which has also been observed in hippocampal CA1 pyramidal cells via noradrenergic suppression, may reduce neuronal firing in the PFC leading to impairing cognitive operations [91]. In an animal study, α2A-adrenoceptor inhibition of cAMP signaling via guanfacine blocked the opening of HCN channels, strengthening the connectivity of the PFC networks related to WM [92,93]. Numerous reports have highlighted the potential involvement of the β-adrenergic receptor in memory consolidation, in particular, toward modulating hippocampal long-term potentiation (LTP) [94], and behavioral memory of mammals through cAMP-PKA signaling [94,95]. However, there is currently insufficient evidence regarding the effectiveness of beta blockers as an adjuvant therapy for the treatment of schizophrenia as reviewed by Cochrane and coworkers [96].



Treatment of patients with adjunctive antidepressants that act on NE activity, for instance duloxetine or mirtazapine, enhanced beneficial effects of atypical antipsychotics (clozapine, risperidone) and relieved negative symptoms of schizophrenia supporting the role of this neurotransmitter in the disease development [97,98,99]. However, recent work has uncovered that haloperidol, risperidone, olanzapine, and clozapine may potently regulate peripheral NE, which may be relevant to drug metabolism-related side effects, e.g., hyperglycemia [100].



Finally, single nucleotide polymorphisms (SNPs) can be also implicated in the etiology of schizophrenia: two SNPs in the promoter region of the α1A-adrenergic receptor (ADRA1A) gene [101], or interactive effect of α2A-adrenergic receptor (ADRA2A) gene polymorphism and methylenetetrahydrofolate reductase (MTHFR) gene polymorphism [102], which may additionally aggravate the low-dopamine state [103].




5. Cholinergic Receptors


Muscarinic acetylcholine receptors (mAChRs) are metabotropic receptors that become activated upon binding of neurotransmitter acetylcholine (ACh). Upon activation of the neuron, ACh is released from the synaptic vesicles into the synaptic cleft where it binds to presynaptic and postsynaptic receptors or is inactivated by the enzyme cholinesterase [104]. There are five subtypes of muscarinic receptors, designated as M1–M5, that can be further subdivided into two groups depending on their functional properties [105]. Stimulation of M1, M3, and M5 receptors, that are expressed postsynaptically across many brain regions and coupled to Gi/o G-type proteins, initiates the cascade of PLC-dependent reactions related to formation of DAG and IP3 (Figure 4). The M1 receptor is a predominant subtype detected mainly in cortical and hippocampal neurons whereas neuronal M3 and M5 subtypes are present at low levels and their role is relatively little known. By contrast, M2 and M4 muscarinic receptors interact with Gi and Go-type G proteins and negatively influence adenylyl cyclase, thus inhibiting formation of cAMP [106,107]. In the cerebral cortex and hippocampus, M2 receptors have been reported to localize at both cholinergic and non-cholinergic presynaptic terminals [108,109]. The M4 receptors are found at the presynaptic terminals of cholinergic interneurons within the striatum [110] and they also seem to be present in the medium spiny neurons of the direct pathway [111]. In contrast to the nicotinic cholinergic receptors, mAChRs act slower but exert potentially more sustained synaptic response acting through second messengers.



In schizophrenia, altered cholinergic neurotransmission is intimately linked to the defective cognitive functions associated primarily with cortical and hippocampal regions. Post-mortem studies consistently reported transcriptional and proteomic alterations in M1 and M4 receptors in the hippocampus [112,113] prefrontal and frontal cortices [112,114,115,116], and also cingulate cortex [117,118] of schizophrenic patients. Conversely, potentiation of the central muscarinic system by M1 mAChR’s positive allosteric modulator (PAM), completely restored defective long-term depression as well as impairments in the cognitive function and social interaction in PCP-treated mouse model of schizophrenia [119]. Interestingly, no significant differences in the density of M2 and M3 receptors between cortical regions of schizophrenic and control subjects have been observed [120]. It has been recently demonstrated that acetylcholinesterase inhibitors (AChEIs) or similar agents increasing ACh level may be effective in the treatment of visual hallucinations in individual clinical cases [121,122]. On the other side, the results of many clinical studies [123,124,125] did not show any improvement of schizophrenia symptoms by AChEIs or similar agents increasing ACh level. These results could suggest that contribution of the central muscarinic receptor system to schizophrenia deficits may not arise from disturbances in ACh level but rather involves far more complex changes underlying neuropathology of this disorder [126]. In non-psychotic individuals, administration of anti-muscarinic agents such as atropine or scopolamine evoked dose-dependent impairments in cognitive and psychomotor function including attention, learning process, working, and declarative memory [127,128,129].



Novel drugs targeting the allosteric binding site in mAChRs helped to extend our knowledge about the role of these receptors in Ca2+-dependent signal transduction in the brain and they turned out to be promising in the treatment of psychotic symptoms commonly observed in patients with schizophrenia. One of the modulators with pro-cognitive action is AC-260584, a potent agonist at the M1 receptor, that may mediate calcium responses and ERK1/2 activation in specific brain areas involved in learning and memory formation, such as the hippocampus, prefrontal and perirhinal cortex [130]. A previous report suggested that ACh may control the LTP induction in CA1 hippocampal pyramidal neurons by stimulating M1 receptor and leading to Ca2+ release from IP3-sensitive stores [131]. Moreover, the regulation of synaptic plasticity and cognitive function by muscarinic system can result from tuning the activity of non-glutamatergic postsynaptic ion channels including voltage- or Ca2+-gated channels [132,133]. Consistent with these findings, administration of 77-LH-28-1, another allosteric agonist of M1 receptor, led to M1 receptor-dependent inhibition of calcium-activated potassium (SK) channels, promoting the induction of NMDAR-dependent LTP [134]. The M1 receptors via signaling cascade linking cAMP-PKA and PI3K-Akt-mTOR may also be critical for the activation of postsynaptic AMPA receptors needed for the LTP [135,136].



The synaptic AMPA receptors and mTOR signaling pathways have been demonstrated to be significantly disrupted in schizophrenia [137,138]. The function of muscarinic system in the modulation of altered synaptic transmission may precipitate or exacerbate certain symptoms of psychiatric disorders. Interestingly, Jeon et al. revealed that muscarinic blockade of D1 receptor-induced cAMP production was abolished in striatal neurons of D1-M4-KO mice model underlining physiological relevance of M4 receptors in dopamine-dependent behaviors and representing another potential therapeutic target in the treatment of schizophrenia [139].




6. Serotonergic Receptors


Serotonin (5-hydroxytryptamine, 5-HT) is one of the most extensively studied neurotransmitters, acting through distinct G protein coupled receptors (GPCRs) and ligand-gated ion channels [140]. The last two decades of research described at least fifteen 5-HT receptors subtypes, which are grouped into seven families (5-HT1-5-HT7) [141] based on the specific biochemical signaling pathways, as presented in Table 1 [142]. All subtypes have a distinct expression pattern across the central nervous system (Table 1). In the human brain, almost all serotonin receptors subtypes are found, except for 5-HT5b, and they play an important role in the modulation of cognitive and behavioral functions [140].



The considerable evidence for alterations in serotonin level in schizophrenia comes from pharmacological data. D-lysergic acid diethylamide (LSD), which is structurally similar to serotonin, induces psychotomimetic effects in non-psychiatric controls [143]. Further investigations demonstrated that LSD causes hallucinations through its agonistic effect on the 5-HT2A receptors subtype [144]. To support it, the group of González–Maeso demonstrated that 5-HT2A knock-out mice were unsusceptible to the neuropsychological effects of serotonergic psychedelics [145,146].



The 5-HT2A receptors are present in high density in brain regions which are implicated in the pathophysiology of schizophrenia and play a key role in cognition, perception, and emotion regulation [147]. A large number of studies points to alterations in frontal cortical 5-HT2A receptor binding in schizophrenic patients and the reduction in receptor density in schizophrenic brains compared to healthy individuals [148]. Furthermore, a new generation of antipsychotic drugs act through serotonin receptor-based mechanism [149]. They exhibit low prevalence of side effects and the effectiveness against both positive and negative symptoms. Despite intensive studies, the molecular and neurochemical bases of atypical drugs action have long been a matter of debate. It has been postulated that a high 5-HT2A vs. dopamine D2 receptor occupancy is characteristic for atypical drugs and majority of them including clozapine, olanzapine, risperidone, or ziprasidone are characterized by high affinity for 5-HT2A receptors [150]. However, not 5-HT2A receptor antagonism per se but a combined blockage of D2 and 5-HT2A receptors is believed to confer the efficacy of a second-generation antipsychotics [151,152]. Indeed, the atypical antipsychotics are frequently characterized by their combined action for the antagonism of 5-HT2A and D2 receptors [153]. Studies have shown that this treatment strategy can efficiently reduce the negative and cognitive symptoms as well as minimize the side effects [154]. Additionally, equilibrium between 5-HT2A and D2 receptor occupancy is crucial for minimizing extrapyramidal symptoms and improving efficacy in a treatment-resistant schizophrenia [155,156]. These have been assessed by several studies showing the beneficial effects of antagonism of 5-HT2A and D2 receptors, notably using single or saturating doses of haloperidol [152,157,158], and recently in rats chronically treated with haloperidol alone or in combination with MDL-100,907, a selective antagonist of 5-HT2A receptor [159].



Several findings have also pointed to the biological significance of serotonin receptor 2A gene in schizophrenia, but the results are inconclusive. For example, Sern-Yih Cheah and coworkers showed three potential risk factors for schizophrenia: the down-regulated 5HT2A mRNA levels in the PFC, hypermethylation of 5HT2A promoter CpG sites (cg5, cg7 and cg10) and genetic correlation with 5HT2A genotypes for rs6314 and rs6313 [147]. On the other hand, postmortem study on untreated schizophrenic patients demonstrated up-regulation of 5HT2A receptor density in the PFC [160]. In addition to genetic variations in 5HT2A, environmental factors can be also associated with 5HT2A gene expression. There are multiple lines of evidence to demonstrate that 5-HT2A receptors and metabotropic glutamate type 2 (mGlu2) receptors interact with each other and form functional complexes in brain cortex [160,161,162]. It has been demonstrated that the density of 5-HT2A/mGluR2 complex in the cortex of schizophrenic individuals is dysregulated [154]. The functional role of these complexes has also been studied in animals. For instance, stimulation of cells expressing functional 5-HT2A/mGluR2 heterocomplexes with mGluR2 agonist activated Gq/11 proteins by the 5-HT2A receptors and this activation was abolished in 5-HT2A knockout mice [161]. The mGluR2 knockout mice were resistent to the behavioral effects of hallucinogenic drugs [163], which suggests that 5-HT2A/mGluR2 complex may be obligatory for neuropsychological responses to hallucinogens. The postmortem studies demonstrated upregulation of 5-HT2A receptor and downregulation of mGluR2 receptor [160], a pattern that may predispose psychosis.



Moreover, postmortem and neuroimaging studies also support a role of serotonergic system in the pathophysiology of schizophrenia [164]. Yasuno and coworkers showed decreased 5-HT1A receptor binding in the amygdala, which may underlie the affective components included in schizophrenia symptoms [165]. Moreover, it has been demonstrated that atypical antipsychotic drugs enhance dopamine release in the prefrontal cortex through postsynaptic 5-HT1A activity [166]. This observation may be essential for choosing an optimal treatment strategy, in which negative symptoms and cognitive deficits in schizophrenia have been linked to decreased function of dopaminoceptive neurons.



The 5HT2C, 5HT6, and 5HT7 receptors are also considered as pharmacological targets in the treatment of psychosis and cognitive deficits in schizophrenia [167]. For instance, the interaction of clozapine with 5HT6 receptors improves cholinergic signaling and may be helpful in the treatment of neurocognitive defects [168]. The anatomical distribution of 5HT7 receptor subtype in the human brain together with the reduction of mRNA levels of this receptor in the prefrontal cortex of schizophrenic individuals as well as the genetic correlation between 5HT7 receptors and schizophrenia emphasize their role in the development of this disorder [169]. A growing body of evidence indicates that schizophrenia has a strong neurodevelopmental component [170,171]. Therefore, it is highly plausible that the disease can be influenced by 5HT6 and 5HT7 receptors or other GPCRs controlling key neurodevelopmental processes.



Furthermore, the results of multiple studies demonstrated an association between serotonin receptor polymorphism and disease susceptibility for schizophrenia. The T102C polymorphism of the 5-HT2A receptor and the C759T polymorphism of 5HT2C receptor have been positively associated with positive and negative symptom response [172,173]. All these findings highlight a crucial role of serotonergic neurotransmission in the pathophysiology of schizophrenia. However, further studies are needed to improve efficiency of antipsychotic drug that modulate the activity serotonin receptors.




7. Glutamate Metabotropic Receptors


Metabotropic glutamate receptors are encoded by GRM1 to GRM8 genes and have a modulatory function for the release of neurotransmitters, regulation of neuroplasticity, and synaptic excitability [174]. Based on receptor structure, ligand selectivity, and the psychological effect caused by activation of the receptor, mGluRs are classified into three groups: Group I, Group II, and Group III (Figure 5). Activation of Group I (mGluR1 and mGluR5) receptors causes phospholipase C-mediated effect, while Group II (mGluR2 and mGluR3) and Group III (mGluR4,6,7,8) receptors are associated with inhibition of cAMP signaling through Gi/Go protein [175]. All of the mGluR are present in neuron and glial cells, the only exception is mGluR6 which is primarily located in the retina [176].



The mGluR1 and mGluR5 belonging to Group I are located mainly in the postsynaptic site and act through phospholipase C-dependent Ca2+ mobilization and stimulation of adenylyl cyclase, albeit the contribution of other signaling pathways has been demonstrated as well [177,178]. In general terms, activation of these receptors leads to neuronal depolarization. However, the mGluR1 and mGluR5 can also modulate the pre- and postsynaptic current of the NMDA receptor in a Ca2+-dependent manner. An increase in Ca2+ level causes activation of mGluR1 and mGluR5, which results in decreased activity of the NMDA receptor and protection from detrimental consequences of Ca2+ overload [179]. So far, 12 rare mutations in the GRM1 gene were discovered and described as being correlated with disease etiology [180]. Moreover, postmortem studies demonstrated increased expression of mGluR1 in the prefrontal cortex in patients with schizophrenia [181]. A growing body of evidence indicates that both mGluR1 and mGluR5 should be considered as new molecular targets for schizophrenia treatment. Preclinical studies using PCP-, amphetamine (AMPH)-, or MK-801-induced animal models indicated that mGluR1′s or mGLuR5′s positive or negative allosteric modulators (PAMs or NAMs) can effectively reduce hyperlocomotion and ameliorate deficits in prepulse inhibition and social interactions [176,182,183]. For instance, mGluR5 agonist—VU0409551, produced rapid antipsychotic-like and cognition-enhancing activity in rodent models of schizophrenia and turned out to be effective in reversing the deficits in serine racemase knockout mice, a model that mimics many behavioral and neurochemical abnormalities observed in this disease [184].



The receptors from Group II are expressed only in a few brain regions: mGlu2 in the cerebellar and cerebral cortex, hippocampus, olfactory bulbs, and it is located in presynaptic, postsynaptic, or glial sites whereas mGlu3 is predominantly expressed in the dentate gyrus, nucleus accumbens, lateral septal nucleus, cerebral cortex, cerebellar cortex, striatum, substantia nigra pars reticulata, amygdaloid nuclei, and it is located only in the preterminal region of neurons away from synaptic sites [176,185]. Group II receptors act by inhibiting the adenylyl cyclase and voltage-dependent Ca2+ channels while activating voltage-dependent K+ channels [186]. Research on animal models of schizophrenia showed that pharmacological activation of mGluR2/3 decreased behavioral and cellular deficits of the NMDA receptor hypofunction and improved motor activity [187]. Numerous Group II mGluR’s agonists were checked for therapeutic efficacy in schizophrenia. In preclinical research, LY354740 improved working memory and caused stabilization in glutamatergic signaling in the PCP-induced model of NMDA receptor hypofunction [188]. In the same model, LY379268 decreased the deficits in prepulse inhibition and reduced the expression of falling, turning, and back pedaling in rats in a dose-dependent manner [189]. The studies with healthy volunteers showed that LY354740 produced significant dose-dependent improvement in working memory during ketamine challenge suggesting that mGluR2/3 may play a role in memory impairments related to NMDA receptor hypofunction [190]. Clinical trial with LY2140023, an oral prodrug of LY404039, demonstrated the improvement in both positive and negative symptoms of schizophrenia compared to placebo. LY2140023 was safe and well-tolerated, and patients did not face different from placebo extrapyramidal symptoms or weight gain [191]. As reviewed by Moreno and colleagues, mGluR2, but not mGluR3, is the receptor responsible for antipsychotic-like effects of mGluR2/3 agonists, at least in preclinical models. This is supported by the concurrent studies with LY404039 and LY379268 showing that the effects of mGluR2/3 agonists are abolished in mGluR2, but not in mGluR3, knockout mice [192]. Interestingly, mGluR2 PAMs have the effects comparable with mGluR2/3 orthosteric agonists as was shown for LY379268 and biphenyl-indanone A (BINA) in PCP- and AMPH-induced animal models [193,194].



The drugs targeting mGluR2/3 have also been tested in clinical trials. In the first run of randomized phase II, LY-2140023 initially improved both positive and negative, but not cognitive, symptoms of schizophrenia when compared to placebo but no differences were seen between tested and olanzapine positive group. The second trial showed no significant differences between LY-2140023 and olanzapine, risperidone, or aripiprazole groups over 6–8 weeks of treatment and further clinical investigations were ceased by the Eli Lilly company [191,195,196]. The mGluR2 PAM, ADX71149 showed safety, tolerance, and efficiency toward negative symptoms of schizophrenia in IIa phase of clinical trials. In a dose-dependent manner, it significantly ameliorated smoking withdrawal-evoked deficits in attention and episodic memory and reduced ketamine-evoked negative symptoms [197,198]. However, up to date no results of phase III have been released. In 2016, AstraZeneca disclosed the results of phase II of AZD8529, a selective mGluR2 PAM, but no significant improvement in negative and positive symptoms of schizophrenia was demonstrated [199]. Receptors of Group III mGluRs: mGluR4, mGluR6, mGluR7, mGluR8 are the least explored among all metabotropic glutamate receptors. They are located mainly in the presynaptic site of neurons with the exception of mGluR6, which is located in the postsynaptic site of bipolar retinal cells. Group III receptors are similar to Group II in terms of mechanism of action—they signal via Gαi/o to inhibit adenyl cyclase and modulate the activity of other downstream effectors such as cGMP phosphodiesterase, MAPK, or PI3 kinase pathways [182,186,200]. It has been demonstrated that mGluR4 activation decreases glutamatergic transmission in the hippocampus [201] while mGluR4 knockout resulted in prepulse inhibition and lower acoustic startle response [202]. A variety of mGluR4 agonists were tested in preclinical studies. The LSP1-2111 was effective in reducing MK-801- and AMPH-induced hyperlocomotion and DOI (2,5-dimethoxy-4-iodoamphetamine)-induced head twitches [203]. The LSP4-2022 drug lowered neurotransmitter release caused by MK-801 and had an antipsychotic effect [204]. The LuAF21934 and LuAF32615 regulated hyperactivity induced by MK-801 and amphetamine and decreased head twitches caused by DOI [205]. Administration of the ADX88178 resulted in a reduction of hyperlocomotion caused by MK-801 and head twitches caused by DOI [206].



Knockout of mGluR7 in mice model worsened short-term neural plasticity in the hippocampus compared to the wild type, and produced deficits in memory and anxiety responses [207]. The mGluR7′s NAMs tested in preclinical studies—MMPIP and ADX71743—were successful in normalization of deficits caused by MK-801 and DOI-induced head twitches. However, ADX71743 needed lower doses to cause therapeutic effect compared to MMPIP [208,209]. Both drugs were also active when tested in models of cognition, attentional deficits, and social interactions [210]. Several other drugs targeting mGluR7 have been synthesized recently, for instance VU6010608 (2017) or VU6027459 (2020), but their utility in schizophrenia treatment has not been investigated yet.



Research on the role of mGluR8 in schizophrenia provided inconsistent results—some scientists demonstrated that knockout of this receptor resulted in subtle behavioral alterations including novelty-induced hyperactivity, delayed stimuli response [211] and anxiety [212]. However, these findings were not confirmed by others [213,214]. Similarly, some preclinical studies showed that mGluR8′s selective agonist (S)-3,4-dicarboxyphenylglycine (DCPG) decreased hyperactivity induced by pharmacological blockage of NMDA receptor while others did not confirm normalization of locomotor activity by the drug [215,216]. Despite these discrepancies, mGluR8 should still be considered as a potential molecular target in schizophrenia treatment.




8. GABAB Receptors


Gamma-aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the brain. Many studies have demonstrated dysfunctions in GABA transmission in schizophrenia pathophysiology [217,218]. GABA activates fast synaptic inhibition via ionotropic GABAA receptors and slow synaptic inhibition via metabotropic GABAB receptors (GBRs) [219]. GBRs are G-protein coupled to K+/Ca2+ channels and consist of two closely related seventh transmembrane subunits—GABAB receptor 1 (GBR1) and GABAB receptor 2 (GBR2), both of them required to assembly into functional receptor. The GBR1 subtype exists in two splice variants—GABABR1a (130 kDa) and GABABR1b (100 kDa) [217]. GBR1 binds orthosteric ligands, while GBR2 couples with G protein [7], releasing Gαi/o and Gβγ when activated [219]. In addition to GABA, GBRs activity can also modulate the release of dopamine and serotonin [220].



GBRs’ abundant expression in the cortex and their significant role in learning and memory formation indicate the importance of these receptors in the CNS, but the understanding of GBRs function is still limited [217,221].



A series of studies have reported abnormalities in GBRs in schizophrenia [218] and immunohistochemical experiments found decreased GBR1a immunolabeling in the hippocampus, prefrontal cortex, inferior temporal cortex, and the entorhinal cortex of schizophrenia patients [217,222]. In addition, the loci for both GABBR1 (6p21.3) and GABBR2 genes (5q34) have been recognized as the susceptibility loci for schizophrenia [218]. Fatemi and coworkers detected significant reduction in GABBR1 and GABBR2 protein level in the lateral cerebella and superior frontal cortex from patients with schizophrenia, bipolar disorder, and major depression when compared to healthy controls [218,220]. Though one report showed a weak correlation between GABBR1 gene and schizophrenia [223], two other found no connection [224,225]. In two microarray studies, increased expression of GABBR1 and GABBR2 mRNA was observed in the brain tissue from suicides [226]. Alterations in GBR subunits expression may disturb affinity, transmission, and receptor insertion into the plasma membrane, possibly promoting emotional and cognitive deficits in schizophrenia [220].



Despite the contribution of GBRs to schizophrenic symptoms and extensive drug discovery efforts, to date, only two GABAB receptor agonists—baclofen and gamma-hydroxybutyric acid (GHB)—have been introduced to the clinical use [227]. Baclofen has poor liposolubility and does not cross the blood–brain barrier (BBB) efficiently [227], but it systemic administration reduced behavioral hyperactivity and/or prepulse inhibition deficits in animal models of schizophrenic psychoses induced by methamphetamine [228], MK-801 [229], or phencyclidine [230]. Likewise, baclofen administered intraperitoneally reversed dizocilpine-induced prepulse inhibition disruption and spontaneous gating deficits in juvenile DBA/2 mice, and the effects were blocked by the pretreatment with a GBR antagonist [227]. In the prefrontal cortex and hippocampus of DBA/2 mice, decreased GBRs expression was found, suggesting that the schizophrenia-like phenotype may be connected to the disturbances in GABAergic system [227]. However, despite promising preclinical data, trials with baclofen on schizophrenic patients turned out disappointing. Other studies additionally demonstrated that baclofen could be responsible for hallucinations on severe withdrawal psychosis [217,220].



Second, GBRs agonist, GHB, has an advantage over baclofen in reaching significant CNS concentrations, due to the evidence for carrier-mediated transport across the BBB [227]. GHB may act directly as a neurotransmitter but also modulate dopamine transmission via the GHB receptor and GBRs after conversion to extracellular GABA [227]. Dopamine modulation seems to be regulated mainly by the GBR [231] since GABAB1 knockout mice do not display the same behavioral response to GHB administration as the wild-type [227].



The GBR antagonists and positive allosteric modulators (PAM) are under extensive studies due to their lack of undesirable side effects caused by baclofen [232]. Several preclinical investigations have demonstrated GBRs antagonists’ effectiveness in the treatment of cognitive dysfunctions in a rat model of absence epilepsy or improvement cognitive task performance by activating hippocampal θ and γ rhythms in behaving rats [227,233]. Other researchers demonstrated that GB receptor antagonist—SGS742—improved spatial memory, possibly due to a weaker binding to the cyclic adenosine monophosphate response element in the hippocampus [233]. Additionally, the infusion of GBRs antagonists—CGP56999A and CGP35348—into the rat hippocampus produced deficits in prepulse inhibition and affected hippocampal sensory and sensorimotor gating [234]. Another report on the animal model of schizophrenia—the apomorphine-susceptible (APO-SUS) rat and its phenotypic counterpart, the apomorphine-unsusceptible (APO-UNSUS) rat at postnatal day 20–22—showed that CGP55845 abolished prepulse inhibition reduction, suggesting that the diminished paired-pulse ratio was caused by increased GBRs signaling. Increased expression of the GB1 receptor subunit in APO-SUS rats seems to support it [235].



Research on schizophrenia animal models with positive allosteric modulators of GBRs showed that GS39783 blocked hyperlocomotion induced by MK-801 [236]. Similarly, CGP7930 co-administered with a low dose of baclofen reduced amphetamine-induced hyperlocomotion [237]. CGP7930 has also been described to antagonize psychosis-relevant behavior triggered by hippocampal kindling, including deficits of prepulse inhibition and gating of hippocampal auditory evoked potentials (AEPs) [234]. Furthermore, CGP7930 prevented ketamine—induced deficit of prepulse inhibition, suppressed hyperlocomotion, and reduced heterosynaptically mediated paired pulse depression in rat hippocampus [232]. The most recent analysis of the X-ray crystal structure of GBR suggests that clozapine—the gold-standard drug in the treatment of resistant schizophrenia—could directly bind to the GABAB receptor in a way similar to baclofen [238].



The signaling pathways downstream GBRs are related with one of three effector proteins: the GIRK family-G protein-activated inwardly rectifying K+ channels, voltage-gated N-type Ca2+ channels, and adenylyl cyclase [219,238]. The GB receptors interact with a variety of other signaling pathways, but these connections are not fully resolved yet. However, recent study revealed a new functional relationship between widely distributed GBRs and densely expressed sodium-activated potassium channels in the olfactory bulb neurons. Li and coworkers demonstrated a novel mechanism by which GBR activation inhibits two opposing currents, the persistent sodium current and the sodium-activated potassium current [221]. Broad colocalization of GBRs and sodium-activated potassium channels in the nervous system indicate an important mechanism for GBRs neuromodulation. These results suggest a new possibility for controlling cell excitability through GBRs modulators [221].



GBRs control synaptic transmission by either inhibiting neurotransmitter release or diminishing postsynaptic excitability. Presynaptic GBRs inhibit neurotransmitter release by modulating calcium channels or interacting with the downstream release machinery [219]. GBRs dampen postsynaptic excitability by releasing Gβγ subunits to activate inwardly rectifying K+ channels. Local shunting and slow inhibitory postsynaptic potentials (IPSPs) generated by opening of these channels, enhance magnesium blockage of NMDARs and indirectly inhibit synaptic responses [239]. This indirect blockage of NMDARs together with inhibition of voltage-sensitive Ca2+ channels indicate a significant mechanism by which GBRs influence calcium signaling in dendrites and spines [240]. Especially, postsynaptic GBRs are frequently located in and near dendritic spines, making them well-positioned to influence glutamate receptors [219,241].



Consistently, two-photon optical quantal analysis revealed that presynaptic GBRs suppress multivesicular release at individual synapses from layer 2/3 pyramidal neurons in the mouse medial prefrontal cortex [219]. The same authors also showed that postsynaptic GBRs directly modulate NMDARs via the PKA pathway. These results demonstrated a new role for postsynaptic GBRs directly suppressing NMDAR Ca2+ signals, with little impact on AMPAR or NMDAR synaptic currents [219]. This potent GBRs modulation depends on G protein signaling and involves PKA pathway. Direct suppression of NMDAR calcium signals by GBRs suggests that GBRs have an ability to modulate not only electrical properties of neurons, but also to influence biochemical signaling cascades at the synapses. This is an important mechanism by which GABA signaling helps to control neuronal communication in the brain [219].




9. Chemokine Receptors


9.1. Classification of Chemokines and Their Receptors


Chemotactic cytokines (chemokines) are small alkaline peptides (7 to 15 kDa) known as the important mediators of inflammatory processes. Based on the number of amino acids between the two cysteines at the amine end of the molecule, they are classified into four groups: XC, CC, CXC, and CX3C, where C is cysteine and X represents another amino acid [242]. Chemokines usually possess the conserved four cysteines and formation of disulfide bridges determines their three-dimensional structure (Figure 6). So far, about 50 chemokines and 10 receptors for CC subtype, 7 for CXC subtype, and single receptors for XC and CX3C chemokines have been identified [243]. Although most chemokine receptors belong to the classic G protein receptors, there is also a group of so-called atypical chemokine receptors (ACKRs), with at least 6 representatives [244]. They bind chemokines with high affinity, but due to their structural inability to couple to G proteins, they do not induce cell migration and act mainly as “capturers” of chemokine, reducing inflammation or shaping chemokine gradients [245]. Signals from chemokine receptors are transmitted by two major routes: G proteins and β-arrestin; however, these processes are cell- and tissue-dependent, and can be modulated by the ligands or receptors involved [246,247].



A particularly important aspect of chemokine-induced signaling is that chemokine receptors could bind several chemokines as well as can act as multimeric forms, homo- or heterodimers [248,249,250]. Moreover, some chemokines can form complexes with more than one receptor, thereby overlapping mechanisms may differentiate the final biological effect. Crucial is the affinity of a given chemokine to the receptor and the density of particular receptor types in the cell. Recently, the phenomenon of chemokine receptor oligomerization, which specifically modifies the response to chemokine binding, has become increasingly important. Composition of homo- or heterooligomeric complexes determines their affinity for chemokine, which can lead to the activation of different signaling pathways [251]. In addition, signaling biases have been documented for several chemokine GPCRs [243,252].



Functionally, chemokines and their receptors play an important role in the nervous system, acting as trophic and protective factors that increase neuronal survival, regulate neuronal migration, and synaptic transmission. Chemokines can be classified as inflammatory or homeostatic, according to the context of their functioning [249]. They are constantly secreted and are responsible for proper cell migration, e.g., during the growth of the body. In the brain, the level of chemokines increases due to their secretion by many different cells: microglia, astrocytes, oligodendrocytes, and endothelial cells of blood vessels [253,254]. A particular role is played by the BBB and the most important is the precise exchange of chemical compounds between the CNS and the circulatory system [255]. The integrity of the BBB structure sustains brain homeostasis and allows to perform many neurological functions. Chemokines play a special role primarily in some CNS diseases, when the damages to the BBB and the blood–spinal/cerebral fluid barrier cause leukocytes infiltration triggering inflammatory processes [256].




9.2. Chemokines and Their Receptors in Schizophrenia


Although chemokines can trigger a number of downstream signaling pathways, we focused on those involving PLC activity, because of the significance of Ca2+ released from the endoplasmic reticulum. Among all chemokine subtypes, only several are known to play a role in schizophrenia, but due to limited and sometimes conflicted data, their participation should be analyzed with caution. The discrepancies could result from heterogeneity of examined group of schizophrenic patients, including duration of the disease, age, sex, and treatment response [257,258]. Chemokine levels are mainly determined in the serum, but since their receptors’ expression may vary in different cells, the chemokine concentration does not always correlate with schizophrenic symptoms. It may complicate the explanation of the role played by particular chemokines in schizophrenic insults. However, based on many studies performed recently, with the pro-inflammatory action at least a few chemokines appears to be strongly associated with the disease state. The activation of PLC-sensitive signaling pathways has been demonstrated for many chemokines with the prevalence of those belonging to CC and CXC classes and one representative of CX3C type (Table 2).



The elevations of inflammatory chemokines in blood and cerebrospinal fluid as well as altered function of immune cells in the central nervous system deregulate the chemokine-mediated network that may contribute to the progression of schizophrenia [259,260]. The processes triggered by migration of immune cells to the brain may also impair neuron–microglia crosstalk by hyperactivation of astrocytes and microglial cells. Subsequent release of pro-inflammatory chemokines activates chemokine receptors followed by the raise in cytosolic Ca2+, affects chemotaxis, secretion, and gene expression. The chemokines can be also released by activated astrocytes, thus inducing production of reactive oxygen species (ROS) leading to excitotoxic neuronal death. Nowadays, inflammation constitutes an apparent risk factor for schizophrenia and increased chemokines production during inflammatory conditions may play a role in development of the disease. Noteworthy, chemokines can be rapidly transported from the blood to the brain through the BBB and trigger a cascade of events contributing to alterations in BBB integrity and development of BBB breakdown [256].



Accumulating evidence indicates that increased level of pro-inflammatory chemokines: CCL2, CCL4, CCL11, CCL17, CCL22, and CCL24, in serum strongly correlates with schizophrenic symptoms including cognitive impairments in attention, working memory, episodic and semantic memory, and executive functions [11,261,262,263,264,265,266,267,268]. Several chemokines of CXC type (CXCL8, CXCL11, CXCL12), were also shown to act through PLC/Ca2+ downstream signaling [269,270,271]. An interesting observation was that several prenatal infections and inflammatory biomarkers may contribute to the etiology of schizophrenia, including fetal exposure to CXCL8 that could alter early stages of neurodevelopment [272,273].



Circulating chemokines detectable in serum may be produced by blood cells, endothelium or may originate from the brain. Hence, their concentration determined in situ may not always reflect their tissue levels. Moreover, due to different chemokines’ half-life and higher concentration at the sites of release, the concentration determined in the blood may not correlate with the physiological response. Therefore, the chemokine nature appears to be ambivalent: they can be protective or contribute to neuronal damage. The obligatory element to initiate chemokine signal transmission is the presence of responsive receptors.



Whereas the analysis of chemokines’ level in schizophrenic patients is quite complex, less information is available for chemokine receptors. As shown in Figure 7, a large number of chemokine receptors can bind more than one ligand. Moreover, the receptors can be differentially expressed in the CNS, making the separation of causes from the effects even more complicated. For example, there is an evidence that CCL-11 at low concentrations can act as a partial agonist at CCR2 and antagonize CCL2 activity, but high concentrations are sufficient to activate CCR2 in chemotaxis assays [261,274]. Some receptors have been proposed to form putative heteroreceptor complexes with an NMDA receptor (NMDAR-CCR2, NMDAR-CXCR4) that may also contribute to schizophrenia-like symptoms in mild neuroinflammation [275]. The function of CX3CR1 seems to be the most characterized since this receptor binds single chemokine—CX3CL1, which is the only chemokine with the expression higher in the CNS than in the periphery [276,277]. Communication of microglia with neurons via CX3CR1 signaling is involved in the formation of dendritic spines, facilitates neuron–microglia interactions, influences microglial activation and synaptic function [278]. Moreover, CX3CL1/CX3CR1 signaling regulates activation of microglia in response to brain injury or inflammation, and induces the response that may have either beneficial or detrimental effects [279,280]. An additional issue is that some chemokines may bind to the receptors without inducing transmembrane signals. Thus, even if the concentration of chemokines in blood of schizophrenic patients is increased, no evident changes at a physiological and behavioral level could be detected [11,267,281]. This phenomenon may, at least in part, explain the contradictory results reported in several studies.



Numerous mechanisms have been discovered in terms of activity regulation of chemokines and their receptors [250]. Available data demonstrate that around 40% of the schizophrenic patients have some degree of inflammation engaging chemokine/receptor complexes [294,295]. In addition, increased permeability of the BBB in a subset of patients with schizophrenia correlates with enhanced chemokine signaling [256]. Despite the progress that has been made regarding the role of chemokines and inflammatory processes in schizophrenia pathology, the available data are still sparse and mostly correlative. Moreover, inflammation has been detected in numerous neuropsychiatric diseases, thus limiting its relevance to discoveries of new therapeutic approaches of schizophrenia.





10. Concluding Remarks


An increasing number of reports on schizophrenia clearly indicates its multifactorial etiology, including genomic, epigenetic, endocrinological, and environmental components, which act synergistically to produce disease-specific symptomology. As we reviewed here, there is also a considerable body of evidence to support abnormalities in neurotransmitter-GPCRs signaling as an integral piece of schizophrenia neurobiology. The pathophysiology of this illness involves profound changes in motoric function, mood, and cognition derived from dysfunctional limbic system. The monoamine and neuropeptide pathways have been demonstrated to originate and project within hippocampus, thalamus, or brainstem. Therefore, it is not surprising that abnormalities in neurotransmitter systems are in the center of both preclinical and clinical studies. However, the existence of potential alterations in GPCR signaling suggests that the relief for patients resistant to current medications will be possible only by targeting post-receptor sites. Growing body of evidence indicates that the mechanisms underlying the synthesis and inactivation of second messengers may also offer the promise for the rational design and development of efficient drugs for schizophrenia treatment. Moreover, as the signal transduction pathways downstream GPCRs frequently display unique characteristics, they offer unique targets for relative specificity of action and hold much promise for novel drugs in the long-term schizophrenia treatment. However, the difficulty to transform preclinical results into clinically efficient treatment strategies is invariably the biggest challenge for the next era in neuropsychopharmacology.
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Figure 1. The classical G protein signaling pathways. GDP—guanosine diphosphate, GTP—guanosine triphosphate, AC—adenylyl cyclase, cAMP—cyclic 5′-monophosphate, PKA—protein kinase A, PLC—phospholipase C, PIP2—phosphatidylinositol 4,5-bisphosphate, IP3—inositol-1,4,5-trisphosphate, PKC—protein kinase C, DAG—diacylglycerol, ER—endoplasmic reticulum. 
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Figure 2. The dopamine system. Binding of dopamine to D1 or D5 receptors activates PLC signaling pathway that triggers Ca2+ release from the cisterns of endoplasmic reticulum and has a stimulatory effect on adenylyl cyclase that induces cAMP increase. When acting through D2, D3, or D4 receptors, dopamine exerts an inhibitory effect toward adenylyl cyclase leading to decrease in intracellular cAMP. 
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Figure 3. The epinephrine/norepinephrine system. The ligand (epinephrine or norepinephrine) binds adrenergic receptors that are coupled with either activation of PLC signaling resulting in release of Ca2+ from the ER or inhibition of adenylyl cyclase, thus decreasing cAMP concentration. 
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Figure 4. The cholinergic system. The ligand (acetylcholine, carbachol, pilocarpine, etc.) binds muscarinic receptors (M1, M3, M5) to stimulate Ca2+ release from the ER via PLC-dependent signaling pathway or inhibits adenylyl cyclase when bound to M2 or M4 receptors. 
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Figure 5. The metabotropic glutamate receptors. The group I mGluRs couples to Gq, which stimulates PLC activity and inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). The IP3 diffuses to the endoplasmic reticulum and activates the IP3 receptors to release Ca2+ to the cytosol. The Group I can also couple to adenylyl cyclase to stimulate cAMP production. By contrast, Groups II and III couple to Gi/o proteins and inhibit adenylyl cyclase. 
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Figure 6. Schematic structures of chemokine subtypes. 
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Figure 7. Chemokines and their receptors in schizophrenia. Some chemokines (underlined here) that are altered in schizophrenia can bind to multiple receptors and they all act through increasing calcium transients. Based on [10,11,261,264,267,268,269,275,281,282,283,284,285,286,287,288,289,290,291,292,293]. 
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Table 1. The family of 5-HT receptors. Prepared based on [140,142].
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	Receptor
	Potential
	Type
	Mechanism of Action
	CNS Distribution





	5-HT1

(5-HT1A, 1B, 1D–F)
	Inhibitory
	Gi/G0-protein coupled
	Inhibition of AC and decreasing intracellular concentration of cAMP
	cerebral and frontal cortex, hippocampus, striatum, olfactory bulb, substantia nigra



	5-HT2

(5-HT2A–C)
	Excitatory
	Gq11- protein coupled
	Activation of PLC, increasing intracellular concentration of IP3 and DAG, and increasing intracellular calcium
	nucleus accumbens, basal ganglia, cerebellum, hypothalamus



	5-HT3

(5-HT3A,3B)
	Excitatory
	Ligand-gated Na+/K+ channel
	Depolarization of cell plasma membrane
	hippocampus, amygdala, nucleus accumbens



	5-HT4

(5-HT4A–H)
	Excitatory
	Gs-protein coupled
	Activation of AC and increasing intracellular concentration of cAMP
	hippocampal membranes



	5-HT5

(5-HT5A)
	Inhibitory
	Gi/G0-protein coupled
	Inhibition of AC and decreasing intracellular concentration of cAMP
	olfactory bulb, neocortex, hippocampus, caudate putamen



	5-HT6
	Excitatory
	Gs-protein coupled
	Activation of AC and increasing intracellular concentration of cAMP
	thalamus, hypothalamus, hippocampus



	5-HT7

(5-HT7A–D)
	Excitatory
	Gs-protein coupled
	Activation of AC and increasing intracellular concentration of cAMP
	thalamus, hypothalamus, hippocampus










[image: Table] 





Table 2. Chemokines identified in schizophrenia (new and most popular old nomenclature).
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	CCL2
	CCL3
	CCL4
	CCL5
	CCL7
	CCL8
	CCL11
	CCL13
	CCL17
	CCL20



	MCP-1
	MIP-1α
	MIP-1β
	RANTES
	MCP-3
	MCP-2
	Eotaxin-1
	MCP-4
	TARC
	MIP-3α



	CCL22
	CCL23
	CCL24
	CCL25
	CCL26
	CCL28
	
	
	
	



	ABCD-1
	MPIF-1
	MPIF-2
	TECK
	MIP-4α
	MEC
	
	
	
	



	
	
	Eotaxin-2
	
	Eotaxin-3
	
	
	
	
	



	CXCL1
	CXCL4
	CXCL5
	CXCL6
	CXCL8
	CXCL9
	CXCL10
	CXCL11
	CXCL12
	CXCL21



	MGSA
	PF4
	ENA78
	GCP-2
	IL-8
	MIG
	IP-10
	I-TAC
	SDF1
	SLC



	CX3CL1
	
	
	
	
	
	
	
	
	



	Fractalkine
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