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Abstract

:

Mood disorders remain a major public health concern worldwide. Monoaminergic hypotheses of pathophysiology of bipolar and major depressive disorders have led to the development of monoamine transporter-inhibiting antidepressants for the treatment of major depression and have contributed to the expanded indications of atypical antipsychotics for the treatment of bipolar disorders. In spite of psychopharmacological progress, current pharmacotherapy according to the monoaminergic hypothesis alone is insufficient to improve or prevent mood disorders. Recent approval of esketamine for treatment of treatment-resistant depression has attracted attention in psychopharmacology as a glutamatergic hypothesis of the pathophysiology of mood disorders. On the other hand, in the last decade, accumulated findings regarding the pathomechanisms of mood disorders emphasised that functional abnormalities of tripartite synaptic transmission play important roles in the pathophysiology of mood disorders. At first glance, the enhancement of astroglial connexin seems to contribute to antidepressant and mood-stabilising effects, but in reality, antidepressive and mood-stabilising actions are mediated by more complicated interactions associated with the astroglial gap junction and hemichannel. Indeed, several depressive mood-inducing stress stimulations suppress connexin43 expression and astroglial gap junction function, but enhance astroglial hemichannel activity. On the other hand, monoamine transporter-inhibiting antidepressants suppress astroglial hemichannel activity and enhance astroglial gap junction function, whereas several non-antidepressant mood stabilisers activate astroglial hemichannel activity. Based on preclinical findings, in this review, we summarise the effects of antidepressants, mood-stabilising antipsychotics, and anticonvulsants on astroglial connexin, and then, to establish a novel strategy for treatment of mood disorders, we reveal the current progress in psychopharmacology, changing the question from “what has been revealed?” to “what should be clarified?”.
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1. Introduction


Recent neuropharmacological and psychopharmacological studies emphasised the importance of the modulation of tripartite synaptic transmission for the treatment of various neuropsychiatric disorders [1,2,3,4,5,6,7,8,9,10,11,12,13]. Tripartite synaptic transmission has traditionally referred to glutamatergic transmission between neurones and astrocytes, whereas, recently, the conception of tripartite synaptic transmission has been extended to other transmission systems, such as monoaminergic tripartite synaptic transmissions [14]. Taken together with the monoaminergic hypothesis, which is one of the most established pathophysiological hypotheses of mood disorders [15], the extended conception of monoaminergic tripartite synaptic transmission suggests that astrocytes are probably involved in the pathomechanisms of mood disorders.



Indeed, several clinical studies have reported the possibilities associated with astroglial dysfunctions in individuals with major depression [16,17,18,19,20,21,22,23]. Postmortem studies demonstrated the abnormalities associated with astrocytes in corticolimbic regions. The reduction of the glial population in the dorsolateral prefrontal cortex, orbitofrontal cortex [16], subgenual cortex [17], anterior cingulate cortex [18], and amygdala [19] of individuals with major depression was reported in numerous studies; however, an increase in glial size was also observed in major depression [20,21] but not in schizophrenia [24,25]. Based on these postmortem findings, reduced glial density being compensated for by glial cell enlargement has traditionally been considered a specific response of mood disorders. This hypothesis was supported by preclinical studies that showed that both chronic unpredictable stress and prolonged social defeat reduced the expression of glial fibrillary acidic proteins [26,27,28]. Additionally, astrocytes contribute to energy metabolism, including glucose transport and glycogenolysis in the central nervous system [29,30]. Astroglial glycogenolysis plays essential roles in K+ uptake [31]. Indeed, clinical findings using positron emission tomography and functional magnetic resonance imaging indicated the dysfunction of glucose metabolism as well as impaired function in brain regions involved in emotional processing and cognitive functions (the prefrontal cortex, amygdala, and hippocampus) in individuals with major depression, suggesting astrocyte hypoactivity in cognition-promoting regions [22,23]. Contrary to in major depression, several studies also reported glial abnormality but reduced glial population and size in the brains of patients with bipolar disorder [17,32,33,34,35]. These discrepancies of astroglial abnormalities between major depression and bipolar disorder suggest the possibility that the pathomechanisms of these mood disorders are not identical. In spite of these efforts, the detailed mechanisms of glial abnormality associated with mood disorders remain to be clarified.



Neuron‒glial crosstalk consists not only of extracellular tripartite synaptic transmission, but also of intracellular pan-neuroglial networks via the gap junction [1,36,37,38]. Both hemichannel and gap junction provide the numerous astroglial functions, including both physiological and pathological conditions [1]. The hemichannel and gap junction are constructed by connexin, which is a family of 21 protein isoforms [1,39,40]. Six connexin units assemble to form homomeric or heteromeric connexons [1]. Two connexons in two neighbouring cells form a gap junction with an aqueous pore and charged surface walls [1], whereas a single connexon contributes to a chemical connection between the intra- and extra-cellular spaces as a hemichannel [1]. The transmembrane pores of the connexon are permeable to ions, metabolites, second messengers, mRNA, and purine signalling mediators up to 1.5 kDa [41]. In steady state, cultured astrocytes are characterised by a high level of gap junctional communication and low hemichannel activity [42].



Gap junctions provide the intracellular communications associated not only with rapid exchange of cations, transmitters, and second messengers, which are fundamental molecules for electrophysiological excitability and its propagation, but also with prolonged physiological processes, cellular development, and homeostasis [1,39,40]. In particular, the astroglial gap junction contributes to the cytoplasm-to-cytoplasm communication of biochemical or ionic mobilisation between a cell and adjacent cells, leading to the regulation of ionic and several other types of homeostasis via the regulation of intracellular Ca2+ mobilisation and K+ buffering [1,43,44]. Therefore, the physiological function of connexin provides the maintenance of various astroglial homeostasis system in the central nervous system [1,39,40]. Contrary to physiological conditions, pathological hyperactivated conditions generate persistent hemichannel opening, which leads to the disruption of several homeostasis systems [1,3,45,46]. During the resting stage, the hemichannel exhibits low opening probability, whereas depolarisation, ischemia, specific cation mobilisation, and connexin phosphorylation activate the hemichannel, resulting in the persistent astroglial nonexocytotic release of excitatory L-glutamate, D-serine, adenosine triphosphate, kynurenine metabolites, and eicosanoids [1,2,3,9,12,47]. Therefore, astrocytes participate in tripartite synaptic transmission not only via exocytosis but also by nonexocytotic gliotransmitter release through the hemichannel [1,3,6,7,8,9,12].



Connexin43 (Cx43) is the most widely and predominant expressed connexin subtype in the central nervous system, including the astrocyte [1]. Accumulating evidence suggests that functional abnormalities of Cx43 play key roles in the pathophysiology of mood disorders. A recent behavioural study reported that genetic inactivation of Cx43 enhanced the antidepressant action of acute fluoxetine administration [48]. However, the functional abnormality of Cx43 associated with mood disorders is more complicated than expected. It seems that the pathophysiology of mood disorders cannot be fully elucidated without a systematic examination of Cx43 kinetics, the functions of the Cx43 gap junction, and the hemichannel. Based on the above clinical and preclinical findings, in this review, we introduce clinical findings regarding the abnormality of Cx43 in mood disorders, and discuss the potential of Cx43 as a target of mood-stabilising medication in the pathophysiology of mood disorders associated with Cx43.




2. Abnormalities of Cx43 in Depression


Various postmortem studies demonstrated that Cx43 expression in the locus coeruleus, frontal cortex, mediodorsal thalamic nucleus, and caudate nucleus of patients with major depression was reduced compared to healthy individuals (Table 1) [49,50,51,52]. These clinical findings suggest that the dominant regions of Cx43 expression abnormality are not only mood/emotional but also cognitive regulation regions [1,7,8,10,53,54,55,56,57,58]. Therefore, these postmortem studies indicated that decreased Cx43 expression in the cortex, locus coeruleus, and thalamus plays important roles in the pathomechanisms of depressive mood or depressive emotional perception. Unlike in major depression, there are no postmortem studies exploring Cx43 expression’s association with bipolar disorder.



According to the stress hypothesis of depression, there are a number of depressive-like experimental animal models, including social stress, chronic mild and unpredictable stress, learned helplessness, early-life stress models, and exogenous corticosterone [53]. Preclinical studies demonstrated that three depression models—chronic unpredictable stress [59,60,61,62], restraint stress [63], and exogenous corticosterone [64,65]—affected either the expression or function of Cx43 (see detail in Section 3).



Acute restraint stress did not affect astroglial Cx43 expression but enhanced hemichannel opening probability in the mouse hippocampus [63]. The enhancement of hemichannel opening probability induced by acute resistant stress was augmented by chronic restraint stress [63]. The N-methyl-d-aspartate (NMDA)/glutamate receptor antagonist 3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid inhibited stress-induced hippocampal glutamate release [63]. These observations suggest that stress-induced hyperactivation of excitatory transmission through Cx43 hemichannel probably participates in the pathomechanisms of stress-induced mood disorders according to the NMDA/glutamate hypothesis of depression [53]. Indeed, a reduced gap junction and activated hemichannel are observed during exposure to severe stress, and hyperactivation of the Cx43 hemichannel generates the disassembled gap junction [66].



Chronic unpredictable stress and chronic administration of exogenous corticosterone are two experimental animal models of treatment-resistant depression [53]. Chronic unpredictable stress decreases Cx43 expression and suppresses gap junction permeability in the rat prefrontal cortex [59]. Chronic unpredictable stress decreased gap junction density, resulting in the inhibition of astroglial communication in the prelimbic cortex [59], and increased endogenous corticosterone [67]. These observations suggest that the increase in endogenous corticosterone induced by chronic unpredictable stress probably contributes to a decrease in Cx43 expression. Indeed, chronic administration of exogenous corticosterone also reduces Cx43 expression in rat cultured astrocytes [65] via the enhancement of degradation and suppression of Cx43 synthesis [68]. Another study reported that the contradictive effects of chronic corticosterone administration increase phosphorylated Cx43 expression without affecting the expression of total Cx43 in the hippocampus [64,68]. In particular, corticosterone phosphorylates Cx43 at Ser368 [68,69], which inhibits the function of Cx43 containing a gap junction [70] via the augmentation of gap junction internalisation and degradation [71].



Therefore, the previous findings demonstrated by postmortem and experimental animal model studies indicate that the suppression of expression and function of astroglial Cx43 contributes to the pathomechanisms of depressive mood.




3. Cx43 and Behaviour


A sucrose preference test demonstrated that local administration of the nonselective gap junction/hemichannel inhibitor carbenoxolone (CBX) into the prefrontal cortex caused significant decreases in consumed sucrose, indicating CBX-induced anhedonia [59]. A novelty-suppressed feeding test also demonstrated that CBX prolonged latency to feed, indicating CBX-induced anxiety-like behaviour [59]. The other inhibitors, Cx43-selective mimetic peptide inhibitors Gap27 and Gap26, displayed similar effects to CBX [59]. These findings strongly indicate that the inhibition of Cx43 containing a gap junction/hemichannel in the frontal cortex plays important roles in the pathophysiology of depression and anxiety.



Unlike in the prefrontal cortex, constitutive deficiency of Cx43 in hippocampal astrocytes did not affect behaviour in the sucrose preference test, whereas it did decrease immobility time in the tail suspension test, indicating antidepressant-like behaviour [64]. Both elevated plus maze and open field tests also showed that local administration of CBX to the bilateral ventral hippocampus (but not dorsal hippocampus) reduced anxiety-like behaviour [73]. Interestingly, a unilateral local administration of CBX into the ventral hippocampus plus a contralateral local administration to the medial prefrontal cortex showed similar antidepressant-like effects [73]. Cx43-knockout mice also displayed a decrease in latency to feed in a novelty-suppressed feeding test without indication of abnormalities in elevated plus maze and open field tests [64] (Table 2).



Given the findings of postmortem and experimental animal model studies, reduced Cx43 kinetics in regions other than the hippocampus appears to be associated with pathomechanisms of depression; however, the effects of hippocampal Cx43 on mood disturbance require detailed consideration to clarify the mechanisms, since the results are inconsistent. Acute/chronic restraint stress activates corticosterone response (release) [74] and hippocampal hemichannel activity [63], whereas exogenous corticosterone suppresses hippocampal gap junction activity [68]. The discrepancy in the effects between inhibition of hippocampal and frontal connexins suggests that Cx43 kinetics alone cannot explain the pathomechanisms of mood disturbance. In other words, in the hippocampus, activation of hemichannel activity probably plays important roles in the pathomechanisms of depressive mood compared with Cx43 kinetics (reduced Cx43 expression) and gap junction function.




4. Effects of Monoamine Transporter-Inhibiting Antidepressants on Cx43


In vivo study without any stress stimulation and chronic administrations of fluoxetine [59,76] and duloxetine [59] consistently increased the mRNA and proteins of Cx43 in the frontal cortex. Chronic administrations of fluoxetine and duloxetine also compensated for the decreased expression of mRNA and proteins of Cx43 induced by chronic unpredictable stress in the frontal cortex [59]. Interestingly, chronic administration of fluoxetine (18 mg/kg/day for 28 days) suppressed corticosterone-induced phosphorylated Cx43 expression in the hippocampus and depressive-like behaviours [64]. Therefore, both fluoxetine and duloxetine at least partially activate the expression and function of hippocampal Cx43 (Table 3).



In vitro cultured astrocyte studies without any stress stimulation, and subacute administrations (24–48 h) of fluoxetine, paroxetine, duloxetine, venlafaxine, reboxetine [75], milnacipran, and cocaine [77], did not affect Cx43 expression; however, the gap junction activity of cortical astrocytes was enhanced by fluoxetine, duloxetine [59], and paroxetine [75] apart from in one report [75]. A noteworthy finding is that all antidepressants, fluoxetine, paroxetine, reboxetine, duloxetine, and venlafaxine, inhibited cortical astroglial hemichannel activity induced by lipopolysaccharides [75] (Table 3).



It has been established that, under physiological conditions, cortical cultured astrocytes and acute slices are characterised by high levels of gap junctional communication and low hemichannel permeability [78,79]. Regarding the Cx43 kinetics, the antidepressant action of monoamine transporter-inhibiting antidepressants possibly consists of activation of gap junction function (including secondary increased quantities of gap junction function due to increased Cx43 expression) and/or inhibition of hemichannel activity induced by pathological stimulation such as stress or proinflammatory reaction.




5. Effects of Antipsychotics and Ketamine on Cx43


The noncompetitive NMDA/glutamate receptor inhibitor ketamine/esketamine is effective for treatment-resistant major depression, suicidal ideation, and anhedonia [53]. Numerous clinical trials have demonstrated that ketamine, a noncompetitive NMDA/glutamate receptor antagonist, could evoke a rapid onset of antidepressive action (within several hours) [53,81,82,83]. The major mechanism of antidepressive action of ketamine/esketamine is considered to be inhibition of the NMDA/glutamate receptor, resulting in GABAergic disinhibition [53]; however, a preclinical study demonstrated that acute administration of ketamine (for 30 min) concentration-dependently inhibited the permeability of the astroglial gap junction and hemichannel [84]. In particular, the inhibitory effects of ketamine on astroglial hemichannel activity (threshold concentration: 20–50 µM) were dominant compared to on the gap junction (threshold concentration: 300 µM) [84]. Ketamine had anaesthetic and antidepressive effects in humans and rats at concentrations of 10 and 20 µM, respectively [53,85,86]. Therefore, acute administration of a therapeutic-relevant concentration of ketamine inhibited hemichannel activity but not the gap junction. Considering the effects of monoamine transporter-inhibiting antidepressants and ketamine in astroglial transmission associated with connexin, the clinical efficacy of ketamine in treatment-resistant depression leads to the interesting hypothesis that the inhibition of astroglial hemichannel activities contributes to antidepressive action (Table 4).



Thus far, the effects of mood-stabilising antipsychotics on astroglial Cx43 in the central nervous system of patients with schizophrenia remain to be clarified. With regard to the effects of antipsychotics on astroglial Cx43, only haloperidol, clozapine, and olanzapine have been assessed [3,8,76,77,84]. An initial in vivo study could not identify consistent effects of antipsychotic class on frontal Cx43 expression, since chronic administration of haloperidol, clozapine and olanzapine decreased, increased, and did not affect frontal Cx43 expression, respectively [76]. In vitro studies using cortical cultured astrocytes also demonstrated that subacute haloperidol and chronic clozapine administration did not affect or increased astroglial Cx43 expression, respectively [3,77]. The stimulatory effect of clozapine on astroglial Cx43 expression in the plasma membrane was predominant compared to that in a cytosol fraction [3]. The functional analysis study also demonstrated that acute (for 60 min) and chronic (for seven days) administrations of therapeutic-relevant concentration of clozapine did not affect astroglial basal l-glutamate release, but enhanced astroglial l-glutamate release through the activated Cx43 hemichannel [3,8]. Therefore, the stimulatory effects of clozapine on astroglial glutamatergic transmission [1,8,13] are probably mediated by the enhancement of functionally activated Cx43 hemichannel in the plasma membrane [3,8]. Therefore, the effect of clozapine on astroglial Cx43 expression was similar to that of the monoamine transporter-inhibiting antidepressants, but the effect of clozapine on astroglial hemichannel permeability was opposite to that of antidepressants, including ketamine and monoamine transporter-inhibiting antidepressants. Recent meta-analysis studies and systematic reviews have emphasised the mood-stabilising effects of clozapine [87,88,89,90]. Clozapine can improve both psychotic and affective symptoms, whether in an acute or maintenance phase [90]. Furthermore, another meta-analysis and systematic reviews reported that the efficacy of clozapine was similar to that of other antipsychotics in manic episodes, but superior to other antipsychotics for treatment-resistant bipolar disorder [88,89]. Considering the clinical features of clozapine, ketamine, and monoamine transporter-inhibiting antidepressants, an enhancement of function of cortical astroglial hemichannel probably contributes to the mechanisms of antimanic action (Table 4).



There is a paucity of reports on whether the effects on astroglial Cx43 expression or function are involved in the mechanism of efficacy of olanzapine in bipolar disorder; thus, more detailed studies are needed in the future. In particular, the combination of olanzapine with lithium (Li) or valproate is considered to be the first choice for the treatment of acute manic phases of bipolar disorder [91,92]. A recent systematic review reported that olanzapine is considered a maintenance treatment for bipolar disorder [93]. Based on the evaluation of the effectiveness of a combination therapy of olanzapine with Li or valproate, the correlation between the effect of olanzapine alone and the combination of olanzapine with Li or valproate on Cx43 is important for understanding the pathophysiology of bipolar disorders.




6. Effects of Anticonvulsants on Cx43


Traditionally, epidemiological studies reported that the suicide rate in patients with epilepsy is 5-fold higher than in the general population, whereas in patients with temporal lobe epilepsy/complex partial seizures, it is 25-fold higher [94,95]. A certain psychiatric comorbidity may provoke suicidality in patients with epilepsy [94,95,96]. Furthermore, the depressive mood and cognitive impairment often linked with epilepsy or adverse anticonvulsant reactions seem to be major risks for suicidality in patients with epilepsy [94,95,96]. Some anticonvulsants enhance serotonergic transmission, i.e., carbamazepine, lamotrigine, topiramate, valproate, and zonisamide [97,98,99,100,101,102,103,104,105]. The stimulatory effects of these anticonvulsants on serotonergic transmission can explain, at least partially, their mood-stabilising action [106]; however, it is well known that depressive adverse reactions of these anticonvulsants are not rare [94,95]. Therefore, the pathomechanisms of depressive comorbidity in patients with epilepsy and depressive adverse anticonvulsant reactions require another working hypothesis that includes novel target molecules other than serotonergic transmission.



It has also been established that functional abnormalities of astrocytes play important roles in the development of epileptogenesis, since several recent clinical and preclinical studies indicated the hyperactivation of Cx43 in an epileptic focus region of refractory temporal lobe epilepsy, type IIB focal cortical dysplasia, kindling rats, and a genetic animal model of idiopathic epilepsy [4,5,46,107,108,109]. However, contrary to expectations, initial studies using cultured astrocytes did not detect significant effects of subacute administrations (24‒48 h) of carbamazepine, valproate, gabapentin, phenytoin, or diazepam on Cx43 expression in total lysate [77,110]. Contrary to subacute administration, the chronic administration (seven days) of therapeutic-relevant concentration of anticonvulsants on astroglial Cx43 seemed complicated. Chronic administration of therapeutic-relevant concentrations of zonisamide suppressed Cx43 expression in astroglial plasma membrane and hemichannel opening probability [2]; however, chronic administration of therapeutic-relevant concentrations of lacosamide suppressed Cx43 hemichannel function without affecting astroglial Cx43 expression in the plasma membrane [2]. Chronic administration of therapeutic-relevant concentrations of carbamazepine did not affect astroglial Cx43 expression in the plasma membrane or Cx43 hemichannel activity, but supratherapeutic concentrations of carbamazepine inhibited both Cx43 expression in the plasma membrane and hemichannel permeability [2]. These three first-line anticonvulsants used for the treatment of focal epilepsy are categorised in the voltage-dependent sodium channel (VDSC) inhibitor class [3,111]. The dissimilar effects of these three anticonvulsants on the function and expression of astroglial Cx43 possibly explain the pathophysiology of carbamazepine-resistant focal epilepsy, along with mood and cognitive adverse reactions. Indeed, a number of clinical studies have reported that lacosamide and zonisamide can inhibit CBZ-resistant focal epilepsy syndrome [112,113,114,115] (Table 5).



Lacosamide leads to a lower risk of cognitive disturbance than carbamazepine and zonisamide [116,117]. Additionally, some clinical studies reported the beneficial effects of lacosamide in patients with moderate or severe depression [118]. Contrary to lacosamide, zonisamide has been reported to exhibit antimanic efficacy but a high risk of depression [96,119]. Together with the clinical features of lacosamide and zonisamide, inhibition of astroglial hemichannel function contributes to antidepressant-like effects, which is supported by the effects of monoamine transporter-inhibiting antidepressants and ketamine; however, despite the inhibition of the hemichannel, the inhibition of Cx43 expression or gap junction function induced by reduced Cx43 expression possibly leads to depressive mood (Table 5).



Chronic valproate administration also affects cortical astroglial Cx43 expression, but its effects appear to be distinctly different from those of the above VDSC-inhibiting anticonvulsants [3]. The VDSC-inhibiting anticonvulsants carbamazepine, lacosamide, and zonisamide inhibited the expression of Cx43 in the plasma membrane or Cx43-containing hemichannel activity in a concentration-dependent manner within the range from therapeutic-relevant to supratherapeutic concentrations, whereas valproate increased the expression of astroglial Cx43 expression in the total lysate without affecting that in the plasma membrane [2,3]. The transcription of Cx43 is regulated by epigenetic processes, including histone modifications, DNA methylation, and microRNA species [1,43,120]. Valproate inhibits class I and IIa isoforms, with histone deacetylase resulting in the increase in the various gene expressions [121,122]. Indeed, several histone deacetylase inhibitors, suberoylanilide hydroxamic acid, trichostatin A, and 4-phenylbutyrate, increased the expression of Cx43 mRNA and protein [123,124,125]. The mood-stabilising effect of valproate has been proven to be more effective in acute manic episodes and the maintenance of bipolar disorder rather than bipolar depression, in combination with several atypical antipsychotics [126,127,128]. Similar to monoamine transporter-inhibiting antidepressants, valproate possibly enhances the astroglial gap junction function through increased expression of Cx43 during soundness or depressive states. On the other hand, the increased intracellular Cx43 induced by valproate can augment the stimulatory effects of antipsychotics such as clozapine on trafficking Cx43 to the plasma membrane of hemichannel activity.



[image: Table] 





Table 5. Summary of the effects of first-line mood stabilisers and other anticonvulsants on the expression and function of Cx43.
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Agent

	
Model (Region)

	
Treatment

(Dose, Duration)

	
Effect

(Hemichannel)

	
Reference






	
Carbamazepine

	
rat cortical astrocyte

	
in vitro

(40–400 µM for 24 h)

	
no effect (protein)

	
[110]




	
rat cortical astrocyte

	
in vitro

(100 µM for 7 days)

	
no effect (protein)

(no effect)

	
[2]




	
Lacosamide

	
rat cortical astrocyte

	
in vitro

(30–100 µM for 7 days)

	
no effect (protein)

(inhibition)

	
[2]




	
Zonisamide

	
rat cortical astrocyte

	
in vitro

(30 µM for 7 days)

	
decrease (protein)

(inhibition)

	
[2]




	
Valproate

	
Rat (frontal)

	
in vivo

(300 mg/kg for 21 days)

	
no effect (protein)

	
[76]




	
rat cortical astrocyte

	
in vitro

(350–1400 µM for 24 h)

	
no effect (protein)

	
[110]




	
rat cortical astrocyte

	
in vitro

(1000–3000 µM for 7 days)

	
increase (protein)

(activation)

	
[3]




	
Gabapentin

	
rat cortical astrocyte

	
in vitro

(60–600 µM for 24 h)

	
no effect (protein)

	
[110]




	
Phenytoin

	
rat cortical astrocyte

	
in vitro

(40–400 µM for 24 h)

	
no effect (protein)

	
[110]




	
Diazepam

	
rat cortical astrocyte

	
in vitro

(25 µM for 48 h)

	
no effect (protein)

	
[77]








We searched MEDLINE using the keywords “(((connexin) OR (hemichannel) OR (gap junction)) AND ((anticonvulsant) OR (psychotropic drugs)))” for papers published by 1 November 2020. Relevant articles were obtained in full and assessed for inclusion independently by reviewers. Disagreements among reviewers were resolved via discussion to reach a consensus.














7. Candidate Pathophysiology of Mood Disorders associated with Cx43


A summary of the effects of depressive mood-inducing stresses, antidepressants, mood-stabilising anticonvulsants, and antipsychotics on astroglial Cx43 is shown in Figure 1.



7.1. Candidate Pathophysiology of Major Depression Associated with Cx43


Postmortem studies consistently reported a reduction in Cx43 expression in numerous brain regions of patients with depression (Table 1). The reduced astroglial Cx43 expression in the hippocampus and frontal cortex was also supported by several experimental depression rodent models, as well as chronic unpredictable stress, acute/chronic restraint stress, and exogenous corticosterone models (Table 2). Furthermore, in spite of reduced expression, these depressive mood-inducing stresses led to contradictive astroglial functional alternations between suppressed gap junction and enhanced hemichannel activities. Exogenous corticosterone exposure suppresses the density and permeability of the astroglial gap junction, but enhances hemichannel activities, with increased phosphorylated Cx43 [68,69]. Remarkably, phosphorylated Cx43 at Ser368 suppresses the gap junction containing Cx43 [70] via augmentation of gap junction internalisation and degradation, resulting in decreased astroglial Cx43 expression [71]. In other words, depressive mood-inducing stress enhances phosphorylated Cx43, leading to an attenuation of homeostatic gap junction function with stimulation of the toxic hemichannel function. Therefore, Cx43 is probably a terminal but fundamental target molecule in the hypothalamic–pituitary–adrenal hypothesis of the pathophysiology of depression.



Pharmacodynamic demonstrations of monoamine transporter-inhibiting antidepressants and ketamine support the dysfunction of Cx43, impaired gap junction, and activated hemichannel. Monoamine transporter-inhibiting antidepressants increase astroglial Cx43 expression and enhance gap junction function, but decrease phosphorylated Cx43 and reduce hemichannel activity [59,64,75,76]. Similar to monoamine transporter-inhibiting antidepressants, ketamine, which is a rapid-acting antidepressant that exhibits efficacy for the treatment of treatment-resistant depression, also inhibits astroglial hemichannel permeability (activity) without affecting the gap junction [84]. These results suggest that as a compensation for the activated hemichannel, the suppressed gap junction and decreased Cx43 expression induced by depression-inducing stress stimulation probably contribute to antidepressant-like action [59,64,75].



In studies of the pathophysiology of depression, the suppression of gap junction function and activation of hemichannel function in astrocytes were observed during depressive mood, whereas, conversely, monoamine transporter-inhibiting antidepressants and ketamine enhance astroglial gap junction function and inhibit hemichannel function. Therefore, the improvement of hypoactivity of astrocytes through the suppression of pathologically activated hemichannels is, at least partially, involved in the antidepressant-like action due to the improvement of dysfunction of homeostasis maintenance systems.




7.2. Candidate Pathophysiology of Other Mood Disorders Associated with Cx43


Compared to depression, our knowledge of the pathophysiology of bipolar disorder has not progressed due to a lack of postmortem studies regarding Cx43 kinetics and established experimental animal models of bipolar disorder. Studies of the pathophysiology of bipolar disorder should be dependent on the pharmacodynamic profiles of mood stabilisers; however, even the pharmacodynamic profiles of mood-stabilising antipsychotics and anticonvulsants have not provided sufficient findings to illuminate the pathophysiology of bipolar disorder.



Subacute administration of haloperidol did not affect Cx43 expression, whereas chronic haloperidol administration decreased [76,77]. Contrary to haloperidol, the mood-stabilising antipsychotic clozapine [88,89] chronically increased Cx43 expression [3,8,76]. Additionally, clozapine enhanced the function of activated astroglial hemichannel [3,8]. In steady state, cultured astrocytes are characterised by a high level of gap junctional communication and low hemichannel permeability [42]. Therefore, chronic exposure to therapeutic-relevant concentrations of clozapine probably enhances both astroglial gap junction and hemichannel. The stimulatory effects of clozapine on Cx43 expression are predominantly mediated by the post-transcriptional system, since the level of Cx43 in the plasma membrane was higher than that in the cytosol [3,8]. The stimulatory effects of clozapine on Cx43 expression in the astroglial plasma membrane are possibly modulated by the activation of signalling of protein kinase B (PKB) [1,46,129,130]. Contrary to clozapine, chronic administration of therapeutic-relevant concentrations of valproate weakly increases Cx43 in the cytosol but does not affect Cx43 in the plasma membrane through inhibition of histone deacetylase (activation transcription process of Cx43) [3]. Valproate monotherapy is effective for the acute phase of bipolar disorder; however, the efficacy of valproate is inferior to that of olanzapine [131]. Chronic administration of a combination of clozapine and valproate drastically increased Cx43 expression in the plasma membrane [3].



Although an in vivo study failed to detect effects of olanzapine on Cx43 expression [76], it is interesting to ponder the mechanism of the mood-stabilising effects of olanzapine associated with the interaction between PKB and Cx43. Olanzapine monotherapy and adjunctive olanzapine with valproate have established efficacy for bipolar disorder in the acute phase [93,132]. Meanwhile, the efficacy of adjunctive olanzapine and fluoxetine has been confirmed for acute phase and bipolar depression, respectively [93,132]. Single, acute administration of therapeutic-relevant doses of olanzapine and fluoxetine weakly activates PKB, whereas the administration of high doses of a combination of olanzapine and fluoxetine drastically enhances PKB activity [133]. Taken together with the effects of clozapine on Cx43 expression, the enhancement of PKB activity is a possible underlying mechanism of the mood-stabilising action of clozapine and olanzapine. The combination of PKB-activating agents, such as clozapine and olanzapine, with a reasonable adjunctive agent that synergistically promotes Cx43 function is expected to enhance the mood-stabilising effect. To clarify this hypothesis, we report on the interaction between valproate and several antipsychotics.



The increase in Cx43 expression induced by valproate seems to be disadvantage for the anticonvulsive action of valproate, whereas the therapeutic-relevant concentration of valproate weakly increases Cx43 in the cytosol but does not affect Cx43 in the plasma membrane through the transcription process [3]. Unlike valproate, both zonisamide and lacosamide suppress astroglial hemichannel activity [2]. Therapeutic-relevant concentrations of lacosamide, which are effective in patients with focal epilepsy comorbid with depression [118], suppress the astroglial function of the hemichannel without affecting astroglial Cx43 expression [2]. The clinical efficacy of lacosamide for depressed patients with focal epilepsy can be explained by the hemichannel-inhibiting hypothesis. Therapeutic concentrations of zonisamide, which exhibits antimanic efficacy but a depressive adverse reaction [96,119], suppress Cx43 expression in the astroglial plasma membrane with inhibiting the function of hemichannel activity [3]. The different effects of zonisamide and lacosamide on astroglial Cx43 and mood suggest that the inhibition of the hemichannel and gap junction contribute to antidepressive and antimanic effects, respectively. To clarify this hypothesis, we report the effects of other anticonvulsants, topiramate, lamotrigine, and oxcarbazepine, on astroglial Cx43 kinetics and function.




7.3. Potential of Cx43 as a Target for Mood Stabilisers


In this review, antidepressants suppress astroglial hemichannel activity and probably enhance gap junction activity, whereas mood-stabilising antipsychotics enhance both astroglial hemichannel and gap junction. These seem to be part of the pathophysiology of mood disorders: the inhibition and activation of astroglial hemichannel activities contribute to antidepressive and antimanic action, respectively. However, considering the effects of mood-stabilising anticonvulsants on astroglial Cx43, the effects of Cx43 on mood are possibly more complicated than we expected. Cx43 synthesis-enhancing agents, monoamine transporter-inhibiting antidepressants, and clozapine exhibit antidepressant-like action, whereas the Cx43 synthesis-inhibiting agents haloperidol and zonisamide exert antimanic-like action or depressive mood induction. Furthermore, lacosamide, which inhibits astroglial hemichannel activity without affecting Cx43 synthesis, had a mild but antidepressant-like effect rather than depressive mood induction [116,117,118]. Taken together with the clinical findings of postmortem and imaging studies [16,17,18,19,20,21,22,23], we note that the relative enhancement of astroglial gap junction function due to increased Cx43 synthesis possibly compensates for the hypoactive neuronal or tripartite synaptic transmission in the mood/emotional/cognitive promoting regions. Indeed, a nonselective connexin inhibitor, CBX, and Cx43-selective mimetic peptide inhibitors Gap27 and Gap26, induced depression, anhedonia, and anxiety-like behaviour [59]. These three connexin inhibitors, CBX, Gap26, and Gap27, inhibit both astroglial Cx43-containing gap junction and hemichannel [134]. However, lacosamide, which inhibits astroglial hemichannel activity without affecting Cx43 synthesis, led to a mild but antidepressant-like effect rather than depressive mood induction [116,117,118]. Therefore, although astroglial hemichannel inhibition and activation probably contribute to antidepressant-like and antimanic action, respectively, a major mechanism underlying the mood-stabilising effects might be the maintenance of homeostasis through the activation of the gap junction function.





8. Conclusions


The pathophysiology of depression associated with inhibition of the astroglial Cx43 hemichannel has been established. Conventional antidepressants, monoaminergic transporter-inhibiting antidepressants and ketamine/esketamine suppress astroglial hemichannel activity. The inhibitory effects on the Cx43 hemichannel contribute to the antidepressive action of these two classes of antidepressants. The question of whether the antidepressant effect is mediated directly by astroglial Cx43 hemichannel suppression or secondary enhancement of Cx43 gap junction induced by (phosphorylated) hemichannel inhibition led to the search for a candidate mechanism responsible for the development of pathophysiology of Cx43-associated antidepressant strategies.



The current understanding of the mechanism of action of mood-stabilising antipsychotics suggests that activation of astroglial Cx43 hemichannel with increased Cx43 synthesis plays an important role in the efficacy of mood-stabilising antipsychotics for the treatment of the acute phase of bipolar disorder. However, the inhibition of Cx43 hemichannel activity with gap junction or Cx43 synthesis probably contributes to the depressive mood induction or antimanic action of some anticonvulsants. These opposite effects of mood-stabilising antipsychotics and depressive mood-inducing anticonvulsants on Cx43 suggest the discrepancy between the pathomechanism and pathophysiology of bipolar disorders. In other words, to develop a robust pathophysiological hypothesis of bipolar disorder associated with astroglial Cx43, several unknown mechanisms remain to be clarified. In order to clarify the more detailed pathomechanisms of bipolar disorder and pathophysiology of mood-stabilising actions, the effects of the mood-stabilising antipsychotics olanzapine, quetiapine, etc., and the mood-stabilising anticonvulsants valproate, carbamazepine, and lacosamide on astroglial Cx43 expression and the function of the Cx43 hemichannel and gap junction should be studied with both in vivo and in vitro preclinical studies.
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Figure 1. Summary of the effects of antidepressants (red), mood stabilisers (green), and depressive mood-inducing stress (blue) on astroglial Cx43. Red and blue arrows indicate stimulatory and inhibitory effects, respectively. Cx43: connexin43, SSRI: selective serotonin re-uptake inhibitor, SNRI: serotonin norepinephrine reuptake inhibitor. 
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Table 1. Abnormalities of Cx43 expression of patients with mood disorders.
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	Subject
	Region (Cell)
	Effect
	Reference





	Suicide
	dorsal lateral prefrontal cortex

(astrocyte)
	decrease (mRNA)
	[50]



	Major depression
	locus coeruleus
	decrease (mRNA)
	[49]



	Major depression
	orbitofrontal cortex
	decrease (protein)
	[52]



	Major depression
	prefrontal cortex
	decrease (mRNA)
	[72]



	Major depression

(suicide)
	Neocortex, mediodorsal thalamus, caudate nucleus, cerebellum
	decrease (mRNA)
	[51]







We searched MEDLINE using the keywords “(((connexin43) OR (microdissection)) AND ((suicide) OR (depression)) AND (humans) AND ((brain) OR (glia)))” for papers published by 1 November 2020. Relevant articles were obtained in full and assessed for inclusion independently by reviewers. Disagreements among reviewers were resolved via discussion to reach a consensus.
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Table 2. Abnormalities of Cx43 expression and function of Cx43 in experimental models of depression.
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Model

	
Region (Cell)

	
Effect

	
Reference






	
(In Vivo)




	
chronic unpredictable stress

	
prefrontal cortex

(rat, in vivo)

	
decrease (mRNA and protein)

suppresses gap junction permeability

	
[59,60,61]




	
Hippocampus

(rat, in vivo)

	
decrease (protein)

suppresses gap junction permeability

	
[62]




	
acute restraint stress

(2 h)

	
Hippocampus

(mouse, in vivo)

	
No effect (protein)

enhances hemichannel permeability

	
[63]




	
chronic restraint stress

(2 h × 10 times)

	
Hippocampus

(mouse, in vivo)

	
No effect (protein)

enhances hemichannel permeability

	
[63]




	
Mouse corticosterone

(5 mg/kg/day for 28 days)

	
Hippocampus

(mouse, in vivo)

	
No effect (protein)

increase (phosphorylated protein)

	
[64]




	
(In Vitro)




	
corticosterone

(50 µM for 24 h)

	
cortical astrocyte

(rat, in vitro)

	
decrease (protein in total lysate and plasma membrane) increase phosphorylated Cx43 in plasma membrane supresses gap junction permeability

	
[68]




	
Corticosterone

(50 µM for 24 h)

	
hippocampal astrocyte

(rat, in vitro)

	
decrease (protein in total lysate and plasma membrane)

increase phosphorylated Cx43 in plasma membrane supresses gap junction permeability

	
[68]




	
corticosterone (5‒50 µM for 16 days)

	
cortical astrocyte

(rat, in vitro)

	
decrease (protein)

	
[65]




	
Mouse lipopolysaccharide

(1 µg/mL for 24 h)

	
cortical astrocyte

(mouse, in vitro)

	
augmentation of hemichannel permeability

	
[75]








We searched MEDLINE using the keywords “(((connexin) OR (hemichannel) OR (gap junction)) AND ((unpredictable stress) OR (restraint stress) OR (corticosterone)))” for papers published by 1 November 2020.
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Table 3. Summary of the effects of first-line antidepressants, selective serotonin reuptake inhibitors (SSRI), serotonin norepinephrine reuptake inhibitors (SNRI), other monoamine transport inhibitors, norepinephrine reuptake inhibitors (NRI), and nonselective monoamine transporter inhibitors on the expression and function of Cx43.
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Agent

(Class)

	
Model (Region)

	
Treatment

(Dose, Duration)

	
Effect

(Function)

	
Reference






	
Fluoxetine

(SSRI)

	
Rat (frontal)

	
in vivo

(20 mg/kg for 21 days)

	
Increase

(protein)

	
[76]




	
rat (frontal)

	
in vivo

(10 mg/kg for 21 days)

	
increase (mRNA/protein)

(gap junction: no effect)

	
[59]




	
Rat (frontal) chronic unpredictable stress

	
in vivo

(10 mg/kg for 21 days)

	
increase (mRNA/protein)

(gap junction: augmentation)

	
[59]




	
astrocytoma cells

(1321N1/U87MG)

	
in vitro

(30‒60 µM for 24 h)

	
increase (mRNA/protein)

	
[80]




	
Mouse (cortical astrocyte)

	
in vitro

(10 µM for 24 h)

	
no effect (protein)

(gap junction: inhibition)

	
[75]




	
Mouse lipopolysaccharide

(cortical astrocyte)

	
in vitro

(10 µM for 24 h)

	
(hemichannel: inhibition)

	
[75]




	
mouse exogenous corticosterone (hippocampus)

	
in vivo

(18 mg/kg for 28 days)

	
Decreased

(phosphorylated protein)

	
[64]




	
Fluvoxamine

(SSRI)

	
rat (cortical astrocyte)

	
in vitro

(25 µM for 48 h)

	
increase (protein)

	
[77]




	
Paroxetine

(SSRI)

	
Mouse

(cortical astrocyte)

	
in vitro

(5 µM for 24 h)

	
no effect (protein)

(gap junction: augmentation)

	
[75]




	
Mouse lipopolysaccharide

(cortical astrocyte)

	
in vitro

(5 µM for 24 h)

	
(hemichannel: inhibition)

	
[75]




	
Reboxetine

(NRI)

	
Mouse (cortical astrocyte)

	
in vitro

(10 µM for 24 h)

	
no effect (protein)

(gap junction: no effect)

	
[75]




	
mouse

lipopolysaccharide

(cortical astrocyte)

	
in vitro

(10 µM for 24 h)

	
(hemichannel: inhibition)

	
[75]




	
Duloxetine

(SNRI)

	
Rat (frontal)

	
in vivo

(10 mg/kg for 21 days)

	
increase (mRNA/protein)

(gap junction: no effect)

	
[59]




	
Rat (frontal)

chronic unpredictable stress

	
in vivo

(10 mg/kg for 21 days)

	
increase (mRNA/protein)

(gap junction: augmentation)

	
[59]




	
mouse

(cortical astrocyte)

	
in vitro

(5 µM for 24 h)

	
no effect (protein)

(gap junction: no effect)

	
[75]




	
mouse

lipopolysaccharide

(cortical astrocyte)

	
in vitro

(5 µM for 24 h)

	
(hemichannel: inhibition)

	
[75]




	
Venlafaxine

(SNRI)

	
mouse

(cortical astrocyte)

	
in vitro

(5 µM for 24 h)

	
no effect (protein)

(gap junction: inhibition)

	
[75]




	
mouse

lipopolysaccharide

(cortical astrocyte)

	
in vitro

(5 µM for 24 h)

	
(hemichannel: inhibition)

	
[75]




	
Milnacipran

(SNRI)

	
rat cortical astrocyte

	
in vitro

(25 µM for 48 h)

	
no effect (protein)

	
[77]




	
Cocaine

	
rat cortical astrocyte

	
in vitro

(100 µM for 48 h)

	
no effect (protein)

	
[77]




	
(nonselective monoamine transporter inhibitor)








We searched MEDLINE using the keywords “(((connexin) OR (hemichannel) OR (gap junction)) AND ((antidepressant) OR (psychotropic drugs)))” for papers published by 1 November 2020. Relevant articles were obtained in full and assessed for inclusion independently by reviewers. Disagreements among reviewers were resolved via discussion to reach a consensus.
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Table 4. Summary of the effects of antipsychotics and ketamine on the expression and function of Cx43.
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Agent

	
Model (Region)

	
Treatment (Dose, Duration)

	
Cx43 Expression

(Function)

	
Reference






	
Haloperidol

	
Rat (frontal)

	
in vivo

(1.5 mg/kg for 21 days)

	
decrease (protein)

	
[76]




	
rat cortical astrocyte

	
in vitro

(25 µM for 48 h)

	
no effect (protein)

	
[77]




	
Clozapine

	
Rat (frontal)

	
in vivo

(20 mg/kg for 21 days)

	
increase (protein)

	
[76]




	
rat cortical astrocyte

	
in vitro

(30 µM for 7 days)

	
increase (protein)

(activation)

	
[3,8]




	
Olanzapine

	
Rat (frontal)

	
in vivo

(2 mg/kg for 21 days)

	
no effect (protein)

	
[76]




	
Ketamine

	
mouse cortical astrocyte

	
in vitro

(300 µM for 30 min)

	
Inhibition (gap junction)

	
[84]




	
mouse cortical astrocyte lipopolysaccharide (200 ng/mL)

	
in vitro

(20 µM for 30 min)

	
Inhibition (hemichannel)

	
[84]




	
mouse cortical astrocyte TNFα + IL1β (20 ng/mL)

	
in vitro

(50 µM for 30 min)

	
Inhibition (hemichannel)

	
[84]








The keywords for search the effects of antipsychotics on Cx43 using MEDLINE were “(((connexin) OR (hemichannel) OR (gap junction)) AND ((psychotropic drugs) OR (antipsychotics)))” for antipsychotics papers published by 1 November 2020. The key words for search the effects of ketamine on Cx43 using MEDLINE were “(((connexin) OR (hemichannel) OR (gap junction)) AND (ketamine))” for papers by 1 November 2020. Relevant articles were obtained in full and assessed for inclusion independently by reviewers. Disagreements among reviewers were resolved via discussion to reach a consensus.
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