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Abstract: Clozapine (CLZ) is a gold-standard antipsychotic against treatment-refractory schizophrenia,
but is one of the most toxic antipsychotic agents. Pharmacological mechanisms of the double-edged
sword clinical action of CLZ remain to be clarified. To explore the mechanisms of CLZ, the present
study determined the astroglial transmission associated with connexin43 (Cx43), which is the
most principal expression in astrocytes and myocardial cells, and expression of Cx43 in primary
cultured astrocytes. Both acute and subchronic administrations of CLZ concentration-dependently
increased Cx43-associated astroglial release of l-glutamate and d-serine, whereas therapeutic-relevant
concentration of CLZ acutely did not affect but subchronically increased astroglial release. In contrast,
after the subchronic administration of therapeutic-relevant concentration of valproate (VPA), acute
administration of therapeutic-relevant concentration of CLZ drastically increased Cx43-associated
astroglial releases. VPA increased Cx43 expression in cytosol fraction without affecting plasma
membrane fraction, whereas CLZ increased Cx43 expression in both fractions. Acute administration
of therapeutic-relevant concentration of CLZ drastically increased Cx43 expression in the plasma
membrane fraction of astrocytes subchronically treated with VPA. The present findings suggest that
CLZ-induced the activation of Cx43-associated channel activity and transported Cx43 to plasma
membrane, probably contribute to the double-edged sword clinical action of CLZ, such as improvement
of cognitive dysfunction and CLZ-induced myocarditis.
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1. Introduction

It has been established that dysfunctions of both dopaminergic and glutamatergic transmission
play important roles in the pathophysiology of schizophrenia, with various antipsychotics improving
dysfunctions of mesolimbic and mesocortical dopaminergic transmissions with thalamocortical
glutamatergic transmission [1–7]; however, schizophrenia is considered to be a heterogeneous disorder
that is unlikely to be caused by a single etiological factor, but rather by a complex network of
interacting pathogenic influences [8,9]. Impairment of the N-methyl-d-aspartate (NMDA)/glutamate
receptor (NMDAR) contributes to the pathophysiology of schizophrenia [1–3,6,9–12]. Several clinical
reports have demonstrated that NMDAR antagonists (e.g., phencyclidine and ketamine) can generate
schizophrenia-like positive and negative symptoms in healthy volunteers [1,13,14] and exacerbate
psychosis in patients with schizophrenia [15]. Moreover, NMDAR antagonist-induced psychosis
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models exhibit features of schizophrenia, such as negative symptoms and cognitive deficits, more
closely than the amphetamine/dopamine psychosis models [16]. Based on clinical and preclinical
evidence, dysfunctional glutamatergic transmission associated with NMDAR seems to produce a
schizophrenia-like state.

Clozapine (CLZ) is considered the double-edged sword antipsychotic drug, since CLZ is one
of the most effective but toxic antipsychotics against antipsychotics-resistant schizophrenia [17].
In fact, despite causing myocarditis, cardiomyopathy, agranulocytosis, and seizures [18–22], CLZ
remains the gold-standard antipsychotic for treatment-refractory schizophrenia and is the only
approved medication licensed for this indication [17,23]. The mechanisms of clinical actions of CLZ
against antipsychotics-resistant schizophrenia have been considered to be modulated by multimodal
targets actions, including NMDAR and dopamine D2 receptor. An effect on NMDAR function may
be involved in the antipsychotic efficacy of CLZ [6,24], based on evidence from a double-blind,
placebo-controlled clinical study in which CLZ significantly blunted a ketamine-induced increase in
positive symptoms [25]. Indeed, the astroglial releases of l-glutamate and d-serine induced by CLZ are
one of the major mechanisms of agonistic action of CLZ against impaired NMDAR [24].

In terms of management of CLZ-induced seizure, possible strategies include reduction of CLZ
dose and addition of antiepileptic drugs, including valproate (VPA), which is the most commonly
used for management of CLZ-induced seizures [18,21] due to its additional effect as a mood
stabilizer, minimal effect on metabolism of CLZ, and reduction in generalized poly-spikes and
wave electroencephalogram pattern in patients on CLZ [20]. Contrary to CLZ-induced seizure,
during CLZ commencement, rapid CLZ titration and VPA intake are factors that increase the risk of
CLZ-induced myocarditis/cardiomyopathy [22].

Both clinical and preclinical studies have emphasized that thalamocortical disturbance is
particularly relevant for cognitive dysfunction in several neuropsychiatric disorders, including
schizophrenia, Attention-deficit hyperactivity disorder (ADHD), intellectual disability, autism,
and epileptic psychosis [3–7,9,26,27]. Recently, we demonstrated that thalamocortical glutamatergic
transmission from mediodorsal thalamic nucleus (MDTN) to medial prefrontal cortex (mPFC) was
activated by attenuation of intrathalamic GABAergic transmission from reticular thalamic nuclei (RTN)
to MDTN [3–5,9,26,27], whereas therapeutic-relevant concentration of CLZ compensates hyperfunction
of thalamocortical glutamatergic transmission via activation of frontal group III metabotropic glutamate
receptors [6].

Accumulating evidences indicate connexin (Cx) composed transmembrane channels (Cxs) are
crucial to the coordination and maintenance of physiologic activity including neuronal excitability,
synaptic plasticity, tripartite synaptic transmission, and homeostasis maintenance in the central nervous
system [28,29]. Cx is a family of 21 protein isoforms, and 11 Cx isoforms are expressed in the central
nervous system [28–30]. Six Cx proteins assemble to form homomeric or heteromeric connexons.
Two connexons in two neighboring cells (including neuron, astrocyte, oligodendrocyte, and microglia)
form a gap junction channel with an aqueous pore and charged surface walls [28–30]. Single connexon
contributes to chemical connection between intra- and extracellular spaces as hemichannel [28–30].
However, pathological conditions, including ischemia and excessive depolarization, generate persistent
Cxs-associated hemichannel/gap junction opening, which leads to the disruption of several homeostasis
systems [28,29]. Connexin43 (Cx43) is the most widely expressed Cx subtype and most predominant
component in the astroglial and myocardial gap-junction/hemichannel Cxs [31,32]. Upregulation of
Cx43 generates prolongation of QRS complex duration in electrocardiogram, which is the risk for
morbidity and mortality in various cardiac diseases [33]. Furthermore, the expression of Cx43 is
increased in glia but not neuron in animal models and patients with epilepsy [34]. Exactly, inhibitors of
Cxs can prevent the onset of epileptic seizures [29,35,36]. Although there have not been studies of Cx43
alterations in brains from subjects with schizophrenia, the dysfunction of Cxs contributes to attenuated
information processing and cognitive impairment, which is a major symptom of schizophrenia [8].
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Our recent preclinical study demonstrated that CLZ acutely activated astroglial Cxs activity,
in a concentration-dependent manner. Clinically, survival analysis has suggested that the lower
limit of the therapeutic range of CLZ serum concentration is 0.6 µM [37], whereas exceeding 4 µM
significantly increases the risk of seizures [38]. Lower than 3 µM CLZ did not affect the astroglial Cxs,
whereas toxic concentrations of CLZ (higher than 10 µM) activated astroglial Cxs activity. These clinical
and preclinical findings suggest that the mechanism of clinical action of CLZ is a candidate in the
function of Cxs associated with Cx43; however, the effect of chronic administration of CLZ on tripartite
synaptic transmission associated with Cxs remains to be clarified. Based on these backgrounds,
to clarify the mechanisms of double-edged sword clinical action of CLZ, the present study determined
the concentration-dependent effects of acute and subchronic administrations of CLZ and VPA on
astroglial releases of l-glutamate and d-serine associated with Cxs and the astroglial expression of
Cx43 using primary cultured astrocytes.

2. Materials and Methods

2.1. Chemical Agents

Clozapine (CLZ) was purchased from Sigma (St. Louis, MO, USA). Sodium valproate (VPA)
was obtained from Wako Chemicals (Osaka, Japan). The hemichannel/gap junction (Cxs) blocker,
carbenoxolone (CBX) [39], and selective Cx43 inhibitor, TAT-conjugated Gap19 (GAP19) [39], were
obtained from Funakoshi (Tokyo, Japan). CBX and GAP19 were dissolved in artificial cerebrospinal
fluid (ACSF) directly. VPA was dissolved in ACSF or Dulbecco’s modified Eagle’s medium containing
10% fetal calf serum (fDMEM) directly. CLZ was initially dissolved in 10 mM with 1N HCl, then diluted
to 1 mM with ACSF or fDMEM.

2.2. Preparation of Primary Astrocyte Culture

All animal care and experimental procedures described in this report complied with the Ethical
Guidelines established by the Institutional Animal Care and Use Committee at Mie University, Japan
(No. 2019-3-R1) and are reported in accordance with the Animal Research: Reporting of In Vivo
Experiments (ARRIVE) guidelines [40]. Astrocytes were prepared using a protocol adapted from
previously described methods [5,6,12,24,41–44].

Pregnant Sprague-Dawley rats (SLC, Sizuoka, Japan), which were housed individually in cages,
were kept in air-conditioned rooms (temperature, 22 ± 2 ◦C) set at 12 h light/dark cycle, with free
access to food and water. Cultured astrocytes were prepared from cortical astrocyte cultures of
neonatal Sprague-Dawley rats (N = 48) sacrificed by decapitation at 0–24 h of age. The cerebral
hemispheres were removed under dissecting microscope. Tissue was chopped into fine pieces using
scissors and then triturated briefly with micropipette. Suspension was filtered using 70 µm nylon mesh
(BD, Franklin Lakes, NJ, USA) and centrifuged. Pellets were then resuspended in 10 mL Dulbecco’s
modified Eagle’s medium containing 10% fetal calf serum (fDMEM), which was repeated three times.
After culture for 14 days (DIV14), contaminating cells were removed by shaking in standard incubator
for 16 h at 200 rpm. On DIV21, astrocytes were removed from flasks by trypsinization and seeded
directly onto translucent poly ethylene terephthalate (PET) membrane (1.0 µm) with 24-well plates
(BD) at a density of 1 × 105 cells/cm2 for experiments From DIV21 to DIV28, the culture medium
(fDMEM) was changed twice a week, and CLZ (0, 1, 3, 10, 30, or 100 µM) or VPA (0, 300, 1000, or
3000 µM) was added for subchronic administrations (7 days). On DIV28, cultured astrocytes were
washed out using ACSF, and this was repeated three times. The ACSF comprised NaCl 150.0 mM, KCl
3.0 mM, CaCl2 1.4 mM, MgCl2 0.8 mM, and glucose 5.5 mM, buffered to pH 7.3 with 20 mM HEPES
buffer. The remaining adherent cells contained 95% GFAP-positive and A2B5-negative cells, detected
using immunohistochemical staining [45]. After the wash-out, astrocytes were incubated in ACSF
(100 µL translucent PET membrane) containing CLZ (0, 1, 3, 10, 30, or 100 µM) or VPA (0, 300, 1000,
or 3000 µM) at 35 ◦C for 60 min in CO2 incubator (pretreatment incubation). After the pretreatment,
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astrocytes were then incubated in ACSF, 50 mM K+ (MK-ACSF: NaCl 103.0 mM, KCl 50.0 mM, CaCl2
1.4 mM, MgCl2 0.8 mM, and glucose 5.5 mM, buffered to pH 7.3 with 20 mM HEPES buffer) or 100 mM
K+ (HK-ACSF: NaCl 53.0 mM, KCl 100.0 mM, CaCl2 1.4 mM, MgCl2 0.8 mM, and glucose 5.5 mM,
buffered to pH 7.3 with 20 mM HEPES buffer) containing the same agents of pretreatment (20 min) and
collection of the ACSF, MK-ACSF, or HK-ACSF for analysis. Each 100 µL of collected ACSF, MK-ACSF,
or HK-ACSF was filtered by Vivaspin 500-3K (Sartorius, Goerringen, Germany) and freeze-dried for
storage at −80 ◦C until needed for analyses.

After the sampling of astroglial transmitter releases, plasma membrane proteins and cytosol
proteins of cultured astrocytes were extracted using Minute Plasma Membrane Protein Isolation Kit
(Invent Biotechnologies, Plymouth, MN, USA). Both plasma membrane and cytosol fractions were
solubilized by radio immunoprecipitation assay buffer (Fujifilm-Wako, Osaka, Japan) containing
protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan).

2.3. Study Designs

2.3.1. Concentration-Dependent Effects of Acute Administration of CLZ on Astroglial Releases of
l-Glutamate and D-serine (Study_1)

During DIV21 to DIV28, astrocytes were incubated in fDMEM, not containing any target agents.
On DIV28 during pretreatment incubation, astrocytes were incubated in ACSF containing CLZ (0, 1,
3, 10, 30, or 100 µM) for 60 min. After pretreatment incubation, astrocytes were incubated in ACSF,
MK-ACSF (50 mM K+ containing ACSF), or HK-ACSF (100 mM K+ containing ACSF) containing the
same agent of pretreatment incubation for 20 min. Especially, to determine the astroglial releases
associated with Cxs, after pretreatment incubation, astrocytes were incubated in ACSF, MK-ACSF,
or HK-ACSF containing the same agent of pretreatment incubation with Cx43 selective inhibitor,
CAP19 (20 µM), or nonselective Cxs inhibitor, CBX (100 µM), for 20 min.

2.3.2. Concentration-Dependent Effects of Subchronic Administration of CLZ on Astroglial Releases of
l-glutamate and d-serine (Study_2)

During DIV21 to DIV28, astrocytes were incubated in fDMEM containing CLZ (0, 1, 3, 10, 30,
or 100 µM). On DIV28 during pretreatment incubation, astrocytes were incubated in ACSF containing
the same agent for 60 min. After pretreatment incubation, astrocytes were incubated in ACSF, MK-ACSF,
or HK-ACSF containing the same agent for 20 min. Especially, to determine the astroglial releases
associated with Cxs, after pretreatment incubation, astrocytes were incubated in ACSF, MK-ACSF,
or HK-ACSF containing the same agent with CAP19 (20 µM) or CBX (100 µM) for 20 min.

2.3.3. Concentration-Dependent Effects of Acute and Subchronic Administration of VPA on Astroglial
Releases of l-glutamate and d-serine (Study_3)

To determine the effects of acute administration of VPA on astroglial releases of l-glutamate and
d-serine, during DIV21 to DIV28, astrocytes were incubated in fDMEM, not containing any target
agents. On DIV28 during pretreatment incubation, astrocytes were incubated in ACSF containing VPA
(0, 300, 1000, or 3000 µM) for 60 min. After pretreatment incubation, astrocytes were incubated in
ACSF, MK-ACSF, or HK-ACSF containing the same agent of pretreatment incubation for 20 min.

To determine the effects of subchronic administration of VPA on astroglial releases of l-glutamate
and d-serine, during DIV21 to DIV28, astrocytes were incubated in fDMEM containing VPA (0, 300,
1000, or 3000 µM). On DIV28 during pretreatment incubation, astrocytes were incubated in ACSF
containing the same agent for 60 min. After pretreatment incubation, astrocytes were incubated in
ACSF, MK-ACSF, or HK-ACSF containing the same agent of pretreatment incubation for 20 min.
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2.3.4. Acute Effects of Therapeutic-Relevant Concentration of VPA on Astroglial Releases of
l-glutamate and d-serine from Astrocytes Subchronically Administrated with CLZ (Study_4)

During DIV21 to DIV28, astrocytes were incubated in fDMEM containing CLZ (0, 1, 3, 10,
30, or 100 µM). On DIV28 during pretreatment incubation, astrocytes were incubated in ACSF
containing the same agent (CLZ) with therapeutic-relevant concentration of VPA (1000 µM) for 60 min.
After pretreatment incubation, astrocytes were incubated in ACSF, MK-ACSF, or HK-ACSF containing
the same agent of pretreatment incubation for 20 min.

2.3.5. Acute Effects of CLZ on Astroglial Releases of l-glutamate and d-serine from Astrocytes
Subchronically Administrated with VPA (Study_5)

During DIV21 to DIV28, astrocytes were incubated in fDMEM containing the therapeutic-relevant
concentration of VPA (1000 µM). On DIV28 during pretreatment incubation, astrocytes were incubated
in ACSF containing the same agent (1000 µM VPA) with CLZ (0, 1, 3, 10, 30, or 100 µM) for 60 min.
After pretreatment incubation, astrocytes were incubated in ACSF, MK-ACSF, or HK-ACSF containing
the same agent for 20 min.

2.4. Determination of Levels of l-glutamate and GABA

Levels of L-glutamate and GABA were determined by the fluorescence resonance energy transfer
method [46–48] using UHPLC (xLC3185PU, Jasco, Tokyo Japan) with a fluorescence detector (xLC3120FP,
Jasco) after dual derivatization with isobutyryl-l-cysteine and o-phthalaldehyde [3,4,7,9,26,27].
Derivative reagent solutions were prepared by dissolving isobutyryl-l-cysteine (2 mg) and
o-phthalaldehyde (1 mg) in 0.1 mL ethanol, followed by the addition of 0.9 mL sodium borate
buffer (0.2 M, pH 9.0). Automated pre-column derivatives were obtained by drawing up a 5 µL aliquot
of the standard or blank solution and 5 µL of the derivative reagent, and holding them in vials for 5 min
before injection. The derivatized samples (5 µL) were injected by autosampler (xLC3059AS, Jasco).
Analytical column (YMC Triat C18, particle 1.8 µm, 50 × 2.1 mm, YMC, Kyoto, Japan) was maintained
at 45 ◦C and a flow rate of 500 µL/min. Linear gradient elution was performed over 10 min in mobile
phases A (0.05 M citrate buffer, pH 5.0) and B (0.05 M citrate buffer containing 30% acetonitrile and
30% methanol, pH 3.5). The excitation/emission wavelengths of the fluorescence detector were set at
280 and 455 nm, respectively [46–48].

2.5. Simple Western Analysis

Simple Western analyses were performed using Wes (ProteinSimple, Santa Clara, CA) according
to the ProteinSimple user manual [27]. Lysate of primary cultured astrocytes was mixed with a master
mix (ProteinSimple) to a final concentration of 1×sample buffer, 1×fluorescent molecular weight
markers, and 40 mM dithiothreitol, then heated at 95 ◦C for 5 min. The samples, blocking reagent,
primary antibodies, horseradish peroxidase (HRP)-conjugated second antibodies, chemiluminescent
substrate, and separation and stacking matrices were also dispensed to designated wells in a 25-well
plate. After plate loading, the separation electrophoresis and immunodetection steps took place in
the capillary system and were fully automated. Simple Western analysis was carried out at room
temperature, and instrument default settings were used. Capillaries were first filled with separation
matrix, followed by stacking matrix and about 40 nL sample loading. During electrophoresis, proteins
were separated on the basis of molecular weight through the stacking and separation matrices at
250 volts for 40–50 min and then immobilized on the capillary wall using proprietary photo-activated
capture chemistry. The matrices were then washed out. Capillaries were next incubated with a blocking
reagent for 15 min, and target proteins were immunoprobed with primary antibodies, followed by
HRP-conjugated secondary antibodies. Antibodies of GAPDH (NB300-322SS, Novus Biologicals,
Littleton, CO) and Cx43 (C6219, Sigma-Aldrich, St. Louis, MO, USA) were diluted in antibody diluent
(ProteinSimple) with 1:100 dilution. The antibody incubation time was 0–120 min with antibody
diluents. Luminol and peroxide (ProteinSimple) were then added to generate chemiluminescence,
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which was captured by a charge coupled device (CCD) camera. The digital image was analyzed with
Compass software (ProteinSimple), and the quantified data of the detected protein were reported as
molecular weight, signal/peak intensity.

2.6. Statistical Analysis

All experiments were designed with equal-sized groups (N = 6) that were predetermined based
on our previous studies [5,12,41–44]. All values are expressed as mean ± SD, and a p value less than
0.05 was considered statistically significant. Statistical analyses were performed in BellCurve for Excel
Version 3.2. (Social Survey Research Information Co., Ltd., Tokyo, Japan). Astroglial transmitter
concentrations were analyzed by Mauchly’s sphericity test, followed by multivariate analysis of
variance (MANOVA) using BellCurve for Excel. When the data did not violate the assumption of
sphericity (p > 0.05), the F-value of MANOVA was analyzed using sphericity-assumed degrees of
freedom. However, if the assumption of sphericity was violated (p < 0.05), the F-value was analyzed
using Chi-Muller’s-corrected degrees of freedom. When the F-value for the agent/concentration factors
of MANOVA was significant, the data was analyzed by Tukey’s post hoc test. Protein expression
of Cx43 in cytosol and plasma membrane fractions was analyzed by two-way analysis of variance
(ANOVA) with Tukey’s post hoc test using BellCurve for Excel.

3. Results

3.1. Concentration-Dependent Effects of Acute Administration of CLZ on Astroglial Releases of L-glutamate
and D-serine (Study_1)

Acute administration of CLZ (0, 1, 3, 10, 30, and 100 µM) concentration-dependently increased
basal and K+-evoked astroglial releases of L-glutamate (Fstimulation(2,15) = 39.4 (p < 0.01), FCLZ(2.7,40.6)
= 210.0 (p < 0.01), Fstimulation*CLZ(5.4,40.6) = 114.4 (P < 0.01)) and D-serine (Fstimulation(2,15) = 55.4
(p < 0.01), FCLZ(3.1,46.3) = 179.5 (p < 0.01), Fstimulation*CLZ(6.2,46.3) = 86.7 (p < 0.01)) (Figure 1A,B).
The K+-evoked stimulation (50 and 100 mM) concentration-dependently increased astroglial releases
of L-glutamate and D-seine (Figure 1A,B). The threshold concentration of acute administration of
CLZ on basal releases of L-glutamate and D-serine was 100 µM. The threshold concentration of acute
administration of CLZ on 50 mM K+-evoked releases of L-glutamate and D-serine was 100 µM and
30 µM, respectively. The threshold concentration of acute administration of CLZ on 100 mM K+-evoked
releases of L-glutamate and D-serine was 30 µM.

The selective Cx43 inhibitor, GAP19 (20 µM), decreased the CLZ-induced 100 mM K+-evoked
astroglial releases of L-glutamate (FGAP19(1,10) = 8.5 (p < 0.01), FCLZ(2.6,25.9) = 259.1 (p < 0.01),
FGAP19*CLZ (2.6,25.9) = 22.6 (p < 0.01)) and D-serine (FGAP19(1,10) = 11.8 (p < 0.01), FCLZ(3.1,30.7) =

220.8 (p < 0.01), FGAP19*CLZ(3.1,30.7) = 13.8 (p < 0.01)) (Figure 1A,B). The nonselective Cxs inhibitor,
CBX (100 µM), also decreased K+-evoked astroglial releases of L-glutamate (FCBX(1,10) = 20.6 (p <

0.01), FCLZ(2.2,22.1) = 226.1 (p < 0.01), FCBX*CLZ(2.2,22.1) = 66.3 (p < 0.01)) and D-serine (FCBX(1,10)
= 26.5 (p < 0.01), FCLZ(3.3,32.8) = 178.1 (p < 0.01), FCBX*CLZ(3.3,32.8) = 48.1 (p < 0.01)) (Figure 1A,B).
Therefore, both K+-evoked stimulation and acute administration of CLZ enhance astroglial releases of
L-glutamate and D-serine associated with Cx43-based Cxs.
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Figure 1. Concentration-dependent effects of acute administration of CLZ (clozapine) on basal and
K+-evoked astroglial releases of l-glutamate (A) and d-serine (B). After wash-out, astrocytes were
incubated in 100 µL ACSF (artificial cerebrospinal fluid) containing CLZ (0, 1, 3, 10, 30, or 100 µM)
for 60 min (pretreatment incubation). After pretreatment incubation, to determine the K+-evoked
astroglial releases of L-glutamate and D-serine, astrocytes were incubated in ACSF (3.0 mM K+: opened
circles), MK-ACSF (50.0 mM K+: closed circles) or HK-ACSF (100.0 mM K+: blue circles) containing
the same concentration of CLZ of pretreatment incubation for 20 min. To clarify the astroglial releases
of L-glutamate and D-serine associated with Cxs (connexin (Cx) composed transmembrane channels),
astrocytes were incubated in HK-ACSF containing GAP19 (TAT-conjugated Gap19, 20 µM) (green
circles) or CBX (carbenoxolone, 100 µM) (red circles) with the same concentration of CLZ during
pretreatment incubation for 20 min, and then incubation medium (ACSF, MK-ACSF or HK-ACSF) was
collected for analysis. Ordinate: mean ± SD (n = 6) of extracellular levels of l-glutamate and d-serine
(µM). Abscissa: concentration of CLZ (µM). * p < 0.05 and ** p < 0.01 vs. CLZ free by MANOVA with
Tukey’s post hoc test. @ p < 0.05 and @@ p < 0.01 vs. HK-ACSF by MANOVA with Tukey’s post hoc test.

3.2. Concentration-Dependent Effects of Subchronic Administration of CLZ on Astroglial Releases of
L-glutamate and D-serine (Study_2)

Subchronic administration of CLZ (0, 1, 3, 10, 30, and 100µM) concentration-dependently increased
basal and K+-evoked astroglial releases of L-glutamate (Fstimulation(2,15) = 67.1 (p < 0.01), FCLZ(1.5,22.5)
= 268.1 (p < 0.01), Fstimulation*CLZ(3.0,22.5) = 128.9 (p < 0.01)) and D-serine (Fstimulation(2,15) = 80.6
(p < 0.01), FCLZ(2.2,32.3) = 287.8 (p < 0.01), Fstimulation*CLZ(4.3,32.3) = 125.2 (p < 0.01)) (Figure 2A,B).
The K+-evoked stimulation (50 and 100 mM) concentration-dependently increased astroglial releases
of L-glutamate and D-seine (Figure 2A,B). The threshold concentration of subchronic administration
of CLZ on basal releases of L-glutamate and D-serine was 30 µM. The threshold concentration of
subchronic administration of CLZ on 50 mM K+-evoked releases of L-glutamate and D-serine was
30 µM. The threshold concentration of subchronic administration of CLZ on 100 mM K+-evoked
releases of L-glutamate and D-serine was 10 µM.

The selective Cx43 inhibitor, GAP19 (20 µM), decreased the CLZ-induced 100 mM K+-evoked
astroglial releases of L-glutamate (FGAP19(1,10) = 19.7 (p < 0.01), FCLZ(1.3,12.5) = 276.5 (p < 0.01),
FGAP19*CLZ(1.3,12.5) = 27.0 (p < 0.01)) and D-serine (FGAP19(1,10) = 22.7 (p < 0.01), FCLZ(2.6,26.0) =

336.1 (p < 0.01), FGAP19*CLZ(2.6,26.0) = 18.6 (p < 0.01)) (Figure 2A,B). The nonselective Cxs inhibitor,
CBX (100 µM), also decreased K+-evoked astroglial releases of L-glutamate (FCBX(1,10) = 35.6 (p <

0.01), FCLZ(1.6,15.6) = 279.7 (p < 0.01), FCBX*CLZ(1.6,15.6) = 72.0 (p < 0.01)) and D-serine (FCBX(1,10) =

38.3 (p < 0.01), FCLZ(2.0,20.2) = 296.3 (p < 0.01), FCCBX*CLZ(2.0,20.2) = 52.0 (p < 0.01)) (Figure 2A,B).
Therefore, both K+-evoked stimulation and acute administration of CLZ activate astroglial releases of
L-glutamate and D-serine associated with Cx43-based Cxs.
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vs. CLZ free by MANOVA with Tukey’s post hoc test. @ p < 0.05 and @@ p < 0.01 vs. HK-ACSF by 
MANOVA with Tukey’s post hoc test. 
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of L-glutamate and D-serine were not affected by VPA. Both 50 mM and 100 mM K+-evoked releases 
of L-glutamate and D-serine were increased by supratherapeutic concentration of VPA (3000 μM), 
but not affected by therapeutic-relevant concentration of VPA (300–1000 μM) (Figure 3C and 3D). 

Figure 2. Concentration-dependent effects of subchronic administration of CLZ on basal and K+-evoked
astroglial releases of L-glutamate (A) and D-serine (B). Astrocytes were incubated in Dulbecco’s modified
Eagle’s medium containing 10% fetal calf serum (fDMEM) containing CLZ (0, 1, 3, 10, 30, or 100 µM) for
7 days. After wash-out, astrocytes were incubated in 100 µL ACSF containing the same concentration of
CLZ for 60 min (pretreatment incubation). After pretreatment incubation, to determine the K+-evoked
astroglial releases of L-glutamate and D-serine, astrocytes were incubated in ACSF (3.0 mM K+: opened
circles), MK-ACSF (50.0 mM K+: closed circles), or HK-ACSF (100.0 mM K+: blue circles) containing the
same concentration of CLZ during pretreatment incubation for 20 min. To clarify the astroglial releases
of L-glutamate and D-serine associated with Cxs, astrocytes were incubated in HK-ACSF containing
GAP19 (20 µM) (green circles) or CBX (100 µM) (red circles) with the same concentration of CLZ during
pretreatment incubation for 20 min, and then incubate medium (ACSF, MK-ACSF, or HK-ACSF) was
collected for analysis. Ordinate: mean ± SD (n = 6) of extracellular levels of l-glutamate and d-serine
(µM). Abscissa: concentration of CLZ (µM). * p < 0.05 and ** p < 0.01 vs. CLZ free by MANOVA with
Tukey’s post hoc test. @@ p < 0.01 vs. HK-ACSF by MANOVA with Tukey’s post hoc test.

3.3. Concentration-Dependent Effects of Acute and Subchronic Administrations of VPA on Astroglial Releases
of L-glutamate and D-serine (Study_3)

Acute administration of VPA (0, 300, 1000, and 3000µM) did not affect basal or K+-evoked astroglial
releases of L-glutamate or D-serine (Figure 3A,B). Contrary to acute administration, subchronic
administration of VPA (0, 300, 1000, and 3000 µM) concentration-dependently increased basal and
K+-evoked astroglial releases of L-glutamate (Fstimulation(2,15) = 13.6 (p < 0.01), FVPA(1.9,27.7) = 97.9
(p < 0.01), Fstimulation*VPA(3.7,27.7) = 16.4 (p < 0.01)) and D-serine (Fstimulation(2,15) = 16.5 (p < 0.01),
FVPA(1.4,21.1) = 66.0 (p < 0.01), Fstimulation*VPA(2.8,21.1) = 13.1 (p < 0.01)) (Figure 3C,D). Basal releases
of L-glutamate and D-serine were not affected by VPA. Both 50 mM and 100 mM K+-evoked releases
of L-glutamate and D-serine were increased by supratherapeutic concentration of VPA (3000 µM),
but not affected by therapeutic-relevant concentration of VPA (300–1000 µM) (Figure 3C,D).
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incubated in ACSF (opened circles), MK-ACSF (closed circles), or HK-ACSF (blue circles) containing 
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(ACSF, MK-ACSF, or HK-ACSF) was collected for analysis. Ordinate: mean ± SD (n = 6) of 
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and **p < 0.01 vs. VPA free by MANOVA with Tukey’s post hoc test. 
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Figure 3. Concentration-dependent effects of acute administration of VPA (valproate) on basal and
K+-evoked astroglial releases of l-glutamate (A) and d-serine (B). After wash-out, astrocytes were
incubated in ACSF containing VPA (0, 300, 1000, or 3000 µM) for 60 min (pretreatment incubation).
After pretreatment incubation, to determine the K+-evoked astroglial releases of L-glutamate and
d-serine, astrocytes were incubated in ACSF (3.0 mM K+: opened circles), MK-ACSF (50.0 mM K+: closed
circles), or HK-ACSF (100.0 mM K+: blue circles) containing the same concentration of VPA during
pretreatment incubation for 20 min. Concentration-dependent effects of subchronic administration
of VPA on basal and K+-evoked astroglial releases of l-glutamate (C) and d-serine (D). Astrocytes
were incubated in fDMEM containing VPA (0, 300, 1000, or 3000 µM) for 7 days. After wash-out,
astrocytes were incubated in ACSF containing the same concentration of VPA (pretreatment incubation).
After pretreatment, to clarify the K+-evoked astroglial releases of l-glutamate and d-serine, astrocytes
were incubated in ACSF (opened circles), MK-ACSF (closed circles), or HK-ACSF (blue circles)
containing the same concentration of VPA during pretreatment incubation for 20 min, and then incubate
medium (ACSF, MK-ACSF, or HK-ACSF) was collected for analysis. Ordinate: mean ± SD (n = 6) of
extracellular levels of l-glutamate and d-serine (µM). Abscissa: concentration of VPA (µM). * p < 0.05
and ** p < 0.01 vs. VPA free by MANOVA with Tukey’s post hoc test.

3.4. Acute Effects of Therapeutic-Relevant Concentration of VPA on Astroglial Releases of l-glutamate and
d-serine from Astrocytes Subchronically Administrated with CLZ (Study_4)

Subchronic administration of CLZ concentration-dependently increased K+-evoked astroglial
releases of L-glutamate and D-serine (Figure 4A,B). Acute administration of therapeutic-relevant
concentration of VPA (1000 µM) did not affect 50 mM K+-evoked releases of L-glutamate and D-serine
from astrocytes subchronically administrated with CLZ (1–100 µM) (Figure 4A,B). Acute administration
of therapeutic-relevant concentration of VPA (1000 µM) also did not affect 100 mM K+-evoked releases
of L-glutamate and D-serine from astrocytes subchronically administrated with CLZ (1–100 µM)
(Figure 4A,B).
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Figure 4. Acute effects of therapeutic-relevant concentration of VPA (1000 µM) on astroglial
releases of L-glutamate (A) and D-serine (B) from astrocytes subchronically administrated with
CLZ. Astrocytes were incubated in fDMEM containing CLZ (0, 1, 3, 10, 30, or 100 µM) for 7 days.
After wash-out, astrocytes were incubated in ACSF containing the same concentration of CLZ without
(control: opened circles) or with therapeutic-relevant concentration of VPA (1000 µM: closed circles) for
60 min (pretreatment incubation). After pretreatment, to determine the K+-evoked astroglial releases
of L-glutamate and D-serine, astrocytes were incubated in MK-ACSF (50.0 mM K+: black circles) or
HK-ACSF (100.0 mM K+: blue circles) containing the same concentrations of CLZ and VPA during
pretreatment incubation for 20 min, and then incubate medium (MK-ACSF or HK-ACSF) was collected
for analysis. Ordinate: mean ± SD (n = 6) of extracellular levels of l-glutamate and d-serine (µM).
Abscissa: concentration of CLZ (µM). * p < 0.05 and ** p < 0.01 vs. CLZ free by MANOVA with Tukey’s
post hoc test.

3.5. Acute Effects of CLZ on Astroglial Releases of L-glutamate and D-serine from Astrocytes Subchronically
Administrated with Therapeutic-Relevant Concentration of VPA (Study_5)

Acute administration of CLZ concentration-dependently increased K+-evoked astroglial releases
of L-glutamate and D-serine (Figure 5A,B). Subchronic administration of therapeutic-relevant
concentration of VPA (1000 µM) increased astroglial CLZ-induced 50 mM K+-evoked releases of
L-glutamate (FVPA(1,10) = 37.9 (p < 0.01), FCLZ(5,50) = 439.4 (p < 0.01), FVPA*CLZ(5,50) = 265.6 (p < 0.01))
and D-serine (FVPA(1,10) = 48.3 (p < 0.01), FCLZ(5,50) = 270.2 (p < 0.01), FVPA*CLZ(5,50) = 184.9 (p <

0.01)) (Figure 5A,B). Subchronic administration of therapeutic-relevant concentration of VPA (1000 µM)
reduced the threshold concentration of acute administration of CLZ on 50 mM K+-evoked releases of
L-glutamate (from 100 µM to 10 µM) and D-serine (from 30 µM to 10 µM).

Subchronic administration of therapeutic-relevant concentration of VPA (1000 µM) increased
astroglial CLZ-induced 100 mM K+-evoked releases of L-glutamate (FVPA(1,10) = 30.1 (p < 0.01),
FCLZ(1.9,19.1) = 291.8 (p < 0.01), FVPA*CLZ(1.9,19.1) = 40.3 (p < 0.01)) and D-serine (FVPA(1,10) = 16.3 (p <

0.01), FCLZ(1.6,15.9) = 94.7 (p < 0.01), FVPA*CLZ(1.6,25.9) = 11.5 (p < 0.01)) (Figure 5A,B). Subchronic VPA
administration also reduced the threshold concentration of acute administration of CLZ on 100 mM
K+-evoked releases of L-glutamate (from 30 µM to 3 µM) and D-serine (from 10 µM to 3 µM).
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to determine the K+-evoked astroglial releases of L-glutamate and D-serine, astrocytes were incubated 
in MK-ACSF (50.0 mM K+: black circles) or HK-ACSF (100.0 mM K+: blue circles) containing the same 
concentration of CLZ and VPA during pretreatment incubation for 20 min, and then incubate medium 
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VPA, subchronic administrations of CLZ (3, 10, and 10 μM) concentration-dependently increased 
Cx43 expression in both cytosol and plasma membrane fractions (FFragment(1,40) = 5.0 (p < 0.05), 
FLevel(3,40) = 22.1 (p < 0.01), FFragment*Level(3,40) = 6.2 (p < 0.01)) (Figure 6B). The threshold concentration 
of subchronic administration of CLZ on Cx43 expression in cytosol and plasma membrane was 30 

μM, whereas the stimulatory effect of subchronic CLZ administration on Cx43 expression in plasma membrane 
was predominant, rather than that in cytosol (p < 0.05) (Figure 6B). 

Acute administrations of CLZ (3, 10 and 10 μM) concentration-dependently increased Cx43 
expression in plasma membrane but not cytosol fraction of astrocytes subchronically treated with 
therapeutic-relevant concentration of VPA (1000 μM) (FFragment(1,40) = 33.4 (p < 0.01), FLevel(3,40) = 15.6 
(p < 0.01), FFragment*Level(3,40) = 17.0 (p < 0.01)) (Figure 6C). The threshold concentration of acute 
administration of CLZ on Cx43 expression in plasma membrane of subchronically therapeutic-
relevant concentration of VPA (1000 μM) treated astrocytes was 3 μM (p < 0.01) (Figure 6C). 

Figure 5. Acute effects of CLZ on astroglial releases of L-glutamate (A) and D-serine (B) from
astrocytes subchronically administrated with therapeutic-relevant concentration of VPA (1000 µM).
Astrocytes were incubated in fDMEM without (control: opened circles) or with VPA (1000 µM: closed
circles). After wash-out, astrocytes were incubated in ACSF containing the same concentration of VPA
with CLZ (0, 1, 3, 10, 30, 100 µM) for 60 min (pretreatment incubation). After pretreatment incubation,
to determine the K+-evoked astroglial releases of L-glutamate and D-serine, astrocytes were incubated
in MK-ACSF (50.0 mM K+: black circles) or HK-ACSF (100.0 mM K+: blue circles) containing the same
concentration of CLZ and VPA during pretreatment incubation for 20 min, and then incubate medium
(MK-ACSF or HK-ACSF) was collected for analysis. Ordinate: mean ± SD (n = 6) of extracellular levels
of l-glutamate and d-serine (µM). Abscissa: concentration of CLZ (µM). * p < 0.05 and ** p < 0.01 vs.
CLZ free, and @@ p < 0.01 vs. VPA free (control) by MANOVA with Tukey’s post hoc test.

3.6. Interaction between VPA and CLZ on Cx43 Expression in Astrocytes (Studies_2,3,5)

Subchronic administrations of VPA (1000 and 3000 µM) concentration-dependently increased
Cx43 expression in cytosol fraction without affecting that in plasma membrane fraction (FFragment(1,30)
= 7.4 (p < 0.01), FLevel(2,30) = 15.0 (p < 0.01), FFragment*Level(2,30) = 3.8 (p < 0.05)) (Figure 6A). Contrary to
VPA, subchronic administrations of CLZ (3, 10, and 10 µM) concentration-dependently increased Cx43
expression in both cytosol and plasma membrane fractions (FFragment(1,40) = 5.0 (p < 0.05), FLevel(3,40)
= 22.1 (p < 0.01), FFragment*Level(3,40) = 6.2 (p < 0.01)) (Figure 6B). The threshold concentration of
subchronic administration of CLZ on Cx43 expression in cytosol and plasma membrane was 30 µM,
whereas the stimulatory effect of subchronic CLZ administration on Cx43 expression in plasma
membrane was predominant, rather than that in cytosol (p < 0.05) (Figure 6B).

Acute administrations of CLZ (3, 10 and 10 µM) concentration-dependently increased Cx43
expression in plasma membrane but not cytosol fraction of astrocytes subchronically treated with
therapeutic-relevant concentration of VPA (1000 µM) (FFragment(1,40) = 33.4 (p < 0.01), FLevel(3,40) =

15.6 (p < 0.01), FFragment*Level(3,40) = 17.0 (p < 0.01)) (Figure 6C). The threshold concentration of acute
administration of CLZ on Cx43 expression in plasma membrane of subchronically therapeutic-relevant
concentration of VPA (1000 µM) treated astrocytes was 3 µM (p < 0.01) (Figure 6C).
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Figure 6. Subchronic effects of VPA (1000 and 3000 μM) (A) and CLZ (3, 10, and 30 μM) (B) on Cx43 
expression in cytosol (blue columns) and plasma membrane (green columns) of astrocytes. Acute 
effects of CLZ (3, 10, and 30 μM) on Cx43 expression in cytosol and plasma membrane of 
subchronically treated astrocytes with therapeutic-relevant concentration of VPA (1000 μM) (C). 
Ordinate: mean ± SD (n = 6) of relative protein level of Cx43. Abscissa: concentration of VPA and CLZ 
(μM). * p < 0.05 and **p < 0.01 vs. agent free by MANOVA with Tukey’s post hoc test. Panels 6D and 
6E pseudo-gel images using Simple Western results using anti-GAPDH and anti-Cx43 antibody for 
blotting of cytosol and plasma membrane fractions, respectively. 

4. Discussion 

4.1. Effects of VPA and CLZ on Astroglial Transmission Associated with Cxs. 

The present study demonstrated that CLZ enhanced astroglial releases of L-glutamate and D-
serine, in a concentration-dependent manner. Survival analysis has suggested that effective relapse 
prevention requires the maintenance of patients at CLZ serum concentrations above 0.6 μM [37]; 
however, exceeding 4 μM can significantly increase the risk of adverse effects such as seizures [38]. 
Therefore, acute and subchronic administrations of 1 and 3 μM CLZ are considered therapeutic-
relevant range, whereas higher than 10 μM CLZ is considered supratherapeutic range. The threshold 
concentrations of acute administration of CLZ on basal, 50 mM and 100 mM K+-evoked astroglial 
releases of L-glutamate and D-serine were 100 μM, 30–100 μM and 10–30 μM, respectively. The K+-
evoked astroglial release was composed of astroglial exocytosis [12,24,44], output through glutamate 
transporter [5,41,42], and Cxs [6]. Cxs activities were regulated by Ca2+, K+, and plasma membrane 
voltage [6,31]. During resting stage, Cxs exhibits a low open probability; however, the elevation of 
plasma membrane voltage activates Cxs [33]. In the present study, both nonselective Cxs inhibitor, 
CBX, and selective Cx43 inhibitor, GAP19, reduced the K+-evoked astroglial releases of L-glutamate 
and D-serine. These results suggest that the K+-evoked astroglial releases of L-glutamate and D-serine, 
at least partially, comprise the output through Cxs. Therefore, acute administration of CLZ 
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Figure 6. Subchronic effects of VPA (1000 and 3000 µM) (A) and CLZ (3, 10, and 30 µM) (B) on Cx43
expression in cytosol (blue columns) and plasma membrane (green columns) of astrocytes. Acute effects
of CLZ (3, 10, and 30 µM) on Cx43 expression in cytosol and plasma membrane of subchronically
treated astrocytes with therapeutic-relevant concentration of VPA (1000 µM) (C). Ordinate: mean ± SD
(n = 6) of relative protein level of Cx43. Abscissa: concentration of VPA and CLZ (µM). * p < 0.05 and
** p < 0.01 vs. agent free by MANOVA with Tukey’s post hoc test. Panels 6(D) and 6(E) pseudo-gel
images using Simple Western results using anti-GAPDH and anti-Cx43 antibody for blotting of cytosol
and plasma membrane fractions, respectively.

4. Discussion

4.1. Effects of VPA and CLZ on Astroglial Transmission Associated with Cxs

The present study demonstrated that CLZ enhanced astroglial releases of L-glutamate and D-serine,
in a concentration-dependent manner. Survival analysis has suggested that effective relapse prevention
requires the maintenance of patients at CLZ serum concentrations above 0.6 µM [37]; however,
exceeding 4 µM can significantly increase the risk of adverse effects such as seizures [38]. Therefore,
acute and subchronic administrations of 1 and 3 µM CLZ are considered therapeutic-relevant range,
whereas higher than 10 µM CLZ is considered supratherapeutic range. The threshold concentrations of
acute administration of CLZ on basal, 50 mM and 100 mM K+-evoked astroglial releases of L-glutamate
and D-serine were 100µM, 30–100µM and 10–30µM, respectively. The K+-evoked astroglial release was
composed of astroglial exocytosis [12,24,44], output through glutamate transporter [5,41,42], and Cxs [6].
Cxs activities were regulated by Ca2+, K+, and plasma membrane voltage [6,31]. During resting stage,
Cxs exhibits a low open probability; however, the elevation of plasma membrane voltage activates
Cxs [33]. In the present study, both nonselective Cxs inhibitor, CBX, and selective Cx43 inhibitor,
GAP19, reduced the K+-evoked astroglial releases of L-glutamate and D-serine. These results suggest
that the K+-evoked astroglial releases of L-glutamate and D-serine, at least partially, comprise the
output through Cxs. Therefore, acute administration of CLZ concentration-dependently enhances
astroglial releases of L-glutamate and D-serine associated with Cxs, but the stimulatory effects of CLZ
on astroglial releases were observed in the supratherapeutic range. The therapeutic concentration of
VPA was considered, ranged 350–700 µM [49]. Neither acute administration of therapeutic-relevant nor
supratherapeutic concentrations of VPA (300–3000 µM) affected basal, 50 mM or 100 mM K+-evoked
astroglial releases of L-glutamate and D-serine. Therefore, acute administration of VPA did not affect
Cxs activities.
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Contrary to acute administrations, chronic administration of CLZ also increased basal and
K+-evoked astroglial releases of L-glutamate and D-serine. The stimulatory effects of subchronic
administration of CLZ on basal and K+-evoked astroglial releases were predominant compared with
those of acute CLZ administration, since the threshold concentrations of subchronic administration
of CLZ on basal, 50 mM and 100 mM K+-evoked astroglial releases of L-glutamate and D-serine
were reduced to 30 µM (acute: 100 µM), 30 µM (acute: 30–100 µM), and 10 µM (acute: 10–30 µM),
respectively. Similar to CLZ, subchronic administration of supratherapeutic concentration of VPA
(3000 µM) increased K+-evoked astroglial releases of L-glutamate and D-serine without affecting basal
release. These discrepancies between acute and subchronic administrations of CLZ and VPA on basal
and K+-evoked astroglial releases of L-glutamate and D-serine suggest that subchronic administration
of CLZ and VPA possibly increases expression of Cxs in plasma membrane.

Indeed, simple western analysis detected the subchronic administration of CLZ and VPA
increased astroglial expression of Cx43, which is the principal Cx isoform in astrocytes [50]; however,
the expression patterns of Cx43 induced by subchronic administrations of VPA and CLZ are not identical.
Subchronic administration of VPA increased Cx43 content in cytosol fraction concentration-dependently
without affecting that in plasma membrane fraction. Contrary to subchronic administration of CLZ
increased Cx43 content in both cytosol and plasma membrane fractions concentration-dependently,
whereas an increase in expression of Cx43 in plasma membrane fraction was predominant, rather than
those in cytosol fraction. Cx isoforms which are structural proteins in Cxs have an average half-life
about 2–3 h [51]. Therefore, the increased Cx43 content induced by subchronic administration of VPA
and CLZ is probably mediated by activation of Cx43 turnover.

The Cx gene regulation system, transcriptional factors (Sp1, activator protein 1 complex, cyclic
adenosine monophosphate, Wnt signaling pathway), and epigenetic processes (histone modifications,
DNA methylation and microRNA species) have been identified [31,52]. Histone deacetylase (HDAC)
inhibition is considered to be one of the most principal pharmacological features of VPA, which inhibits
Class I and IIa HDAC isoforms [53]. HDAC inhibitors are a class of drugs that increase the acetylation
of histone and non-histone proteins to activate transcription, enhance gene expression, and modify
the function of target proteins [53]. Both HDAC inhibitors, suberoylanilide hydroxamic acid and
trichostatin A, increase expression of Cx43 mRNA and protein [54,55]. Additionally, subchronic
administration of Class I and IIa HDAC inhibitor, 4-phenylbutyrate, for 5 days also increases Cx43
expression in NGC-407 cell [56]; however, two previous studies demonstrated VPA did not affect
the astroglial expression of Cx43 [57,58]. Subacute (for 24 h) administration of VPA (300–1500 µM)
did not affect total lysate fraction of Cx43 expression in astrocytes co-cultured with 5% or 30 %
microglia [57]. The Cx43 expression in prefrontal cortex total lysate fraction of rat was not affected
by chronically intraperitoneal administration of VPA (300 mg/kg/day for 21 days) [58]; however,
the estimated concentration of VPA during subchronic administration of 300 mg/kg/day was lower
than therapeutic-relevant range (about 300 µM) [49]. Therefore, taken together with these previous
demonstrations, in spite of short half-life of Cx43 (about 2–3 h) [51], the present results suggest that the
elevation of Cx43 expression in cytosol fraction of astrocytes induced by VPA needs more than 5 days
exposure with higher than therapeutic-relevant concentration of VPA (1000 µM).

Contrary to VPA, CLZ activates the inhibitory and stimulatory expression regulating system on
Cx43 synthesis, such as HDAC2, Wnt pathway, transcription factor specificity protein 1, and activator
protein 1 complex [59–62]. The effect of CLZ on Cx43 expression has more impact against
post-translational modification than gene expression, since the CLZ-induced Cx43 expression in plasma
membrane fraction was higher than that in the cytosol fraction. The post-translational modification of
Cx43, including phosphorylation, acetylation, nitrosylation, sumoylation, and ubiquitylation, plays
important roles in the Cxs function [31]. Especially, inhibition of ubiquitylation of Cx43 results in the
accumulation of Cx43 in plasma membrane [63]. Unfortunately, the effects of CLZ on phosphorylation,
acetylation, nitrosylation, sumoylation, and ubiquitylation systems have not been clarified. The detailed
mechanism of an increase in the Cx43 expression in the astroglial plasma membrane shall be studied.
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Cx43 is the principal Cxs in astrocytes, but Cx26 and Cx30 are also expressed in astrocytes [30].
In spite of lower quantities of Cx26 and Cx30, the hemichannel composed of Cx26 and Cx30 also
contributes to astroglial transmission [30]. In the present study, the inhibitory effects of nonselective Cxs
inhibitor, CBX, on astroglial releases of L-glutamate and D-serine were predominant compared with
selective Cx43 inhibitor, GAP19. Therefore, to clarify the mechanisms of CLZ and VPA on astroglial
transmission associated with Cxs, further study should determine the effects of them on astroglial
transmission associated with Cx26 and Cx30.

4.2. Interaction between VPA and CLZ

The incidence of seizures with CLZ is ranged from 2% to 7.5%, and the risk of CLZ-induced seizures
increased with higher doses [18]. The risk of CLZ-induced seizure was increased dose-dependently:
lower than 300 mg/day (3%), between 325 and 500 mg/day (8%), and higher than 500 mg/day (38%) [18].
In 50% cases of CLZ-induced seizures, reduced CLZ dose was sufficient to prevent recurrence of
seizures [18]. VPA is recommended as the first-line drug in prevention of CLZ-induced seizure and
augmentation therapy [20,21]. In the present study, acute administration of therapeutic-relevant
concentration of VPA did not affect astroglial releases of L-glutamate and D-serine from astrocytes
subchronically administrated with CLZ. Contrary to our expectations, the present study failed to
detect the specific novel mechanism of VPA on astroglial transmission of chronically CLZ-exposed
astrocytes. Most of the cognitive and behavioral functions associated with astroglial Cx43 have been
implicated in the ability to regulate astroglial transmitter release through Cxs during resting stage [64].
Therefore, the present demonstration, the lack of acute VPA administration on astroglial transmission
of chronically CLZ-exposed astrocytes, supports the mechanisms of efficacious and safe augmentation
agents of CLZ due to less cognitive impairment induced by Cxs [20].

In the present study, neither acute nor subchronic administrations of therapeutic-relevant
concentration of CLZ (1–3 µM) affected astroglial transmission; however, acute administration of
therapeutic-relevant concentration of CLZ drastically increased astroglial releases of L-glutamate and
D-serine from astrocytes which were chronically administrated with therapeutic-relevant concentration
of VPA (1000 µM). Therapeutic-relevant concentration of CLZ (3 µM) also drastically increased
Cx43 expression in the plasma membrane fraction without affecting that in cytosol fraction of
therapeutic-relevant concentration of VPA-administrated astrocytes. These results suggest that
increased Cx43 in the cytosol fraction induced by subchronic administration of therapeutic-relevant
concentration of VPA (1000 µM) is transported to plasma membrane by CLZ. The rapid titration of
CLZ dose and VPA administration at the commencing CLZ are significantly associated with increasing
risks of CLZ-induced myocarditis/cardiomyopathies [22]. It has been well established that chronic
downregulation of Cx43 is observed in several models of myocarditis and cardiomyopathies [65].
In contrast with the above observation of Cx43 downregulation, expression of Cx43 was increased in the
early stage of hypertrophic and dilated cardiomyopathies, but with their progression into heart failure,
the levels of Cx43 decreased [65]. Therefore, upregulation of Cx43 in acute stages of hypertrophic
and dilated cardiomyopathies may act as the trigger of pathological or pathophysiological onset.
Moreover, prolongation of QRS complex duration is one of the risk factors for morbidity and mortality
in myocarditis. Recent preclinical study demonstrated that upregulation of Cx43 contributed to the
prolongation of QRS complex duration [33]. Taken together with previous clinical and preclinical
findings, the present demonstration suggests that the upregulation of cardiac Cx43 in cytosol by
chronic administration of therapeutic-relevant concentration of VPA with enhancement of transported
cytosol Cx43 to plasma membrane induced by CLZ plays an important role in the pathomechanisms of
CLZ-induced myocarditis/cardiomyopathies. To clarify our hypothesis, further studies are needed.

5. Conclusions

The present study determined the concentration- and time-dependent effects of CLZ and VPA on
astroglial transmission of L-glutamate and D-serine associated with Cx43, to explore the mechanisms
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of the multimodal action of CLZ. Both acute and subchronic administrations of CLZ and VPA increased
astroglial releases of L-glutamate and D-serine concentration-dependently, but the therapeutic-relevant
concentration of neither CLZ nor VPA affected these releases. The stimulatory effects of subchronic
administrations of CLZ and VPA on astroglial releases were more predominant compared with those
of acute administrations. Subchronic administrations of both VPA and CLZ concentration-dependently
increased Cx43 expression in astrocytes, but the therapeutic-relevant concentration of neither CLZ
nor VPA affected Cx43 expression. Especially, VPA increased Cx43 expression in cytosol fraction of
astrocytes, whereas CLZ increased Cx43 expression in both cytosol and plasma membrane fractions.
After subchronic administration of CLZ, acute administration of therapeutic-relevant concentration of
VPA did not affect CLZ-induced astroglial transmitter releases; however, after subchronic administration
of therapeutic-relevant concentration of VPA, acute administration of CLZ drastically increased
astroglial transmitter releases. Therapeutic-relevant concentration of CLZ alone could not affect
astroglial release, whereas after the subchronic administration of therapeutic-relevant concentration
of VPA, acute administration of therapeutic-relevant concentration of CLZ could increase astroglial
transmitter releases. During subchronic administration of therapeutic-relevant concentration of VPA,
acute administration of therapeutic-relevant concentration of CLZ enhanced the transport of cytosol
Cx43 to plasma membrane. Therefore, CLZ enhances astroglial functional Cxs via activation of
transport of cytosol Cx43 to plasma membrane. These results suggest that the hyperactivation of
astroglial Cxs activities induced by supratherapeutic concentration or rapid titration of CLZ, at least
partially, contributes to CLZ-induced seizure, but inhibitory effects of VPA on CLZ-induced seizure
are not modulated with astroglial transmission associated with Cxs. Interestingly, VPA intake at
the commencing CLZ increases risk of CLZ-induced myocarditis/cardiomyopathies, probably via
reciprocal activation of Cxs between VPA and CLZ.
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