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Abstract

:

Gap junctions (GJs) are intercellular junctions that allow the direct transfer of ions and small molecules between neighboring cells, and GJs between astrocytes play an important role in the development of various pathologies of the brain, including regulation of the pathological neuronal synchronization underlying epileptic seizures. Recently, we found that a pathological change is observed in astrocytes during the ictal and interictal phases of 4-aminopyridin (4-AP)-elicited epileptic activity in vitro, which was correlated with neuronal synchronization and extracellular epileptic electrical activity. This finding raises the question: Does this signal depend on GJs between astrocytes? In this study we investigated the effect of the GJ blocker, carbenoxolone (CBX), on epileptic activity in vitro and in vivo. Based on the results obtained, we came to the conclusion that the astrocytic syncytium formed by GJ-associated astrocytes, which is responsible for the regulation of potassium, affects the formation of epileptic activity in astrocytes in vitro and epileptic seizure onset. This effect is probably an important, but not the only, mechanism by which CBX suppresses epileptic activity. It is likely that the mechanisms of selective inhibition of GJs between astrocytes will show important translational benefits in anti-epileptic therapies.
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1. Introduction


Epilepsy is a widespread disease of the central nervous system resulting from abnormal neural synchronization, which causes recurring seizures spreading across the brain. Its main feature is the sudden onset of synchronized activity of many neurons, leading to various pathological psychomotor manifestations [1]. Today, pharmacological agents, diet, deep brain stimulation, and, in severe cases, neurosurgical treatment are used for antiepileptic therapy. Despite great progress in the development of new anti-epileptic drugs, a significant number of cases of epilepsy are pharmacoresistant. In addition, many antiepileptic drugs have significant side effects. Thus, there is an urgent need for further study of epileptogenesis and the development of new antiepileptic drugs.



It is well known that GJs play a key role in the normal and pathological synchronization of neuronal circuits and the astrocyte syncytium. They consist of half channels (connexons), formed by adjacent cells from each side of the contact, and when united, form a channel (connexin) between cells. Each connexon, in turn, consists of six protein subunits known as connexins [2]. From a physiological point of view, GJs are intercellular contacts between cells that allow ions and small, biologically active molecules to pass directly from one cell to another. Such movement is often associated with the transfer of electric charge, which carries out electrical conduction. GJ permeability is variable and is regulated by cellular pH, calcium ion concentration, and a number of other biochemical factors [2,3]. It can also be controlled by special chemical agents with different mechanisms of action. One of the important conditions affecting GJ opening is pH, and there is clear acid-induced uncoupling of GJs [4]. Such uncoupling is important, because during neuronal synchronization there can be profound pH shifts [5]. Genetically inserted optical pH sensors in mouse brain have shown that astrocytes react to epileptiform activity with intracellular alkalization and augmented coupling [6], and similar augmented coupling was reported for astrocyte GJs during epilepsy [7]. Many studies in recent years have shown that brain GJs are involved in the generation, synchronization, and maintenance of epileptic activity [8,9], and there is evidence that GJ blockers have potent therapeutic potential in epilepsy.



The hypothesis that GJs play a significant role in the underlying mechanisms of epileptic seizures is quite popular. Among other arguments in favor of this hypothesis, epileptic activity is usually determined by excessive neural synchronicity, and GJs increase synchronicity. Recently, evidence has accumulated that the GJ inhibitor CBX regulates neuronal synchronization and suppresses epileptiform activity in the brain [10,11,12,13].



Recently, we described periodic signals in the astrocyte syncytium during the interictal phase of 4-AP-elicited epileptic seizures, and these signals were correlated with synchronized neuronal spikes, while ictal events were correlated with profound depolarization of the astrocyte syncytium and with vasomotion [14]. It remains unclear whether these signals depend on GJs between astrocytes and how blocking these channels correlates with the synchronization of neurons.



The easiest way to block GJs is with medication, and the most commonly used blocker is CBX, which is modestly effective and water soluble [12]. CBX reduces seizure-related synchronization in various model systems, both in vivo and in vitro. However, CBX blocks both astrocytic GJs and neuronal GJs. The anticonvulsant effects of CBX and other GJ blockers, thus, are often interpreted as evidence that electrical contacts between neurons play a critical role in the onset of seizures, and direct measurements in astrocytes would therefore be of special interest. In this study we investigated the effect of the GJ blocker CBX on epileptic activity in astrocytes in vitro, induced with the widely used potassium channel inhibitor 4-AP, and the corresponding epileptic electrical activity in vivo [2].




2. Results


2.1. In Vitro Results


2.1.1. Depolarizing Inward Currents Synchronized with the Epileptic Activity of Neurons Is Observed in Astrocytes


Using a dual-channel patch clamp in voltage clamp mode, we recorded membrane current in two quiescent astrocytes simultaneously. As we described previously, after perfusion of the slice preparation for 30–60 s with 2 mM 4-AP dissolved in ACSF, the inward current oscillations started to appear in astrocytes, with a mean amplitude of 37.7 ± 2.3 pA in a single astrocyte at 0.1–0.3 Hz (n = 27). Besides these small inward currents, short (2–3 s) but high-voltage (40–50 mV) depolarization events perturbed astrocytes periodically [14]. Here we present a similar series of experiments (n = 10) that were performed on patch pairs of astrocytes at different distances (20–600 µM) from each another. In the latter case, one astrocyte was situated in the CA1 zone and the second in the CA2 zone of the hippocampus (Figure 1A–C). Remarkably, there was near synchronization of periodically generated inward currents in nearby astrocytes as well as in distant astrocytes, which suggests a relatively large spatial extent (≥0.6 mm) of the synchronization phenomenon. To illustrate this synchronization, the currents recorded from two pairs of astrocytes are presented in Figure 1.



We also monitored neuronal activity during 4-AP application, and this was not blocked. Figure 1D,E shows a typical simultaneous recording of an astrocyte (voltage-clamp mode) and neuron (current-clamp mode), each with glass electrodes. Interestingly, activity spikes in neurons corresponded to the inward currents in astrocytes (Figure 1E).



Even when inhibiting neuronal spiking by applying a hyperpolarization current, giant excitatory synaptic currents were recorded in neurons, which were synchronized with inward current activity in astrocytes (Figure 1F). This suggests that astrocytes (and their syncytiums) respond with visible inward currents to potassium released by neurons during synchronized spikes. Moreover, we see that a majority of neurons (86% of all tested, n = 120) are driven by high excitatory synaptic potentials. Other neurons (14%) had no excitatory drive after application of 4-AP (not shown).



Interestingly, inward currents in astrocytes (voltage-clamp mode, Figure 1G, lower trace) corresponded to the extracellular local field potentials (LFPs) in the slice (Figure 1G, upper trace). This finding suggests that global synchronization of both neurons and astrocytes produces LFP signals in the slice and probably in whole brain.




2.1.2. CBX Inhibits GJs in Astrocytes and Blocks Epileptiformic Activity in Astrocytes in Hippocampal Slices In Vitro


We recorded GJ currents in astrocyte pairs connected by GJs (n = 16, Figure 2A) in control animals (see Methods). We injected current in the first astrocyte of the pair (astrocyte 1, upper trace) and recorded the current that passed through the GJs to the second astrocyte in the pair (astrocyte 2, lower trace). After perfusion of the slice with 300 µM CBX (Figure 2A), the effect was a significant reduction in current in the adjacent astrocyte, which was reduced after CBX perfusion (from 284.3 ± 58.9 to 34.2 ± 7.1; paired t test, p = 0.0058) but not completely blocked. Usually, the gap current was not restored after CBX application and washout and remained low.



We also used different concentrations of CBX and paired recordings in astrocytes to build a dose–response curve (Figure 2B), showing that 220 ± 41 µM (n = 60) CBX applied to the slice reduced the number of functional GJs by half.



Interestingly, the astrocyte “epileptiform” activity that appeared during epileptic events was affected by CBX. After perfusion of the slice with 2 mM 4-AP for 30–60 s, an astrocyte inward current was initiated. The perfusion of the slice with 300 µM CBX blocked astrocyte epileptiform activity simultaneously in all recorded astrocytes (Figure 2C), which could be restored after washout by a new perfusion with 4-AP (again, this blocking and restoring of activity can be carried out more than once).





2.2. In Vivo Results


Analysis of ECoG (Figure 3A) recordings showed that none of the animals receiving only saline or CBX (the control group) showed signs of epileptiform spike-wave activity (SWA). Analysis of the behavior of animals in the experimental box after the injection of these substances into the cerebral cortex also did not reveal any pathological manifestations of epileptic convulsive motor activity. In experiments after introduction of the epileptogen 4-AP, the development of epileptiform SWA was observed, but the degree of its manifestation was different in the two experimental groups.



The rats of group 1, which had received intracortical microinjection of an isotonic NaCl solution before the induction of epilepsy, demonstrated more severe forms of epileptiform activity. Among the rats that received 4-AP after saline injection, 100% of the animals showed SWA, and 83% (5 of 6 animals) showed the development of status epilepticus. The rats of group 2, which had previously been injected with CBX, exhibited significantly fewer manifestations of experimental epilepsy. Thus, preliminary intracortical administration of CBX significantly reduced the severity of epileptiform activity after administration of 4-AP, with only 17% (1 rat of 6) demonstrating the development of status epilepticus (Figure 3A).



Comparison of the latent periods of the onset of episodes of SWA showed (Figure 3C) a significant increase in the latency of the first episode in rats receiving 4-AP after CBX compared with rats receiving 4-AP after saline. The significance of the differences was determined using the Mann–Whitney test: the average latency was 2.46 ± 0.65 min in group 1 and 8.55 ± 0.44 min in group 2. The analysis of the percentage of rats in experimental groups 1 and 2 remaining seizure-free demonstrated that rats after intracortical injection of “saline + 4-AP” have significantly shorter latent periods of episodes of SWA than rats in the “CBX + 4-AP” group (log-rank Mantel–Cox test, hazard ratio group 1/group 2–4.62; 95% CI of ratio –1.41 to 15.13; p < 0.0001).



The mean duration and the number of epileptic episodes was calculated without considering status epilepticus in animals of experimental group 1. The durations of SWA episodes (outside of status epilepticus) in rats in both experimental groups (Figure 3E) did not differ significantly (32.9 ± 2.9 s and 30.2 ± 2.9 s, respectively). The number of epileptic episodes also did not show a significant difference (Figure 3D). It should be noted that these parameters are not a quite representative parameter for comparing groups 1 and 2, because in rats of experimental group 1, some episodes of epileptic activity were transferred to status epilepticus, representing one single prolonged episode. At the same time, the number of episodes in rats of group 2 was relatively lower due to the increased latent period of the appearance of the first episode.



To estimate the percentage of time occupied by seizures, the ECoG recording after administration of 4-AP was divided into 5 min analysis periods. It was found that rats that received the 4-AP injection followed by saline reached 100% of the total duration of CBA episodes for the epoch of analysis 35 min, on average, after administration of 4-AP, which indicates the presence of status epilepticus (Figure 3B). The rats that received intracortical administration of CBX before induction of epilepsy did not reach even 40% of the level of the total duration of SWA episodes over the epoch of analysis. Comparison by two-way ANOVA showed that in rats receiving 4-AP after CBX, the total duration of SWA episodes was significantly lower than in rats receiving 4-AP after saline (Figure 3B), and these differences were significant at p < 0.0001.



A comparative analysis of the instantaneous repetition rate of spike waves in the composition of SWA episodes was carried out in rats of experimental groups 1 and 2 (Figure 3F). Statistical analysis using the nonparametric Mann–Whitney test showed that the instantaneous repetition rate of spike waves in the composition of SWA episodes did not differ between the analyzed groups of animals (7.51 ± 0.42 versus 7.59 ± 0.43). Comparison by the method of two-way ANOVA showed that the repetition rate of spike waves in the composition of seizures was not dependent on the epoch of analysis. Thus, it was shown that intracortical microinjections of CBX 30 min before the formation of an epileptic focus did not affect the instantaneous repetition rate of spike waves.





3. Discussion


Neurons and astrocytes interact during normal and pathological brain functioning. Besides providing trophic and structural support, astrocytes play an essential role in normal synaptic function, including synaptogenesis, synaptic transmission, and the modulation of neuronal network activity, mainly through their uptake of GABA and glutamate. Moreover, the astrocyte syncytium functions as a potassium (K+) spatial clamp, which also modulates neuronal excitability [15,16,17,18]. Many scientists believe that electrical coupling mediated by GJs plays an important role in brain pathologies, including abnormal synchronization, which underlies epileptic seizures [10,11,12,13].



4-AP-induced synchronous activity in epileptic foci has been observed not only in neurons but also in astrocytes [14]. Most studies associate this activity with the massive release of potassium from neurons into the extracellular space. The membrane potential of astrocytes changes proportionately less than the membrane potential of neurons, due to the stabilizing effect of the astrocyte syncytium. However, during epileptic activity, neuronal spikes become synchronous, and the neurons release K+ synchronously, thus overcoming this stabilizing (clamping) effect. The astrocytes then start to show depolarization activity, producing even more synchronization [14].



According to our hypothesis, CBX does not suppress the epileptic activity of neurons directly, but it blocks the GJs between astrocytes, which suppresses their synchronization. We observed in our in vitro experiments that stimulation of one astrocyte leads to membrane potential changes in an associated astrocyte through GJs.



In this study we investigated in vitro whether GJs between astrocytes participate in epileptic seizures elicited by 4-AP and whether the GJ blocker CBX reduces both GJ electrical conductivity and seizures. In rat hippocampal slices, 4-AP produces periodic sawtooth inward currents that are nearly synchronous in all astrocytes in the slice (Figure 1A), as well as with the epileptic activity of neurons (Figure 1E,F) and slice extracellular local field potentials (LFPs, Figure 1G). CBX blocks this epileptiformic activity in astrocytes in hippocampal slices (Figure 2C) and reduces GJ conductivity in astrocytes (Figure 2A). Interestingly, neuronal synchronization was also eliminated by CBX.



The main object of our study was the interaction of astrocytes and neurons based on gap junctions during epileptogenesis [15]. Astrocytes and gap junctions are widely represented in both the cortex and the hippocampus, but living hippocampal slices have significant advantages [16]. A major advantage of hippocampal slice preparations is that the cytoarchitecture and synaptic circuits of the hippocampus are largely retained. The hippocampal brain slice proved to be particularly suitable because much of the intrinsic circuitry remains intact in a transverse slice. Because of its lamellar organization, much of the trisynaptic circuit remains intact in a transverse hippocampal slice [18]. Hippocampal living slices are most convenient for many neurophysiological studies, including our study, which require recording of neural and astrocytic activity. On the other hand, the 4-AP model of focal epileptic seizures in the cerebral cortex is well established, reliable, and allows the study of neuronal–astrocytic interactions in vivo [14,17]. The cerebral cortex contains a large number of astrocytes and allows easy local administration of any agents including 4-AP and CBX from the dorsal surface. Such administration is not required histological control. Thus, intracortical administration of 4-AP was the most appropriate for in vivo experiments. In in vitro experiments the use of surviving hippocampal slices was the most appropriate.



During in vivo experiments we administered 4-AP intracortically, waited for extracellularly recorded epileptiform spike-wave activity (SWA) episodes, and injected CBX into the same epileptic zone. Experiments showed that the latent periods of the onset of episodes of SWA in rats were significantly increased by CBX (Figure 3C), while the total duration of episodes of SWA over the epoch of analysis were greatly reduced by CBX (Figure 3B). The other parameters of epileptiform activity (mean durations and the number of episodes of SWA, Figure 3D,E) were not quite representative because in rats of experimental group 1 some episodes of epileptic activity were transferred to status epilepticus (Figure 3A). At the same time, it was shown that the instantaneous repetition rate of SWA (Figure 3F) did not depend on intracortical microinjections of saline or CBX and has been completely determined by microinjection of 4-AP. These in vitro and in vivo results, taken together, suggest the possible involvement of astrocytic GJs in “in vivo” epileptiform activity in astrocytes and (indirectly, through space clamp) in neurons.



Epileptic activity leads to an increase in extracellular potassium concentration. Using the 4-AP-induced acute seizure model, it has been repeatedly investigated how extracellular potassium modulates epileptic seizure both in vivo and in vitro. It has been observed that moderately elevated potassium increases the duration of seizures and shortens interictal intervals, as well as depolarizing the resting membrane potential of neurons. However, when the extracellular potassium concentration reaches a certain value, paroxysmal events are blocked, and neurons become depolarized. This concentration-dependent dual effect is observed in vivo and in vitro, as well as in human neocortical tissue resected during epilepsy surgery [19].



Summarizing in one scheme (Figure 4), astrocytes interconnected by GJs disperse the excessive release of neuronal K+ (the uptake is concentrated in the excessive K+ zone and the release in the less-depolarized zone), thus balancing extracellular K+ and releasing the excess through astrocyte endfeet enwrapping the vessel [18,20]. During epileptic synchronization, this clamping activity of the astrocytes becomes impossible because of the synchronous release of K+ at all sites simultaneously. This leads to the uncontrollable accumulation of K+ extracellularly and local depolarization of neurons, producing synchronous ictal seizure. To reignite the K+ space clamp, the astrocytes must be disconnected with GJ blockers.



It is possible that these effects of CBX depend not only on its ability to inhibit GJs but also on some other, as yet unknown, properties. GJ blockers, including CBX, are not highly selective. Thus, CBX induces reversible suppression of spontaneous discharges of action potentials, synaptic currents, and synchronized calcium oscillations in hippocampal neurons [21]. CBX also inhibits oscillatory activity induced by the GABA antagonist bicuculline. All of these effects have been shown to be unrelated to astrocyte GJs.



It can be assumed that CBX acts not only on astrocytic but also on interneuronal GJs [22,23]. This conclusion was made on the basis of studies in which quinine or mefloquine were used in parallel with CBX, which are more selective and specific blockers of neuronal connexins, in particular of Cx36 [12,22,24]. All of these blockers have similar effects both in vivo and in vitro. Since Cx36 is expressed predominantly in GABAergic interneurons, it is possible that GJ inhibitors disrupt the inhibitory activity of neurons, and thereby suppress epileptic activity [23,25].



Unfortunately, GJs between neurons can be affected by CBX as well, presenting a chicken-and-egg problem and offering no explanation as to the initial cause of epileptic synchronicity in neurons or astrocytes. Moreover, CBX can affect chemical synaptic transmission as well. Thus, it was shown that in coronary thalamocortical slices of Wistar rats, paired impulse depression (PPD) is reduced by CBX [18]. This probably speaks to the effect of CBX directly on synaptic transmission, and this effect could contribute to the antiepileptic properties of CBX [18].



However, it should be remembered that there are no pharmacological agents that strictly affect only one link in numerous intercellular interactions, and CBX is no exception. The physiological activity of CBX is probably not limited to GJ inhibition, and we cannot yet rule out the possibility that CBX also affects synaptic transmission. At the same time, it is known that the elimination of specific interneurons probably causes disruption of inhibitory processes in the cortex [13]. The opposite can also be assumed: a specific intervention in certain parts of neural circuits can effectively suppress epileptic activity. The concentration of extracellular potassium indiscriminately affects synaptic transmission, but the sensitivity of different neurons to extracellular potassium is different. Among other things, this is most likely a consequence of the difference in the spread of epileptic activity at different potassium concentrations [26,27]. GABAergic interneurons seem to play a key role in these processes. However, they manifest themselves differently in different neural circuits [1,28,29]. GABAergic neurons can have both inhibitory and shunting properties, and the manifestation of these properties depends on many factors [1,30]. The possible impact of CBX on these processes is unclear and requires more research.



Another key role of the interaction between neurons and astrocytes in the formation of an epileptic focus was shown in a comprehensive study on guinea pigs [28,29]. It has been demonstrated that a group of neurons-carriers of pathological activity, activates astrocytes, which leads to the formation of an ictal event. At the same time, astrocytes likely play a key role in initiating seizures, not only in pathological, but also in normal brain tissue. This specificity of neuroglial interaction makes it the main target for the development of new pharmacological agents aimed at selectively interfering with ictogenesis.



On the cellular level it was also shown that the proteins of the gap junction subunits connexin 43 and 30 provide the transport of glucose and its metabolites through the astrocytic syncytium. This glucose transport is regulated by AMPA receptor-mediated glutamatergic synaptic activity. A low level of extracellular glucose causes activation of the delivery of glucose or lactate to astrocytes, which, in the presence of working gap junction, supports glutamatergic synaptic transmission and epileptiform activity [31].



There is a well-founded hypothesis that gap junctions of astrocytes contribute to the spatial buffering of potassium [31]. Genetically modified mice deficient in connexin 43 and connexin 30 are a convenient model to explore this concept [31]. It has been demonstrated that gap junctions between astrocytes accelerate potassium clearance and limit potassium accumulation during synchronized excitation of neurons [32]. In the surviving brain slices of such mice, a reduced threshold for the generation of epileptiform events is observed. In addition, an abnormally high astrocyte capacity for K+ is retained in mice with gap junctions deficient between astrocytes, indicating that gap junction-dependent processes only partially explain potassium buffering [31,32].



Genetically modified mice with inactivation of the Tsc1 gene in astrocytes show reduced expression connexin, Cx43. This leads to the pathology of gap junctions between astrocytes. Experiencing sections of the hippocampus of these mice showed an increased concentration of extracellular potassium in response to stimulation [33]. This impairment of potassium buffering is likely due to abnormal astrocytic gap junctions, since the gap junction inhibitor causes an additional increase in potassium concentration in controls, but not in genetically modified animals. In this way, inactivation of the Tsc1 gene in astrocytes causes defects in astrocytic gap junctions and potassium clearance, which may contribute to the development of epilepsy in this strain of mice [33].



Evidence was received that the disruption of intercellular communication through gap junctions of astrocytes is a key event in epileptogenesis. Hyperthermia (HT) causes seizures in mice, as well as a decrease in the expression of the protein connexin 43 and, accordingly, a decrease in gap junctions between astrocytes in the hippocampus by more than 50%. This process is not accompanied by the death of neurons and astrocytes [34].



Finally, it was shown that, possibly, in a 4-AP model of epilepsy in vitro, disruption of the connexin 36 is not critical for the generation of epileptiform discharges in GABA-ergic neural circuit. Hence, the antiepileptic effects of CBX may be directly due to blockade of GABA receptors rather than connexin 36-based gap junction inhibition [34].



Many forms of epilepsy are associated with disruption of GABAergic interneurons responsible for inhibition within the cortical neural circuits. Many GABAergic neurons are interconnected by gap junctions that can be effectively blocked by CBX. If this is the case, then, in all likelihood, CBX reduces the activity of inhibitory neurons and thereby intensifies the generation of synchronized epileptiform discharges. Thus, perhaps the effect of CBX is dual in nature: it supports epileptiform activity by inactivating GABAergic inhibitory neurons, and, at the same time, induces an antiepileptic effect through other cellular mechanisms. Moreover, there was evidence that the presence of connexin 36 is not a critical requirement for 4-AP-induced epileptiform interneuron synchronization [35]. It has been demonstrated that the antiepileptic effect of CBX on 4-AP-induced epileptiform activity may be caused, not by connexin 36-based gap junction blockade, but by direct action on postsynaptic GABA-A receptors [35]. These results may change the interpretation of studies showing antiepileptic activity of CBX. The authors of this study concluded that suppression of epileptiform activity by CBX should not be regarded as uniquely caused by inhibition of gap junctions [35].



Thus, the experimental data on the antiepileptic effect of CBX are ambivalent. The antiepileptic effect of CBX can apparently be considered proven, but the manifestations of this effect can depend on a number of factors, and in some cases, to a large extent, leveled out. It is logical to assume that this effect may have a multifactorial biological basis. The aim of further research should be to elucidate all the elements of CBX action on the glial-neuronal complex.



CBX has been shown to reduce the epileptiform activity induced by 4-AP or cesium application or by exclusion of Mg2+ from the medium of hippocampal slices [36,37,38]. Systemic administration of CBX in vivo reduced the duration of pentylenetetrazole (PTZ)-induced chronic epileptic seizures [39]. The same effects were observed in audiogenic seizures in a genetic model of epilepsy in rats [10]. However, in all likelihood, systemic administration of CBX does not affect the number and duration of spike-wave discharges in a genetic animal model in the absence of epilepsy. These results, combined with ours, leave no doubt that CBX has significant EPI effects. It can be considered proven that this effect is achieved through its influence on GJs, but understanding the mechanism of this influence requires further research.




4. Materials and Methods


In total, 24 adult Wistar rats (male, 250–350 g, 3–5 months for in vivo, and 20–30 days for in vitro experiments) were used. Ten male rats, which were originally obtained from the Animal Resource Center, Universidad Central del Caribe (Bayamon, PR, USA) and maintained in the Animal Facility of the same institution, were used for in vitro experiments. Fourteen animals were used for in vivo experiments and were obtained from the Rappolovo Animal Facility, Russian Academy of Medical Sciences (St. Petersburg, Russia) and maintained in the Saint Petersburg State University animal facility. All procedures involving rodents were conducted in accordance with the National Institutes of Health (NIH) regulations concerning the use and care of experimental animals and approved by the UCC Institutional Animal Care and Use Committee (IACUC, for in vitro experiments, approval #10-XI-00) and the Ethical Committee for Animal Research of Saint Petersburg State University (for in vivo experiments, approval #131-03-4). All surgical procedures were performed using sterile/aseptic techniques in accordance with institutional and NIH guidelines, and the animals were anesthetized in all procedures involving surgery and before euthanasia.



4.1. In Vitro Experiments on Brain Slices


4.1.1. Brain Slice Preparation and Patch-Clamp


In total, 10 rats at 30–60 days of age were rapidly decapitated. Hippocampal slices (400 μM) were prepared using a vibratome (VT1000S, Leica Microsystems GmbH, Wetzlar, Germany) in artificial cerebrospinal fluid (ACSF), containing (in mM) 127 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 2 CaCl2, 1 MgCl2, and 25 d-glucose, ice cold, saturated with a 95% O2/5% CO2 gas mixture at pH 7.4. A total of 16 slices from 10 different animals were used. Slices were perfused (0.1 mL/s) with the same ACSF at room temperature. For whole-cell recordings, membrane currents and voltages were measured with the single-electrode patch-clamp technique. Cells were visualized using an Olympus infrared microscope fixed on an X-Y stage (Narishige Int. Group, Tokyo, Japan) and equipped with differential interference contrast (model BX51WI, Olympus, Japan). Two piezoelectric micromanipulators (MX7500 with MC-1000 drive, Siskiyou, Inc., Grants Pass, OR, USA) were used for voltage-clamp and current-clamp recording. All manipulators and the microscope were separately fixed to an anti-vibration table (VH-AM, Newport Corporation, Irvine, CA, USA). A MultiClamp 700 A patch-clamp amplifier with a DigiData 1322 A interface (Molecular Devices, Inc., Sunnyvale, CA, USA) was used for recording and stimulation. The pClamp-10 software package (Molecular Devices, Inc., San Jose, CA, USA) was used for data acquisition and analysis. Borosilicate glass pipettes (O.D., 1.5 mm; I.D., 1.0 mm; World Precision Instruments, Sarasota, FL, USA) were pulled to a final resistance of 8–10 MΩ for astrocyte recordings in four steps using a P-97 puller (Sutter Instrument Co., Novato, CA, USA). Electrodes were filled with the following solution (in mM): 130 K-gluconate, 10 Na-gluconate, 4 NaCl, 4 phosphocreatine, 0.3 GTP-Na2, 4 Mg-ATP, and 10 HEPES, and the pH was adjusted to 7.2 with KOH. Astrocyte recordings were acquired only if the membrane potential (MP) was negative, up to −80 mV, and there was low input resistance (<20 MΩ) [14]. Experiments with a brain section and electrodes were performed using a difference in interference contrast (DIC) infrared video monitoring system (Figure 1C,D). Constant video monitoring, as well as constant control of electrophysiological parameters, allowed us to monitor cell patch conditions. A special perfusion system allowed us to rapidly apply different ACSF-based solutions containing 4-AP, CBX, or a mixture of the two.



To record GJ currents between astrocytes, we patch-clamped two nearby astrocytes simultaneously in voltage-clamp mode and applied a meander voltage (+/−100 mV) to one of them while recording inverted currents in the other. This inverted current was recognized as the GJ current, summed from all GJs between the cells connected in the syncytium.



An additional isolated voltage amplifier (DP-301, Warner instruments, Holliston, MA, USA) and an additional manual MN4 manipulator (Narishige Int. Group, Tokyo, Japan) were used to connect a standard low-resistance electrode to record the local field potentials (LFPs) extracellularly (filtered at 0.1 Hz with a high-pass filter) in the slice.




4.1.2. Chemicals and Materials


All chemicals and materials not specially mentioned were purchased from Sigma-Aldrich (Sigma-Aldrich, Saint Louis, MO, USA).




4.1.3. Statistics and Measurements


GraphPad Prism 7.03 (GraphPad Software, Inc., La Jolla, CA, USA) was used for calculations of the Kolmogorov–Smirnov normality test, the ordinary t-test, and one-way analysis of variance (ANOVA) to determine statistical differences, as indicated for each experiment. Values were determined to be significantly different if the p-value was <0.05.





4.2. In Vivo Experiments


For in vivo experiments,14 adult rats (Wistar male, 250–350 g, 3–5 months) were implanted with a block of electrodes for recording an electrocorticogram (ECoG) and a cannula for the intracortical introduction of substances [40]. The type of metal electrode block, as well as the electrode and cannula implantation procedure, was described previously [36]. Two blocks of ECoG intracranial electrodes were implanted under general anesthesia (100 mg/kg Zoletil intraperitoneally in combination with 0.2 mg/kg xylazine, intramuscularly); coordinates are given in millimeters relative to the bregma: AP = from +2.5 to –2.5 mm; L = ±1.5 mm, and the reference electrode (silver plate with an area of 2 mm2) was placed under the occipital bone at p = –8.5. Rats also were implanted with a stainless-steel guide cannula (g23, d = 0.6 mm), which was used to insert an injection cannula (g30, d = 0.3 mm). The cannula was inserted into the brain (AP = –0.5; L = 0.7) to a depth of 1.5 mm (Figure 5A–C).



The carbenoxolone (CBX) molecule is polar and relatively large, so it has very poorly crossing the blood–brain barrier [42]. Other studies show that CBX does not cross the blood–brain barrier at all [43]. This applies to both intraperitoneal and intravenous CBX. In addition, CBX is metabolized differently in different parts of the body, and together produces a large number of different metabolites [42]. In any case, the system administration of CBX is inadequate for studying the effects on the targets in the central nervous system. 4-Aminopyridine (4-AP) is used intravenously and orally to relieve symptoms of Eaton–Lambert syndrome, multiple sclerosis, Huntington’s chorea, Alzheimer’s disease, and some other neurological disorders [44]. However, to obtain focal epileptic seizures, an adequate dose of 4-AP must be injected locally into the brain tissue [45,46]. Thus, within the framework of our research task, there is no alternative to the methods of administration of CBX and 4-AP.



After surgical procedures, the rats were allowed to recover, and ECoG recording experiments were started no earlier than 3 days later. During ECoG recording, the rat was in the experimental box engaging in free behavior. Simultaneously with ECoG registration, video recording of the animal’s behavior was carried out. Episodes of sleep, wakefulness, grooming, exploratory activity, and convulsive states were noted.



The animals were divided into control (n = 4) and two experimental groups (Figure 5D): group 1 (“saline + 4-AP”, n = 6) and group 2 (“CBX + 4-AP”, n = 6). The rats of the control group received intracortical administration of saline (0.9% NaCl) or CBX (50 mM, 4 µL, Sigma-Aldrich, Saint Louis, MO, USA, diluted in 0.9% NaCl solution). Rats of the “saline + 4-AP” group (group 1) received intracortical administration of saline 30 min before the induction of epileptic activity by administration of 4-AP (25 mM, 2 µL, Sigma-Aldrich, USA). The animals of the “CBX + 4-AP” group (group 2) received intracortical administration of CBX (50 mM, 4 µL) 30 min before epileptogenic injection of 4-AP.



Similar doses of 4-AP have been used by various researchers for intracortical administration in models of induced focal epilepsy, in vivo, and on neocortical slices [40,47,48]. CBX is administered at doses up to 100 mg/kg in various epilepsy models [49]. As shown by our and other works [11,40,50], the latent period of seizure development with cortical administration of 4-AP is 20 to 30 min. In the present work, we were interested in whether CBX administration would prevent the development of seizures or significantly attenuate them. Therefore, we chose a 30 min interval between CBX and 4-AP administration.



In animals of all groups, 3 days after implantation of electrodes, a 3 h background ECoG was recorded, which made it possible to exclude manifestations of spontaneous epileptiform activity and/or manifestations of post-traumatic epilepsy. One day after the background activity was recorded, an experiment with intracortical administration was carried out. In each experiment, at the beginning a background ECoG was recorded for 60 min. After that, intracortical administration of saline (group 1) or CBX (group 2) was carried out; 30 min later, 2 μL of 25 mM 4-AP was injected in both experimental groups, and the ECoG recording continued for another 1.5 h.



The experimental setup consisted of an amplifier (x1000 gain, USF-8; Beta Telecom, St. Petersburg, Russia) and an L-791 (L-CARD) analog-to-digital converter. Data processing was carried out using Bioactivity Recorder v5.9.2 (Sibarov Biotechnologies, St. Petersburg, Russia) and Clampfit 10.2 (Molecular Devices, Toronto, Canada). Latent periods of onset and duration of episodes of spike-wave activity after 4-AP were analyzed in the two groups. Comparative statistical analysis of data was carried out using GraphPad Prism 7.03 software (GraphPad Software, Inc., La Jolla, CA, USA). We used the Kolmogorov–Smirnov test for data distribution normality and the two-tailed unpaired Mann–Whitney test for two-group comparison. Differences between groups were tested using two-way ANOVA. Values were determined to be significantly different if the p-value was <0.05.





5. Conclusions


As a result of the experiments carried out here, we can confidently say that premedication with CBX in the 4-AP model of epilepsy leads to a decrease in latency period and total seizure duration and also leads to prevention of the development of status epilepticus. Intracortical administration of CBX does not affect the instantaneous repetition rate of spike waves in seizures of epileptiform activity. Our in vitro results confirm that CBX reversibly blocks epileptiform activity in living rat hippocampal slices. Despite the fact that the full mechanism of suppression of epileptic activity by CBX remains unclear, it is highly likely that the astrocytic syncytium plays a role in this mechanism, and suppression of synchronized activity is mediated through an ultrahigh concentration of extracellular potassium. It is likely that specific regulators of GJ activity in astrocytes, especially those more selective then CBX, have great potential in antiepileptic therapy and should be the subject of future studies.



The content is solely the responsibility of the authors and does not necessarily represent the official views of the founders.







Author Contributions


M.I.: conceptualization; M.I., A.V. and V.T. designed the research; A.V. and O.G. performed the in vivo research; M.I., G.E.V.-C. and J.M.A. performed the in vitro research; M.I., A.V., A.I. and V.T. analyzed the data and wrote the paper. The authors declare that they have no competing financial interests. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by Universidad Central Del Caribe (UCC), by the Alliance-NIGMS-NIH Award number U54GM133807 (to MI and JMA), US Department of Education Title V Grant Award#P031S160068 and MAC-FRED Program 2018 (to JMA), and by St. Petersburg State University Project Grant ID 73022475 (to A.V).




Institutional Review Board Statement


All procedures involving rodents were conducted in accordance with the National Institutes of Health (NIH) regulations concerning the use and care of experimental animals and approved by the UCC Institutional Animal Care and Use Committee (IACUC, for in vitro experiments, approval #10-XI-00) and the Ethical Committee for Animal Research of Saint Petersburg State University (for in vivo experiments, approval #131-03-4). All surgical procedures were performed using sterile/aseptic techniques in accordance with institutional and NIH guidelines, and the animals were anesthetized in all procedures involving surgery and before euthanasia.




Acknowledgments


The authors thank Paul Todd for his help with editing the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Khazipov, R. GABAergic Synchronization in Epilepsy. Cold Spring Harb. Perspect. Med. 2016, 6, a022764. [Google Scholar] [CrossRef] [PubMed]

	



Jin, M.M.; Zhong, C. Role of gap junctions in epilepsy. Neurosci. Bull. 2011, 27, 389–406. [Google Scholar] [CrossRef]

	



Skatchkov, S.N.; Bukauskas, F.F.; Benedikt, J.; Inyushin, M.; Kucheryavykh, Y.V. Intracellular spermine prevents acid-induced uncoupling of Cx43 gap junction channels. Neuro Rep. 2015, 26, 528–532. [Google Scholar] [CrossRef]

	



Vitorín, J.F.E.; Pontifex, T.K.; Burt, J.M. Determinants of Cx43 Channel Gating and Permeation: The Amino Terminus. Biophys. J. 2016, 110, 127–140. [Google Scholar] [CrossRef]

	



de Curtis, M.; Manfridi, A.; Biella, G.R. Activity-Dependent pH Shifts and Periodic Recurrence of Spontaneous Interictal Spikes in a Model of Focal Epileptogenesis. J. Neurosci. 1998, 18, 7543–7551. [Google Scholar] [CrossRef]

	



Onodera, M.; Meyer, J.; Furukawa, K.; Hiraoka, Y.; Aida, T.; Tanaka, K.; Tanaka, K.F.; Rose, C.R.; Matsui, K. Exacerbation of Epilepsy by Astrocyte Alkalization and Gap Junction Uncoupling. J. Neurosci. 2021, 41, 2106–2118. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.H.; Magge, S.; Spencer, D.D.; Sontheimer, H.; Cornell-Bell, A.H. Human epileptic astrocytes exhibit increased gap junction coupling. Glia 1995, 15, 195–202. [Google Scholar] [CrossRef]

	



Du, M.; Li, J.; Chen, L.; Yu, Y.; Wu, Y. Astrocytic Kir4.1 channels and gap junctions account for spontaneous epileptic seizure. PLoS Comput. Biol. 2018, 14, e1005877. [Google Scholar] [CrossRef]

	



Binder, D.K.; Steinhäuser, C. Astrocytes and Epilepsy. Neurochem. Res. 2021, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Gareri, P.; Condorelli, D.; Belluardo, N.; Russo, E.; Loiacono, A.; Barresi, V.; Trovato-Salinato, A.; Mirone, M.B.; Ibbadu, G.F.; De Sarro, G. Anticonvulsant effects of carbenoxolone in genetically epilepsy prone rats (GEPRs). Neuropharmacology 2004, 47, 1205–1216. [Google Scholar] [CrossRef]

	



Medina-Ceja, L.; Cordero-Romero, A.; Morales-Villagrán, A. Antiepileptic effect of carbenoxolone on seizures induced by 4-aminopyridine: A study in the rat hippocampus and entorhinal cortex. Brain Res. 2008, 1187, 74–81. [Google Scholar] [CrossRef] [PubMed]

	



Connors, B. Tales of a Dirty Drug: Carbenoxolone, Gap Junctions, and Seizures. Epilepsy Curr. 2012, 12, 66–68. [Google Scholar] [CrossRef] [PubMed]

	



Plata, A.; Lebedeva, A.; Denisov, P.; Nosova, O.; Postnikova, T.Y.; Pimashkin, A.; Brazhe, A.; Zaitsev, A.V.; Rusakov, D.A.; Semyanov, A. Astrocytic Atrophy Following Status Epilepticus Parallels Reduced Ca2+ Activity and Impaired Synaptic Plasticity in the Rat Hippocampus. Front. Mol. Neurosci. 2018, 11, 215. [Google Scholar] [CrossRef]

	



Volnova, A.; Tsytsarev, V.; Ptukha, M.; Inyushin, M. In Vitro and In Vivo Study of the Short-Term Vasomotor Response during Epileptic Seizures. Brain Sci. 2020, 10, 942. [Google Scholar] [CrossRef]

	



Stephan, J.; Eitelmann, S.; Zhou, M. Approaches to Study Gap Junctional Coupling. Front. Cell. Neurosci. 2021, 15, 640406. [Google Scholar] [CrossRef] [PubMed]

	



Varela, C.; Llano, D.A.; Theyel, B.B. An Introduction to In Vitro Slice Approaches for the Study of Neuronal Circuitry. Neuromethods 2011, 67, 103–125. [Google Scholar] [CrossRef]

	



Abrahamsson, T.; Lalanne, T.; Watt, A.J.; Sjostrom, P.J. In Vitro Investigation of Synaptic Plasticity. Cold Spring Harb. Protoc. 2016, 2016. [Google Scholar] [CrossRef]

	



Inyushin, M.; Kucheryavykh, L.Y.; Kucheryavykh, Y.V.; Nichols, C.G.; Buono, R.J.; Ferraro, T.; Skatchkov, S.N.; Eaton, M.J. Potassium channel activity and glutamate uptake are impaired in astrocytes of seizure-susceptible DBA/2 mice. Epilepsia 2010, 51, 1707–1713. [Google Scholar] [CrossRef]

	



Wang, L.; Dufour, S.; Valiante, T.A.; Carlen, P.L. Extracellular Potassium and Seizures: Excitation, Inhibition and the Role of Ih. Int. J. Neural Syst. 2016, 26, 1650044. [Google Scholar] [CrossRef]

	



Inyushin, M.Y.; Huertas, A.; Kucheryavykh, Y.V.; Kucheryavykh, L.Y.; Tsydzik, V.; Sanabria, P.; Eaton, M.J.; Skatchkov, S.N.; Rojas, L.V.; Wessinger, W.D. L-DOPA Uptake in Astrocytic Endfeet Enwrapping Blood Vessels in Rat Brain. Park. Dis. 2012, 2012, 1–8. [Google Scholar] [CrossRef]

	



Rouach, N.; Segal, M.; Koulakoff, A.; Giaume, C.; Avignone, E. Carbenoxolone Blockade of Neuronal Network Activity in Culture is not Mediated by an Action on Gap Junctions. J. Physiol. 2003, 553, 729–745. [Google Scholar] [CrossRef]

	



Minlebaev, M.; Ben-Ari, Y.; Khazipov, R. Network Mechanisms of Spindle-Burst Oscillations in the Neonatal Rat Barrel Cortex In Vivo. J. Neurophysiol. 2007, 97, 692–700. [Google Scholar] [CrossRef]

	



Ventura-Mejía, C.; Medina-Ceja, L. Decreased Fast Ripples in the Hippocampus of Rats with Spontaneous Recurrent Seizures Treated with Carbenoxolone and Quinine. BioMed Res. Int. 2014, 2014, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Voss, L.J.; Jacobson, G.; Sleigh, J.W.; Steyn-Ross, A.; Steyn-Ross, M. Excitatory effects of gap junction blockers on cerebral cortex seizure-like activity in rats and mice. Epilepsia 2009, 50, 1971–1978. [Google Scholar] [CrossRef] [PubMed]

	



Ran, X.; Xiang, J.; Song, P.-P.; Jiang, L.; Liu, B.-K.; Hu, Y. Effects of gap junctions blockers on fast ripples and connexin in rat hippocampi after status epilepticus. Epilepsy Res. 2018, 146, 28–35. [Google Scholar] [CrossRef]

	



Chizhov, A.V.; Amakhin, D.V.; Zaitsev, A.V. Spatial propagation of interictal discharges along the cortex. Biochem. Biophys. Res. Commun. 2018, 508, 1245–1251. [Google Scholar] [CrossRef] [PubMed]

	



Chizhov, A.V.; Amakhin, D.; Zaitsev, A.V. Mathematical model of Na-K-Cl homeostasis in ictal and interictal discharges. PLoS ONE 2019, 14, e0213904. [Google Scholar] [CrossRef]

	



Gómez-Gonzalo, M.; Losi, G.; Chiavegato, A.; Zonta, M.; Cammarota, M.; Brondi, M.; Vetri, F.; Uva, L.M.; Pozzan, T.; de Curtis, M.; et al. An Excitatory Loop with Astrocytes Contributes to Drive Neurons to Seizure Threshold. PLoS Biol. 2010, 8, e1000352. [Google Scholar] [CrossRef]

	



Gómez-Gonzalo, M.; Losi, G.; Brondi, M.; Uva, L.; Sato, S.S.; de Curtis, M.; Ratto, G.M.; Carmignoto, G. Ictal but Not Interictal Epileptic Discharges Activate Astrocyte Endfeet and Elicit Cerebral Arteriole Responses. Front. Cell. Neurosci. 2011, 5, 8. [Google Scholar] [CrossRef]

	



Khazipov, R.; Valeeva, G.; Khalilov, I. Depolarizing GABA and Developmental Epilepsies. CNS Neurosci. Ther. 2014, 21, 83–91. [Google Scholar] [CrossRef]

	



Wallraff, A.; Köhling, R.; Heinemann, U.; Theis, M.; Willecke, K.; Steinhäuser, C. The Impact of Astrocytic Gap Junctional Coupling on Potassium Buffering in the Hippocampus. J. Neurosci. 2006, 26, 5438–5447. [Google Scholar] [CrossRef] [PubMed]

	



Pannasch, U.; Vargová, L.; Reingruber, J.; Ezan, P.; Holcman, D.; Giaume, C.; Syková, E.; Rouach, N. Astroglial networks scale synaptic activity and plasticity. Proc. Natl. Acad. Sci. USA 2011, 108, 8467–8472. [Google Scholar] [CrossRef] [PubMed]

	



Xu, L.; Zeng, L.-H.; Wong, M. Impaired astrocytic gap junction coupling and potassium buffering in a mouse model of tuberous sclerosis complex. Neurobiol. Dis. 2009, 34, 291–299. [Google Scholar] [CrossRef] [PubMed]

	



Khan, D.; Dupper, A.; Deshpande, T.; De Graan, P.N.E.; Steinhäuser, C.; Bedner, P. Experimental febrile seizures impair interastrocytic gap junction coupling in juvenile mice. J. Neurosci. Res. 2016, 94, 804–813. [Google Scholar] [CrossRef] [PubMed]

	



Beaumont, M.; Maccaferri, G. Is connexin36 critical for GABAergic hypersynchronization in the hippocampus? J. Physiol. 2011, 589, 1663–1680. [Google Scholar] [CrossRef]

	



Ross, F.; Gwyn, P.; Spanswick, D.; Davies, S. Carbenoxolone depresses spontaneous epileptiform activity in the CA1 region of rat hippocampal slices. Neuroscience 2000, 100, 789–796. [Google Scholar] [CrossRef]

	



Köhling, R.; Gladwell, S.; Bracci, E.; Vreugdenhil, M.; Jefferys, J. Prolonged epileptiform bursting induced by 0-Mg2+ in rat hippocampal slices depends on gap junctional coupling. Neuroscience 2001, 105, 579–587. [Google Scholar] [CrossRef]

	



Manjarrez-Marmolejo, J.; Franco-Pérez, J. Gap Junction Blockers: An Overview of their Effects on Induced Seizures in Animal Models. Curr. Neuropharmacol. 2016, 14, 759–771. [Google Scholar] [CrossRef]

	



Hosseinzadeh, H.; Asl, M.N. Anticonvulsant, sedative and muscle relaxant effects of carbenoxolone in mice. BMC Pharmacol. 2003, 3, 3. [Google Scholar] [CrossRef]

	



Kalinina, D.; Vasilev, D.; Volnova, A.; Nalivaeva, N.N.; Zhuravin, I.A. Age-Dependent Electrocorticogram Dynamics and Epileptogenic Responsiveness in Rats Subjected to Prenatal Hypoxia. Dev. Neurosci. 2019, 41, 56–66. [Google Scholar] [CrossRef]

	



Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates, 6th ed.; Elsevier Science Publishing Co Inc.: San Diego, CA, USA, 2006; ISBN 9780125476126. [Google Scholar]

	



Poklis, J.L.; Gonek, M.M.; Wolf, C.E.; Akbarali, H.I.; Dewey, W.L. Analysis of carbenoxolone by ultra-performance liquid chromatography tandem mass spectrometry in mouse brain and blood after systemic administration. Biomed. Chromatogr. 2018, 33, e4465. [Google Scholar] [CrossRef]

	



Leshchenko, Y.; Likhodii, S.; Yue, W.; Burnham, W.M.; Velazquez, J.L.P. Carbenoxolone does not cross the blood brain barrier: An HPLC study. BMC Neurosci. 2006, 7, 3. [Google Scholar] [CrossRef]

	



Kostadinova, I.; Danchev, N. 4-aminopyridine the new old drug for the treatment of neurodegenerative diseases. Pharmacia 2019, 66, 67–74. [Google Scholar] [CrossRef]

	



Takeshita, D.; Bahar, S. Synchronization analysis of voltage-sensitive dye imaging during focal seizures in the rat neocortex. Chaos: Interdiscip. J. Nonlinear Sci. 2011, 21, 047506. [Google Scholar] [CrossRef] [PubMed]

	



Bahar, S.; Suh, M.; Zhao, M.; Schwartz, T.H. Intrinsic optical signal imaging of neocortical seizures: The ‘epileptic dip’. NeuroReport 2006, 17, 499–503. [Google Scholar] [CrossRef]

	



Zhao, M.; Alleva, R.; Ma, H.; Daniel, A.; Schwartz, T.H. Optogenetic tools for modulating and probing the epileptic network. Epilepsy Res. 2015, 116, 15–26. [Google Scholar] [CrossRef] [PubMed]

	



Wong, M.; Yamada, K.A. Developmental characteristics of epileptiform activity in immature rat neocortex: A comparison of four in vitro seizure models. Dev. Brain Res. 2001, 128, 113–120. [Google Scholar] [CrossRef]

	



Gigout, S.; Louvel, J.; Pumain, R. Decrease of neocortical paired-pulse depression in GAERS and possible implication of gap junctions. Neurosci. Lett. 2015, 584, 302–307. [Google Scholar] [CrossRef] [PubMed]

	



Szente, M.; Gajda, Z.; Ali, K.S.; Hermesz, E. Involvement of electrical coupling in the in vivo ictal epileptiform activity induced by 4-aminopyridine in the neocortex. Neuroscience 2002, 115, 1067–1078. [Google Scholar] [CrossRef]








[image: Ijms 23 00663 g001 550] 





Figure 1. Synchronous activity of two astrocytes and neurons in the CA1 zone of the rat hippocampus after short-term application of 2 mM 4-AP: (A). Currents recorded from hippocampal astrocytes 1 and 2 (top panel) and 1 and 3 (bottom panel). (B). Sketch of the hippocampus with schematic positions of the astrocytes that were monitored in pairs. (C). Infrared image of two astrocytes with electrodes for patch-clamp. (D). Infrared image of a neuron and an astrocyte with electrodes attached for patch-clamp. (E,F). Current and voltage recording from an astrocyte and neuron, respectively. Panel E shows the neuron action potentials (APs), and the synchronous changes in the astrocyte’s membrane potential (Panel F) shows the excitatory postsynaptic potentials (EPSPs) of the neuron, observed during artificial hyperpolarization of the neuron, and synchronous changes in the membrane potential of an astrocyte. (G). Extracellular recording of neuron firing and current changes recorded from an astrocyte (top and bottom, respectively) elicited by 4-AP. 
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Figure 2. Effects of CBX on astrocyte gap junctions and on astrocyte activity elicited by 4-AP: (A). Reduction in gap junction current between astrocytes (lower curve) by application of 300 µM CBX to the bath (see text). (B). Dose–response curve of the CBX effect on inter-astrocyte gap junctions, with error bars representing SD. (C). CBX at a 300 µM concentration simultaneously reduces astrocytic “epileptiform” activity elicited by 4-AP in two astrocytes in the hippocampal slice. 
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Figure 3. (A). Examples of a ECoG records; control group, no spike-wave activity (SWA) after only CBX or saline intracortical injection; group 1, ECoG of status epilepticus in a rat that received 4-AP after saline injection; group 2, seizure of epileptiform spike-wave activity on an ECoG of a rat that received 4-AP after CBX injection. (B). Comparison of the total duration of episodes of SWA over the epoch of analysis; (C). Percentage of animals of experimental groups 1 and 2 without seizure free during 10 min above 4-AP injection (latency to first SWA episode); (D). Comparison of the number of SWA episodes; (E). The mean values of the duration of bursts; (F). Comparison of instantaneous repetition rate in the composition of SWA episodes in rats receiving 4-AP after saline (group 1, “saline + 4-AP”) and in rats receiving 4-AP after administration of CBX (group 2, “CBX + 4-AP”). The abscissa shows the time in minutes. The mean values and errors of the mean are given, and the reliability of the differences was determined by two-way ANOVA, p < 0.0001 (B); The log-rank (Mantel–Cox) test, p < 0.0001 (C); the means ± SD, unpaired Mann–Whitney test, p > 0.05 (D–F). 
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Figure 4. Movement of K+ (dotted arrows) in the astrocytic syncytium and their interaction with neural circuits. Gap junctions play a crucial role in the dispersal of K+ and its buffering by astrocytes. The astrocytic syncytium evens out the concentration of extracellular K+, absorbing it in areas of increased concentration and secreting it in areas of low concentration. Individual astrocytes reduce the concentration of K+ by absorbing it through the Kir1.4 channel, and excess K+ is released into the bloodstream. Intracortically injected 4-AP acts on neurons, causing synchronized epileptiform activity. 
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Figure 5. Experiment design: (A). The rat after surgical implantation; (B). The frontal view of the rat brain (modified from [41]); (C). The cannulas (1) and electrodes (2 and 3) location on the rat’s skull. (D). After surgical implantation of the electrodes and the cannula unit, the background ECoG was recorded, and analyzed 3 days later. CDX, the GJ blocker carbenoxolone, 50 mM, 4 µL; 4-AP, 4-aminopyridine, a K- channel inhibitor, 25 mM, 2 µL (for other explanations, see text). 
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