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Abstract

:

Acid-sensing ion channels (ASICs) are proton-gated ion channels that mediate nociception in the peripheral nervous system and contribute to fear and learning in the central nervous system. Sevanol was reported previously as a naturally-occurring ASIC inhibitor from thyme with favorable analgesic and anti-inflammatory activity. Using electrophysiological methods, we found that in the high micromolar range, the compound effectively inhibited homomeric ASIC1a and, in sub- and low-micromolar ranges, positively modulated the currents of α1β2γ2 GABAA receptors. Next, we tested the compound in anxiety-related behavior models using a targeted delivery into the hippocampus with parallel electroencephalographic measurements. In the open field, 6 µM sevanol reduced both locomotor and θ-rhythmic activity similar to GABA, suggesting a primary action on the GABAergic system. At 300 μM, sevanol markedly suppressed passive avoidance behavior, implying alterations in conditioned fear memory. The observed effects could be linked to distinct mechanisms involving GABAAR and ASIC1a. These results elaborate the preclinical profile of sevanol as a candidate for drug development and support the role of ASIC channels in fear-related functions of the hippocampus.
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1. Introduction


Anxiety disorders are mental conditions of great public health significance that feature excessive and enduring fear, anxiety, or avoidance of perceived threats, and possible panic attacks and can cause social maladaptation and severe disabilities. The management of anxiety disorders can be based on cognitive–behavioral therapy and/or pharmacological intervention. The medical drugs in use include antidepressants (selective serotonin reuptake inhibitors and serotonin–noradrenaline reuptake inhibitors) and benzodiazepines [1]. Benzodiazepines enhance inhibitory neurotransmission mediated by γ-aminobutyric acid (GABA) by acting as positive allosteric modulators of ionotropic GABA receptors (GABAAR). GABAAR are heteromeric pentamers that, in vertebrate nervous systems, can be composed of twenty isoforms (α1-6, β1-4, γ1-3, δ, ε, π, ρ1-3). Popular in the past, benzodiazepines are now being replaced with drugs with fewer side effects and lower risks of abuse [2].



Acid-sensing ion channels (ASICs) are proton-gated ion channels from the degenerin/epithelial sodium channel (ENaC/DEG) superfamily that are abundant in the nervous system. Six subunit isoforms of ASICs (ASIC1a-b, 2, 3, 4) form homo- and heterotrimeric channels that differ in sensitivity to protons and tissue-specific expression [3]. In the periphery, ASIC1a, ASIC2, and, most importantly, ASIC3 contribute to the transduction of mechanical, chemical, and nociceptive signals via sensory neurons and other types of cells. For instance, ASIC3 is required for the development of acute and chronic pain following intramuscular and intraperitoneal injectionsof acid [4]. In the central nervous system (CNS), ASIC channels participate in the cognitive and emotional functions of the brain. ASIC1 channels are abundant in the hippocampus and cerebellar cortex, where they contribute to synaptic plasticity, learning, and memory [5,6]. ASIC1a was detected in the medial amygdala and dorsal periaqueductal gray, which are involved in the generation and expression of innate fear. Genetic deletion of ASIC1a altered neuronal activity in these structures, which was accompanied by reduced unconditioned fear behavior in an open field test, reduced acoustic startle, and inhibited fear response to the predator’s odor [7]. Restoring ASIC1a in the basolateral amygdala of ASIC1a-null mice rescued context-dependent fear memory but not the freezing deficit during training or the unconditioned fear response to predator odor [8]. ASIC1a in the amygdala was associated with fear behavior following inhalation of a high content of carbon dioxide and sensing the subsequent acidosis, which may underlie anxiety and panic disorders [9]. Certain single-nucleotide polymorphisms in the ASIC1 gene are highly represented in individuals with panic disorders and increased reactivity and volume of the amygdala [10,11]. Also, it has beenshown that ASIC1a in the ventral hippocampus is required for the regulation of fear extinction via hippocampal–prefrontal interaction [12].



The distinct role of ASIC1a in anxiety-related processes has led researchers to attempt employing ASIC inhibitors as anxiolytics. Intracerebroventricular (i.c.v.) infusion of the Psalmapoeus cambridgei tarantula venom, which contains a potent inhibitor of ASIC1a, psalmotoxin-1 (PcTx-1), reduced freezing in mice evoked by a predator’s odor but did not affect freezing in ASIC1a-null mice [7]. Amiloride, a non-selective blocker of ENaC/DEG channels, A-317567, a blocker selective to ASICs over other ENaC/DEG channels, and PcTx-1, exhibited differential anxiolytic-like activities that were dependent on the studied model [13].



From a pharmacological point of view, ligands of natural origin are more attractive for the development of drugs with a minimum set of side effects [14]. One is sevanol, a naturally-occurring lignan isolated as a major component of the acidic extract from thyme Thymus armeniacus. Sevanol reversibly inhibits both transient and sustained currents of rat ASIC3 and the current of rat ASIC1a. At doses of 1–10 mg/kg i.v., sevanol demonstrated a pronounced analgesic effect in an acetic acid-induced writhing test and reversed thermal hyperalgesia induced by Complete Freund’s Adjuvant (CFA). Doses of 0.1–1 mg/kg p.o. also significantly relieved paw inflammation induced by CFA [15,16]. Favorable efficacy in vivo indicates the potential of sevanol as an analgesic therapeutic; however, its activity against anxiety-related conditions hasnot been investigated before. In this study, using an optically pure sample of sevanol produced by chemical synthesis, we measured its activity on homomeric ASIC1a in a model of human dopaminergic neurons and on GABAAR in a heterologous expression system. For the first time, we report that sevanol positively modulates α1β2γ2 GABAA receptors. Next, we studied sevanol action in behavioral models relevant to anxiety using the delivery of the drug via cannulas into the hippocampus and simultaneous electroencephalographic recordings. These results provide the first evidence of the possibility of employing sevanol for comorbid anxiety states and investigate the role of ASIC channels in passive avoidance learning.




2. Results


2.1. Preparation and Testing of Optically Pure Sevanol


An efficient scheme for the preparative production of sevanol via chemical synthesis has been previously developed [16,17]. The yielding product was a mixture of diastereomers, sevanol, and isosevanol, in a ratio of 3:1, that differed in the configuration of the C1-C1’ bonds in the dihydronaphthalene core of the molecule (Figure 1A). In order to assess the impact of isosevanol on the biological activity of sevanol alone, diastereomers were separated by a simple and effective scheme using a C18 stationary reversed-phase column for high-performance liquid chromatography (HPLC) in the presence of 0.1% trifluoroacetic acid (TFA). The use of an isocratic elution by 10% acetonitrile was more effective in separating the two nearest diastereomers than a prolonged gradient elution (0.5% solvent B/min) (Figure 1B,C). Eventually, HPLC, in the isocratic mode, allowed the load capacity to be increased 6-fold without lowering the quality of the separation.



The inhibitory activity of optically pure sevanol to rat ASIC1a (rASIC1a) was evaluated with two-electrode voltage-clamp (TEVC) recordings on the channels heterologously expressed in oocytes of Xenopus laevis. rASIC1a currents were elicited by a rapid application of the activating solution with pH 6.0 in a bath conditioning at pH 7.4. Sevanol dose–dependently inhibited pH 6.0-induced currents, achieving the complete block at 600 µM (Figure 2A,B). The fitting of the dose–response data with Hill’s equation gave the concentration of half-maximal inhibition (IC50) equal to 198 ± 19 µM and Hill’s coefficient (nH) equal to 5.0 ± 1.5. This IC50 does not differ significantly from the IC50 obtained earlier for the synthetic mixture of diastereomers in the same testing system (198 ± 19 vs. 227 ± 37 µM [16], p = 0.5054, t-test). Thus, optically pure sevanol shows effective inhibition of heterologously expressed rASIC1a with a potency similar to the synthetic diastereomer mixture.




2.2. Sevanol Effectively Inhibits Endogenous ASIC1a Currents in Neuronal-like Cells


Human neuroblastoma SH-SY5Y differentiated by all-trans-retinoic acid (RA) is broadly used as a model of dopaminergic neurons for the study of neuropathological conditions [18]. Recently, it was shown that RA-treated neuroblastoma abundantly expresses homomeric ASIC1a channels [19], an isoform primary for the CNS, so we further determined the inhibitory effect of sevanol on endogenous channels in this cell line using whole-cell patch–clamp electrophysiology. Sevanol inhibited pH 6.0-induced currents in a manner similar to that of heterologously expressed rASIC1a (Figure 2D). By fitting the dose–response data with Hill’s equation, the IC50 on hASIC1a was calculated as 222 ± 12 µM and nH as 3.67 ± 0.29 (Figure 2C). This IC50 does not differ significantly from the value for rASIC1a (222 ± 12 vs. 198 ± 19 µM, p = 0.3167, t-test). Thus, sevanol effectively inhibits both rat and human ASIC1a with equal potency.




2.3. Currents of α1β2γ2 GABAAReceptor Are Positively Modulated by Sevanol


GABAAR, with the subunit composition α1β2γ2, take the largest share of the population of synaptic neuronal receptors [20]. Therefore, we tested sevanol against mouse α1β2γ2 GABAA receptors heterologously expressed in Xenopus laevis oocytes. The ionic currents were elicited by the rapid application of 5 µM GABA. In the presence of sub- and low micromolar concentrations of sevanol, GABA-induced currents were significantly larger than control currents, indicating a positive modulation of the receptor by the compound (Figure 2F). No receptor activation by the application of sevanol alone was detected. The fitting of the dose–response data to Hill’s equation gave the concentration of half-maximal response (EC50) equal to 0.56 ± 0.04 µM, maximal efficacy (Amax)—137.7 ± 0.6%, and nH—1.15 ± 0.09 (Figure 2E). Interestingly, the effect on GABAAR occurred at concentrations below 50 µM, at which sevanol displayed no inhibitory effect on ASIC1a. In addition, at 100 µM of sevanol (beginning of ASIC1a inhibition), GABA-induced currents did not significantly differ from control; i.e., any modulatory effects could not be detected (Figure 2E,F). This suggests that the mechanism of GABAAR modulation by sevanol is complex and depends on the dose.




2.4. Sevanol Alters Anxiety-Related Behavior in the Open Field and Passive Avoidance Tests


Since both ASIC1a and GABAAR are regulators of anxiety circuits, we hypothesized that sevanol could have a regulatory effect on fear-related states. Hippocampus plays a crucial role in regulating the memory of emotional behavior associated with anxious states [21,22]; therefore, we conducted a series of behavioral studies using an intracerebroventricular injection of sevanol (1 µL) at different concentrations (6 μM and 300 μM) into the hippocampus (Figure 3A).



The exploratory behavior of mice was assessed in the open-field test. With an infrared actimeter (Figure 3B), we observed that 6 μM of sevanol significantly reduced the distance traveled by the awake animals (Figure 3C, light green circles, p = 0.0180), indicating a decrease in global activity (Figure 3D, light green circles, p = 0.0296). Furthermore, 300 μM sevanol did not yield any significant effects compared to the control group, both in terms of distance traveled (Figure 3C, dark green circles, p = 0.1042) and global activity (Figure 3D, dark green circles, p = 0.0711). The number of rearing behaviors did not show significant differences when sevanol was administered at either 6 μM or 300 μM (Figure 3E, light and dark green circles, respectively, p = 0.1238, p = 0.8596). Additionally, we conducted a mechanical counting of fecal boluses (Figure 3F). Significant differences were observed when sevanol was administered at a concentration of 6 μM (Figure 3F, light green circles, p = 0.017), while the difference with the control was insignificant when sevanol was administered at a concentration of 300 μM (Figure 3F, dark green circles, p = 0.571). Also, we analyzed the time spent by the animals in the outer and inner zones of the open field. An increase in the time spent in the inner zone indicates a decreased level of anxiety [23], whereas an increase in the time spent in the outer zone (pressing against the wall or corners of the open field) corresponds to thigmotaxis [24], an indicator of anxiety-associated animal behavior. Mice administered with 6 μM of sevanol spent more time in the outer zone (Figure 3G, light green circles, p = 0.0296 vs. control) compared to mice administered with 300 μM of sevanol (Figure 3G, dark green circles, p = 0.4170), demonstrating higher levels of anxiety compared to the control group.



Next, we assessed the anxiety-related behavior of mice in the passive avoidance test using the shuttle box (Figure 4A). Passive avoidance for rodents is defined as a suppression of an innate preference forthe dark arm of the test box following exposure to an aversive stimulus (foot shock) associated with it. The developed delay before entering the dark arm denotes an avoidance of entering a punished area and is based on Pavlovian fear conditioning [25]. Animals administered with 6 μM of sevanol displayed a retention of the acquired fear, as reflected in the time spent transitioning between the arms. In contrast, mice administered with 300 μM of sevanol showed attenuated avoidance behavior, as compared to the control group (Figure 4B, light and dark green circles, respectively, p = 0.5, p = 0.0296), which implies that the compound disrupts neuronal circuits involved in fear learning. These results show that sevanol exerts a bidirectional regulation of fear-related functions in the hippocampus, which depends on the administered dose and a behavioral paradigm.




2.5. Behavioral Effects of Sevanol Are Paralleled by Alterations in Hippocampal θ Rhythm


To investigate the impact of sevanol on hippocampal rhythmic activity in animals, we recorded hippocampal electroencephalographic (EEG) brain activity during the open field test. The recorded frequencies corresponded to the θ range (5–10 Hz), which is associated with the animal’s movement. The control group of mice exhibited a signal with regular rhythmicity in the θ frequency range, indicating a synchronized θ rhythm [26]. In contrast, animals after sevanol injection of6 and 300 µM showed signals with more irregular rhythmicity in the θ frequency range, mixed with slower (5–7 Hz) and faster (8–10 Hz) θ components, indicating a desynchronized θ signal [27] (Figure 5A).



This observation was quantitatively analyzed by examining the spectral composition of the EEG using discrete Fourier transformation. The running speed of animals under normal conditions without pathologies is closely related to the amplitude and frequency of the θ oscillation [28,29]. In the analysis of EEG in mice administered with sevanol at a concentration of 6 μM, a decrease in signal amplitude in the θ frequency range was observed (Figure 5A,D, light green circles, p = 0.0468), and at certain moments, the signal completely attenuated, corresponding to a decrease in exploratory and locomotor activity of the animal in the open field (Figure 3B–D, light green circles). Mice administered with sevanol at a concentration of 300 μM also showed a decrease in signal amplitude in the θ frequency range (Figure 5A,D, dark green circles, p = 0.0296), while their exploratory and locomotor activity in the open field maintained (Figure 3B–D, dark green circles). Using continuous frequency–time spectrograms and Fourier spectrograms, we determined that mice treated with 6 μM of sevanol exhibited a shift of the θ frequency towards the lower range (Figure 5B,C, light green circles, p = 0.0156). In contrast, mice treated with 300 μM of sevanol showed either no shift or a change towards the higher θ frequency range (Figure 5B,C, dark green circles, p = 0.5).



Also, we conducted additional EEG recordings using GABA. In mice administered with 30 μM of GABA, we observed a decrease in signal amplitude (Figure 5E–G, dark green circles, p = 0.0404) and a reduction in frequency within the low-frequency θ range (Figure 5H, dark green circles, p = 0.0404), the effects similar to those observed for the group challenged with 6 μM of sevanol.





3. Discussion


In this study, we showed that sevanol, an inhibitor of ASIC channels, additionally positively modulates GABAAR. Both neuronal targets are profound for the functioning of CNS and are implicated in the regulation of fear and anxiety. The effect on α1β2γ2 GABAAR was pronounced in sub- and low-micromolar concentrations and was absent at 100 µM, unlike the effect on ASIC1a, which was detectable at this concentration. This led us to an assumption that sevanol could be used as a molecular tool to distinguish the roles of the two molecular targets present in the hippocampus in anxiety-related behavioral models upon the challenge with a low or high dose of the compound.



Positive allosteric modulators of GABAAR are able to demonstrate sedative, anxiolytic, or anticonvulsant effects, tuning inhibitory synaptic signaling throughout the central nervous system [30,31]. An openfield test is often used for the evaluation of the anxiolytic activity of compounds; however, this test produces a great variability in size and even direction of effects of most prescribed anxiolytics, including benzodiazepines [32]. In the open field test, 6 µM of sevanol, a dose active on GABAAR and inactive on ASICs, produced a significant sedative effect (Figure 3), decreasing global activity and traveled distance, together with anxiety-associated animal behavior (increased time in the outer zone and the number of fecal boluses). Reduced locomotor activity of mice and elevated thigmotaxis was paralleled by a desynchronized θ rhythm of the hippocampus with lower amplitudes and a shift to a lower-frequency range, which corresponds well to the recordings obtained with the administration of GABA and confirms that the low dose of sevanol primarily stimulates GABAergic neurotransmission.



At a dose of 300 µM, whichis inactive to α1β2γ2 GABAAR but inhibits ASICs, we did not observe any behavioral changes in the open field, although the shift to lower amplitudes in EEG was detected. Thus, although the inhibition of ASICs definitely interferes with neurotransmission, apparently, this is not manifested in the locomotor activity of mice. As reported previously, ASIC inhibitors or the loss of the ASIC1a gene may have no effect in models that measure baseline fear of open environments, but these compounds could be effective in fear models based on noxious and aversive stimuli [5,13,33,34]. Accordingly, we did not observe significant behavioral effects in the open field test after the treatment with the high dose of sevanol. However, we also should note that, in one study [7], knockout mice showed impaired center avoidance in the open field measured as breaks of center light beams.



In the passive avoidance test, we observed a significant suppression of the avoidance behavior in the group challenged with the high dose of sevanol (Figure 4). ASIC1a channels play a significant role in fear learning and memory [33]. To our knowledge, there are no reports on testing ASIC inhibitors in a passive avoidance model as used in this work; however, some behavioral effects could be expected. In a four-plate test, a somehow similar model of fear conditioning in which the exploratory behavior is suppressed by the delivery of a foot shock, an acute treatment of mice with ASIC1a inhibitors (PcTX-1 and A-317567) produced a significant increase in punished crossings compared with a control group [13]. As suggested previously, ASIC1a can play a role in the processing and coping responses when the animal is exposed to stressful and aversive stimuli [13]. We hypothesize that sevanol produces an amnesia of learned fear via the inhibition of ASICs in distinct hippocampal circuits, which is manifested in the suppression of the passive avoidance of a foot shock.



The discovery of an additional high-affinity target for sevanol could explain previous data on non-linear dose–responses when efficacy in low doses (0.01 mg/kg) was equal or superior to the effects of high doses (1–2.5 mg/kg) in a CFA-induced thermal hyperalgesia test and an acetic acid-induced writhing test [35]. Sevanol has the same effect on human ASIC1a as on rat channels (Figure 2); therefore, results of in vivo experiments corresponding to the inhibition of ASIC1a could possibly be translated to humans. Nevertheless, anxiolytic potential and the variety of effects on humans following treatment by different doses of sevanol via different routes of administration should be unambiguously evaluated only in clinical studies.




4. Materials and Methods


4.1. Synthesis and Purification of Sevanol


Sevanol/isosevanol was produced by chemical synthesis, as described in [17]. The preparation was a mixture of two diastereomers in a ratio of 1:3 (isosevanol:sevanol). The purification was performedby high-performance liquid chromatography (HPLC) using a reversed-phase column Luna C18(2) (250 × 10 mm) (Phenomenex, Torrance, CA, USA) with isocratic elution by 10% acetonitrile with 0.1% trifluoroacetic acid (TFA) or in a slow linear gradient of acetonitrile concentration with 0.1% TFA.




4.2. Cell Culture


Human neuroblastoma SH-SY5Y (CLS Cat# 300154/p822_SH-SY5Y, RRID:CVCL_0019) was obtained from ATCC (Manassas, VA, USA). Cells with a neuronal-like phenotype were cultured as described in [19]. In brief, SH-SY5Y cells were grown in Basic Growth Media (DMEM/F12 (1:1) (ThermoFisher Scientific, Waltham, MA, USA) with 2 mM L-glutamine, 10% fetal bovine serum (HyClone, Logan, UT, USA), 100 U/mL penicillin, 100 µg/mL streptomycin at 37 °C/5% CO2. For cell differentiation, on day 0, cells were seeded in Basic Growth Media to the confluence of 40–50%; on day 1, the medium was changed to the differentiation medium (DMEM/F12 (1:1)) with 2 mM L-glutamine, 1% fetal bovine serum, 100 U/mL penicillin, 100 µg/mL streptomycin, 10 µM all-trans-retinoic acid (Sigma-Aldrich, St. Louis, MO, USA), and cells were protected from light. Patch–clamp experiments were performed on days 6–8.




4.3. Whole-Cell Patch–Clamp Recordings


Recordings of whole-cell currents were producedwith an EPC-800 amplifier (HEKA Elektronik, Lambrecht, Germany), an InstruTECH LIH 8 + 8 data acquisition system (HEKA), and PatchMaster v2x90.5 software (HEKA). Patch pipettes were pulled from borosilicate glass with a P-1000 flaming/brown micropipette puller and had a resistance rangingfrom 5 to 8 MΩ when filled with the pipette solution containing (in mM) 110 K-gluconate, 20 KCl, 10 HEPES, 5 EGTA, pH 7.2 adjusted with 1 M KOH. The extracellular solution contained (in mM) 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 15 D-glucose, 5 HEPES, pH 7.4 adjusted with 1 M NaOH. To buffer the activating solution (pH 6.0), HEPES in the extracellular solution was substituted for 10 mM MES. Ligands were applied after achieving a stable response. The holding membrane potential was −90 mV. Extracellular solutions were applied with a perfusion system controlled by an SF-77B Perfusion Fast Step (Warner instruments, Holliston, MA, USA).




4.4. Xenopus Laevis Oocytes


This study was performed in strict accordance with the World Health Organization’s International Guiding Principles for Biomedical Research Involving Animals. The protocol was approved by the Institutional Policy on the Use of Laboratory Animals of the Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry RAS (Protocol Number: 267/2018; date of approval: 28 February 2019). All procedures were performed in agreement with the guidelines of ARRIVE (Animal Research: Reporting of In Vivo Experiments) and the “European convention for the protection of vertebrate animals used for experimental and other scientific purposes” (Strasbourg, 18.III.1986). Oocytes were harvested from female frogs anesthetizedwith tricaine methane sulfonate (MS222) (0.17% solution), and the surgery was performed in an ice bath to avoid heavy bleeding. Defolliculated stage IV and V cells were injected with 2.5 ng cRNA, synthesized from pCI plasmids containing genes of rat ASIC1a or murine α1, β2, and γ2 GABAA subunits, using the Nanoliter 2000 microinjection system (World Precision Instruments, Sarasota, FL, USA). The injected oocytes were kept for 2–3 days at 17 °C, and then for up to 5 days at 15 °C in a ND96 medium containing (in mM) 96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, and 5 HEPES, titrated to pH 7.4 with 1 M NaOH, and supplemented with gentamycin (50 µg/mL).




4.5. Two-Electrode Voltage-Clamp Recordings


Microelectrodes pulled from borosilicate glass with a P-1000 flaming/brown micropipette puller (Sutter Instrument, Novato, CA, USA) were filled with 3 M KCl. For ASIC channels, recordings were performed at a holding potential of −50 mV using a GeneClamp 500 amplifier (Molecular Devices, San Jose, CA, USA). The conditioning bath solution was ND96 (pH 7.4). For solutions with pH 6.0, 5 mM HEPES was replaced with 10 mM MES. For GABAA receptors, the membrane potential was clamped at −70 mV using an Axon amplifier (Molecular Devices, LLC., San Jose, CA, USA). The data were collected, digitized, and analyzed using AxoScope 9.2.1.9 software (Molecular Devices, LLC., San Jose, CA, USA). Applications of GABA were performed every 5 min. The tested compounds were applied 4 min before GABA application. Amplitudes of GABA-evoked currents were measured and normalized to control amplitudes of the solo GABA-evoked current response.




4.6. Mice


The protocol of experiments on mice was approved by the Institutional Policy on the Use of Laboratory Animals of the Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry RAS (Protocol Number: 353/2023; date of approval: 3 July 2023). Five- to eight-week-old C57BL/6 male mice were used. Mice were kept in individual cages with food and water ad libitum and maintained on a 12:12-h light-dark cycle.




4.7. Surgical Procedure of Electrode Implantation and Cannula Placement


Implantation of the manufactured electrodes and cannulas into mice for chronic experiments was carried out according to previous studies [36]. Before the operation, the mouse was weighed and placed in the euthanasia chamber. Three to four percent isoflurane was applied over two to threemin, and prior to transferring to the stereotaxic frame, lidocaine (10 mL/kg, 0.5% subcutaneous (s.c.)) was injected, and the animal’s skull was prepared for the operation by shaving hair. The animal was then transferred to the stereotaxic frame with 1–2% isoflurane at a rate of 1 mL/min. The skin in the area of interest was treated with 45% ethanol and 5% iodine. Reflexes were checked by clamping the animal’s paw with forceps to confirm complete anesthesia. To prevent eye drying throughout the surgery, Vidisic eye gel (0.2%, GmbH) was applied. A 10 mm diameter incision was createdover the target brain region, and the skin was removed, exposing the skull bone. The bone was cleaned withphysiological saline after 0.2% hydrogen peroxide. Notches were createdon the skull bone using a drill (to create a better contact between the bone and dental cement). By using an animal stereotaxic atlas [37], the coordinates for electrode implantation and cannula placement were determined. Two stainless steel screws were mounted into the frontal bone, and one ground stainless steel screw was mounted into the parietal bone for the fixation of the whole structure with dental cement (Meliodent). Holes for electrode implantation were drilled into the skull bones in one of the hippocampi, and the cannulas were placed in the projection of both hippocampi. A bundle of electrodes was constructedfrom nickel–chromium wires (Science Products) soldered to connector headers (SLR1025 G, Fischer Elektronik, Lüdenscheid, Germany). Cannulas with a length of 6 mm were constructedfrom surgical needles (23GA) and internal stoppers from insulin needles (31GA). The coordinates used for electrode implantation were 1.7 mm posterior to the bregma, −2.0 mm lateral to the midline, and −1.9 mm below the dura mater. For cannulas, the coordinates were 2.1 mm posterior to the bregma and ±2.0 mm lateral to the midline. The entire surgical site was filled with dental cement (Meliodent), and the skin was glued with tissue adhesive (Sulfacrylate). After the surgery, ketoprofen (5 mg/kg s.c.) and saline were administered under the nape, depending on the animals (0.1–0.5 mL). For postoperative care and analgesia, ketoprofen was provided (5 mg/kg per o.s. or s.c. once daily). The experimentaldesign is shown in Figure 3A.




4.8. Drug Injection for Behavioral Tests


All drugs were kept as stock concentrations at −20 °C. Sevanol and γ-aminobutyric acid (GABA, Tocris Cookson, UK) were diluted to final concentrations in Ringer’s solution containing (in mM) 127 NaCl, 2.5 KCl, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2, 25 NaHCO3, 25 D-glucose. The drugs were injected in both injection sites, each at a volume of 1 μL, 1.5 h prior to the start of behavioral experiments. For the control group mice, Ringer’s solution was used. The animal was anesthetized with 5% isoflurane and then moved to a stereotaxic frame with a constant supply of 1–2% isoflurane by 1 mL/min. For the intrahippocampal injection, an UltraMicroPump III with Micro4 Controller system (World Precision Instruments, Friedberg, Germany) with a Hamilton syringe and a NanoFil (36GA) beveled needle (World Precision Instruments, Friedberg, Germany) was used. The needle was lowered through a guide cannula to a depth of 1.9 mm from the brain surface into the hippocampal region. The fluid delivery program was initiated at 1 nL/s with a volume of 500 µL. For better targeting, we waited 10 min after the injection before the needle was retracted.




4.9. Behavioral Tests


After the recovery period, the mice were subjected to behavioral tests such as open field and passive avoidance, as well as recording hippocampal rhythmic brain activity. Behavioral tests were conducted between 10 a.m. and 10 p.m. to carry out experiments with awake animals. The interval between the control and comparison group tests was 24 h. To reduce stress in the behavior of animals, prior to the experimental period, mice were given the opportunity to habituate to the experimenter’s hands for 2 days (handled 2–3 times a day) [38]. All behavioral experiments were conducted in a dark room with red lighting, as the animals were not sensitive to this light source and felt comfortable [39].




4.10. Open Field Test


The Actitrack v2.55 software (Panlab, S.L.U., Cornellà (Barcelona), Spain) was used to set up the infrared (IR) actimeter with the upper IR frame adjusted to the height of the mouse’s rearing. The experiment used a mouse rearing duration threshold of 2.5 s, the time required for the mouse to stand up on its hind legs. Mouse velocity thresholds were set to 5.5 cm/s for slow movement and 10 cm/s for fast movement. Two zones, central and peripheral, were set up for detecting the mouse’s movement, with 5 min allotted for the test. Both the control and comparison groups of mice were individually transferred from their home cages to the IR actimeter, given 5 min to explore the unfamiliar territory, and then returned to their home cages. The apparatus was wiped with 70% ethanol before transferring each subsequent mouse. This test was repeated throughout the experimental period with the administered drugs.




4.11. Passive Avoidance Test


The mice were sequentially placed in a shuttle box with both arms devoid of any conditioned and unconditioned stimuli and allowed to explore the chambers for 5 min before being returned to their home cages. Both arms were wiped with 70% ethanol. At this stage, no setting was required for the ShutAvoid software (Panlab SHUTTLE-8 software, S.L.U., Cornellà (Barcelona), Spain). After 1 h, a training session was conducted in which the animals were placed in the bright arm of the shuttle box, the door between the arms was lowered, and an unconditioned stimulus (foot shock) was administered in the dark arm. After 1 min, the door was raised, and the animal was given 2 min to transition between the arms before being returned to its home cage. Both arms were wiped with 70% ethanol. The ShutAvoid software was configured with the following settings: the time interval before the door was raised was 60 s, the time given to transition from the bright arm to the dark arm was 120 s, the delay before lowering the door after entry into the dark arm was 5 s, and the duration of the unconditioned stimulus was 2 s. In addition, if the mouse entered the dark arm after the experiment, a 60 s period was given. The power of the unconditioned stimulus was set to 0.5 mA.



After 24 h, a retention session was conducted for the control group animals, in which they were placed in the bright arm of the shuttle box, the door between the arms was lowered, and there was no unconditioned stimulus in the dark arm. After 30 s, the door was raised, and the animal was given 2 min to transition between the arms before being returned to its home cage. Both arms were wiped with 70% ethanol. The ShutAvoid software was configured with the following settings: the time interval before the door was raised was 30 s, the time given to transition from the bright arm to the dark arm was 120 s, and the delay before lowering the door after entry into the dark arm was 5 s. After 24 h, a retention session was conducted for the comparison group animals (6 μM sevanol), and the manipulations and settings were identical to those for the control group. After 24 h, a retention session was conducted for the comparison group animals (300 μM sevanol), and the manipulations and settings were identical to those for the control group.




4.12. In Vivo Electrophysiology


For recording hippocampal local field potentials (LFPs), the wireless in vivo system (MCS) was used in conjunction with Multi Channel Suite software (Multi Channel Systems MCS GmbH, Reutlingen, BW, Germany). The following settings were used in the Multi Channel Experimenter of Multi Channel Suite software: sample rate 5 kHz, electrical voltage ±2.5 V, recording time 300 s. Prior to LFP recordings, a wireless head stagewith 8 recording channels (MCS) was placed at the contact site of the animal’s head and left in the home cage until full recovery was achieved, typically 30–40 min, after the manipulations described in Section 3. The mouse was then transferred to an “open field” IR actimeter, where the hippocampal rhythmic activity of the awake animal was recorded during the study period. Afterward, the mouse was returned to the home cage, and the wireless headstage was removed. Prior to starting subsequent animals, the IR actimeter and wireless headstage were wiped with 70% ethanol. All raw signals were stored for offline analyses. The raw LFP recordings were saved and converted to the ASCII format using the native Multi Channel DataManager of Multi Channel Suite software.




4.13. Construction of Continuous Time–Frequency Spectrogram for θ Rhythm


The data processing was performed using MATLAB 2013b (The Mathworks Inc., Natick, MA, USA) and Origin 8 (OriginLab Corp., Northampton, MA, USA) software. First, each raw signal segment was divided into 60-s epochs and then subjected to band-pass filtering within the 3 to 15 Hz range, preserving the low- and high-frequency theta range. The power spectra were calculated with a resolution of 0.25 Hz using the Welch method with a Hamming window (pwelch.m function from the Signal Processing Toolbox). The area under the curve (integral) for power spectra was calculated using the cumtrapz.m function. The power spectra were normalized by dividing them by the calculated integrals so that the total area under the spectrum curve was equal to 1. The resulting spectra were exported to Origin 8 software for detailed visualization. The continuous time–frequency Morlet wavelet transform was constructed using the cwt.m function [40,41]. The data matrix from MATLAB was exported to Origin 8 software for detailed visualization (Figure 5A,E). A package of scripts based on these functions was developed to simplify all the manipulations described above, and it is available upon request.




4.14. Histology


The mice were anesthetized with isoflurane before being sacrificed, and their brains were collected by dissection. The extracted material was fixed in ethanol in three stages with a 24-h interval between each stage [42]. The material was then sliced on a vibrating microtome (Leica, Wetzlar, Germany) in 60% ethanol at a thickness of 100 µm. Methylene blue dye (HiMedia Laboratories, Thane, India) was used to determine electrode location [42,43], and the sections were mounted on slides with axylene-based medium (DiaPath). After 24 h, the site of electrode traces was detected using an optical microscope (Leica) (Figure 5I).




4.15. Data Analysis


In vitro dose–response data were analyzed using PatchMaster, OriginPro 8.6 (OriginLab, Northampton, MA, USA), and GraphPad Prism 7.00 (GraphPad Software, San Diego, CA, USA). Dose–response data were fitted with a Hill equation Ix = I0/[1 + ([x0]/[x])^nH], where Ix is the ionic current amplitude at a given concentration of ligand [x], I0 is the ionic current in the absence of ligand, x0 is the concentration at which a ligand exerts half of its maximal effect, and nH is the Hill coefficient. The EEG data were acquired using a multi-channel system interface (MCS) and analyzed using Multi Channel Analyzer software (MCS) and MATLAB 2013b (The Mathworks Inc., Natick, MA, USA). Behavioral data (mice tracking) were obtained using the Infrared (IR) actimeter interface (Panlab, Barcelona, Spain) and analyzed using Actitrack software (Panlab). Passive avoidance data were obtained using the Shuttle box interface (Panlab) with a shock generator (Panlab) and analyzed using Shutavoid software (Panlab). All data are presented as the mean ± SEM. For in vitro data, the differences between groups were tested with Mann–Whitney test (GraphPad Prism 9.5.1). For in vivo data, with paired sample Wilcoxon signed-rank test and Mann–Whitney test (Origin 8). Differences with p < 0.05 were considered significant.





5. Conclusions


We showed that sevanol positively modulates the currents of α1β2γ2 GABAA receptors in a sub- and low-micromolar range, in addition to the known antagonism of ASIC1a and ASIC3 channels. Intriguingly, intervals of efficacious concentrations for GABAAR and ASICs do not overlap. This fact allowed us to compare the effect of sevanol on CNS as a GABAAR-positive modulator and as an antagonist of ASIC1a. The low dose of sevanol (i.c.v.) induced a sedative effect in the open field test, and changes in rhythmic brain activity according to the recordings of hippocampal electroencephalographic rhythm were similar to GABA. Administration of a dose capable of inhibiting ASIC1a had no effect in the open field but significantly attenuated avoidance behavior in the passive avoidance test. Pharmacological effects on both targets are considered advantageous, but this property of sevanol should be taken into account in drug development and basic research.







Author Contributions


Conceptualization, A.P.K., D.I.O., A.P. and Y.A.A.; methodology, D.S.K., D.I.O., A.P. and Y.A.A.; formal analysis, A.P.K., A.P.P., D.S.K., D.I.O. and A.P.; investigation, A.P.K., A.P.P., A.D.M., D.S.K., O.A.B., V.I.S., O.N.Y., Y.V.K. and D.I.O.; resources, S.A.K., A.P. and Y.A.A.; writing—original draft preparation, A.P.K., A.P.P. and Y.A.A.; writing—review and editing, S.A.K., D.I.O., A.P. and Y.A.A.; visualization, A.P.K., D.I.O. and A.P.; supervision, S.A.K., D.I.O., A.P. and Y.A.A.; project administration, A.P. and Y.A.A.; funding acquisition, Y.A.A. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the Russian Science Foundation, project #21-15-00322 (https://rscf.ru/en/project/21-15-00322/, accessed on 12 July 2023).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Policy on the Use of Laboratory Animals of the Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences (for frogs, protocol number: 267/2018, date of approval: 28 February 2019; for mice, protocol number: 353/2023, date of approval: 3 July 2023).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are available from the corresponding author upon reasonable request.




Acknowledgments


We are grateful to Sylvie Diochot (Institut de Pharmacologie Moléculaire et Cellulaire, Valbonne, France) for the PCi plasmid containing cDNA of rat ASIC1a. GABAAR plasmids were generously provided by Werner Sieghart from the Department of Molecular Neurosciences, Center for Brain Research, Medical University Vienna (2013).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Craske, M.G.; Stein, M.B.; Eley, T.C.; Milad, M.R.; Holmes, A.; Rapee, R.M.; Wittchen, H.U. Anxiety disorders. Nat. Rev. Dis. Prim. 2017, 3, 17024. [Google Scholar] [CrossRef] [PubMed]

	



Sieghart, W.; Savic, M.M. International union of basic and clinical pharmacology. CVI: GABAA receptor subtype-and function-selective ligands: Key issues in translation to humans. Pharmacol. Rev. 2018, 70, 836–878. [Google Scholar] [CrossRef] [PubMed]

	



Heusser, S.A.; Pless, S.A. Acid-sensing ion channels as potential therapeutic targets. Trends Pharmacol. Sci. 2021, 42, 1035–1050. [Google Scholar] [CrossRef]

	



Carattino, M.D.; Montalbetti, N. Acid-sensing ion channels in sensory signaling. Am. J. Physiol.-Ren. Physiol. 2020, 318, F531–F543. [Google Scholar] [CrossRef]

	



Wemmie, J.A.; Chen, J.; Askwith, C.C.; Hruska-Hageman, A.M.; Price, M.P.; Nolan, B.C.; Yoder, P.G.; Lamani, E.; Hoshi, T.; Freeman, J.H.; et al. The acid-activated ion channel ASIC contributes to synaptic plasticity, learning, and memory. Neuron 2002, 34, 463–477. [Google Scholar] [CrossRef]

	



Mango, D.; Nisticò, R. Role of ASIC1a in Normal and Pathological Synaptic Plasticity. In Reviews of Physiology, Biochemistry and Pharmacology; Springer: Cham, Switzerland, 2020; Volume 177, pp. 83–100. [Google Scholar]

	



Coryell, M.W.; Ziemann, A.E.; Westmoreland, P.J.; Haenfler, J.M.; Kurjakovic, Z.; Zha, X.; Price, M.; Schnizler, M.K.; Wemmie, J.A. Targeting ASIC1a Reduces Innate Fear and Alters Neuronal Activity in the Fear Circuit. Biol. Psychiatry 2007, 62, 1140–1148. [Google Scholar] [CrossRef] [PubMed]

	



Coryell, M.W.; Wunsch, A.M.; Haenfler, J.M.; Allen, J.E.; McBride, J.L.; Davidson, B.L.; Wemmie, J.A. Restoring acid-sensing ion channel-1a in the amygdala of knock-out mice rescues fear memory but not unconditioned fear responses. J. Neurosci. 2008, 28, 13738–13741. [Google Scholar] [CrossRef]

	



Ziemann, A.E.; Allen, J.E.; Dahdaleh, N.S.; Drebot, I.I.; Coryell, M.W.; Wunsch, A.M.; Lynch, C.M.; Faraci, F.M.; Howard, M.A.; Welsh, M.J.; et al. The Amygdala Is a Chemosensor that Detects Carbon Dioxide and Acidosis to Elicit Fear Behavior. Cell 2009, 139, 1012–1021. [Google Scholar] [CrossRef]

	



Gugliandolo, A.; Gangemi, C.; Caccamo, D.; Currò, M.; Pandolfo, G.; Quattrone, D.; Crucitti, M.; Zoccali, R.A.; Bruno, A.; Muscatello, M.R.A. The RS685012 Polymorphism of ACCN2, the Human Ortholog of Murine Acid-Sensing Ion Channel (ASIC1) Gene, is Highly Represented in Patients with Panic Disorder. Neuromolecular Med. 2016, 18, 91–98. [Google Scholar] [CrossRef]

	



Smoller, J.W.; Gallagher, P.J.; Duncan, L.E.; McGrath, L.M.; Haddad, S.A.; Holmes, A.J.; Wolf, A.B.; Hilker, S.; Block, S.R.; Weill, S.; et al. The human ortholog of acid-sensing ion channel gene ASIC1a is associated with panic disorder and amygdala structure and function. Biol. Psychiatry 2014, 76, 902–910. [Google Scholar] [CrossRef]

	



Wang, Q.; Wang, Q.; Song, X.L.; Jiang, Q.; Wu, Y.J.; Li, Y.; Yuan, T.F.; Zhang, S.; Xu, N.J.; Zhu, M.X.; et al. Fear extinction requires ASIC1a-dependent regulation of hippocampal-prefrontal correlates. Sci. Adv. 2018, 4, eaau3075. [Google Scholar] [CrossRef]

	



Dwyer, J.M.; Rizzo, S.J.S.; Neal, S.J.; Lin, Q.; Jow, F.; Arias, R.L.; Rosenzweig-Lipson, S.; Dunlop, J.; Beyer, C.E. Acid sensing ion channel (ASIC) inhibitors exhibit anxiolytic-like activity in preclinical pharmacological models. Psychopharmacology 2009, 203, 41–52. [Google Scholar] [CrossRef]

	



Osmakov, D.I.; Khasanov, T.A.; Andreev, Y.A.; Lyukmanova, E.N.; Kozlov, S.A. Animal, Herb, and Microbial Toxins for Structural and Pharmacological Study of Acid-Sensing Ion Channels. Front. Pharmacol. 2020, 11, 991. [Google Scholar] [PubMed]

	



Dubinnyi, M.A.; Osmakov, D.I.; Koshelev, S.G.; Kozlov, S.A.; Andreev, Y.A.; Zakaryan, N.A.; Dyachenko, I.A.; Bondarenko, D.A.; Arseniev, A.S.; Grishin, E.V. Lignan from thyme possesses inhibitory effect on ASIC3 channel current. J. Biol. Chem. 2012, 287, 32993–33000. [Google Scholar] [CrossRef]

	



Belozerova, O.A.; Osmakov, D.I.; Vladimirov, A.; Koshelev, S.G.; Chugunov, A.O.; Andreev, Y.A.; Palikov, V.A.; Palikova, Y.A.; Shaykhutdinova, E.R.; Gvozd, A.N.; et al. Sevanol and its analogues: Chemical synthesis, biological effects and molecular docking. Pharmaceuticals 2020, 13, 163. [Google Scholar] [CrossRef]

	



Belozerova, O.A.; Deigin, V.I.; Khrushchev, A.Y.; Dubinnyi, M.A.; Kublitski, V.S. The total synthesis of sevanol, a novel lignan isolated from the thyme plant (Thymus armeniacus). Tetrahedron 2018, 74, 1449–1453. [Google Scholar] [CrossRef]

	



Kovalevich, J.; Langford, D. Considerations for the use of SH-SY5Y neuroblastoma cells in neurobiology. Methods Mol. Biol. 2013, 1078, 9–21. [Google Scholar] [CrossRef] [PubMed]

	



Kalinovskii, A.P.; Osmakov, D.I.; Koshelev, S.G.; Lubova, K.I.; Korolkova, Y.V.; Kozlov, S.A.; Andreev, Y.A. Retinoic Acid-Differentiated Neuroblastoma SH-SY5Y Is an Accessible In Vitro Model to Study Native Human Acid-Sensing Ion Channels 1a (ASIC1a). Biology 2022, 11, 167. [Google Scholar] [CrossRef]

	



Belelli, D.; Hales, T.G.; Lambert, J.J.; Luscher, B.; Olsen, R.; Peters, J.A.; Rudolph, U.; Sieghart, W. GABAA receptors in GtoPdb v.2023.1. IUPHAR/BPS Guide Pharmacol. CITE 2023, 2023, 1. [Google Scholar] [CrossRef]

	



Xu, C.; Krabbe, S.; Gründemann, J.; Botta, P.; Fadok, J.P.; Osakada, F.; Saur, D.; Grewe, B.F.; Schnitzer, M.J.; Callaway, E.M.; et al. Distinct Hippocampal Pathways Mediate Dissociable Roles of Context in Memory Retrieval. Cell 2016, 167, 961–972.e16. [Google Scholar] [CrossRef]

	



Marek, R.; Jin, J.; Goode, T.D.; Giustino, T.F.; Wang, Q.; Acca, G.M.; Holehonnur, R.; Ploski, J.E.; Fitzgerald, P.J.; Lynagh, T.; et al. Hippocampus-driven feed-forward inhibition of the prefrontal cortex mediates relapse of extinguished fear. Nat. Neurosci. 2018, 21, 384–392. [Google Scholar] [CrossRef]

	



Bouwknecht, J.A.; Paylor, R. Pitfalls in the interpretation of genetic and pharmacological effects on anxiety-like behaviour in rodents. Behav. Pharmacol. 2008, 19, 385–402. [Google Scholar] [CrossRef] [PubMed]

	



Simon, P.; Dupuis, R.; Costentin, J. Thigmotaxis as an index of anxiety in mice. Influence of dopaminergic transmissions. Behav. Brain Res. 1994, 61, 59–64. [Google Scholar] [CrossRef]

	



McAllister-Williams, R.H.; Bertrand, D.; Rollema, H.; Hurst, R.S.; Spear, L.P.; Kirkham, T.C.; Steckler, T.; Capdevielle, D.; Boulenger, J.-P.; Capdevielle, D.; et al. Passive Avoidance. In Encyclopedia of Psychopharmacology; Springer: Berlin/Heidelberg, Germany, 2010; pp. 960–967. [Google Scholar]

	



Huang, P.; Xiang, X.; Chen, X.; Li, H. Somatostatin Neurons Govern Theta Oscillations Induced by Salient Visual Signals. Cell Rep. 2020, 33, 108415. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, E.; Lee, H.; Choi, J.H. Desynchronization of theta oscillations in prefrontal cortex during self-stimulation of the medial forebrain bundles in mice. Exp. Neurobiol. 2018, 27, 181–188. [Google Scholar] [CrossRef] [PubMed]

	



Rivas, J.; Gaztelu, J.M.; García-Austt, E. Changes in hippocampal cell discharge patterns and theta rhythm spectral properties as a function of walking velocity in the guinea pig. Exp. Brain Res. 1996, 108, 113–118. [Google Scholar] [CrossRef]

	



Bender, F.; Gorbati, M.; Cadavieco, M.C.; Denisova, N.; Gao, X.; Holman, C.; Korotkova, T.; Ponomarenko, A. Theta oscillations regulate the speed of locomotion via a hippocampus to lateral septum pathway. Nat. Commun. 2015, 6, 8521. [Google Scholar] [CrossRef]

	



Goldschen-Ohm, M.P. Benzodiazepine Modulation of GABAA Receptors: A Mechanistic Perspective. Biomolecules 2022, 12, 1784. [Google Scholar] [CrossRef]

	



Ríos, J.L.; Schinella, G.R.; Moragrega, I. Phenolics as GABAA Receptor Ligands: An Updated Review. Molecules 2022, 27, 1770. [Google Scholar] [CrossRef]

	



Rosso, M.; Wirz, R.; Loretan, A.V.; Sutter, N.A.; Pereira da Cunha, C.T.; Jaric, I.; Würbel, H.; Voelkl, B. Reliability of common mouse behavioural tests of anxiety: A systematic review and meta-analysis on the effects of anxiolytics. Neurosci. Biobehav. Rev. 2022, 143, 104928. [Google Scholar] [CrossRef]

	



Wemmie, J.A.; Askwith, C.C.; Lamani, E.; Cassell, M.D.; Freeman, J.H.; Welsh, M.J. Acid-sensing ion channel 1 Is localized in brain regions with high synaptic density and contributes to fear conditioning. J. Neurosci. 2003, 23, 5496–5502. [Google Scholar] [CrossRef]

	



Wemmie, J.A.; Coryell, M.W.; Askwith, C.C.; Lamani, E.; Leonard, A.S.; Sigmund, C.D.; Welsh, M.J. Overexpression of acid-sensing ion channel 1a in transgenic mice increases acquired fear-related behavior. Proc. Natl. Acad. Sci. USA 2004, 101, 3621–3626. [Google Scholar] [CrossRef]

	



Andreev, Y.A.; Osmakov, D.I.; Koshelev, S.G.; Maleeva, E.E.; Logashina, Y.A.; Palikov, V.A.; Palikova, Y.A.; Dyachenko, I.A.; Kozlov, S.A. Analgesic activity of acid-sensing ion channel 3 (ASIC3) inhibitors: Sea anemones peptides Ugr9-1 and APETx2 versus low molecular weight compounds. Mar. Drugs 2018, 16, 500. [Google Scholar] [CrossRef] [PubMed]

	



Senkov, O.; Mironov, A.; Dityatev, A. A novel versatile hybrid infusion-multielectrode recording (HIME) system for acute drug delivery and multisite acquisition of neuronal activity in freely moving mice. Front. Neurosci. 2015, 9, 425. [Google Scholar] [CrossRef] [PubMed]

	



Franklin, K.; Paxinos, G. The Mouse Brain in Stereotaxic Coordinates, 3rd ed.; Academic Press: New York, NY, USA, 2008; ISBN 9780123742445. [Google Scholar]

	



Hurst, J.L.; West, R.S. Taming anxiety in laboratory mice. Nat. Methods 2010, 7, 825–826. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Wang, H.-J.; Wang, D.-R.; Qu, W.-M.; Huang, Z.-L. Red light at intensities above 10 lx alters sleep–wake behavior in mice. Light Sci. Appl. 2016, 6, e16231. [Google Scholar] [CrossRef] [PubMed]

	



Büssow, R. An algorithm for the continuous Morlet wavelet transform. Mech. Syst. Signal Process. 2007, 21, 2970–2979. [Google Scholar] [CrossRef]

	



Richard Continuous Morlet Wavelet Transform. Available online: https://www.mathworks.com/matlabcentral/fileexchange/27394-continuous-morlet-wavelet-transform (accessed on 28 April 2023).

	



Kmiec, Z.J.A. Kiernan. Histological and Histochemical Methods: Theory and Practice. 5th edition, Scion Publishing, 2015, 571 pp. Folia Histochem. Cytobiol. 2016, 54, 58–59. [Google Scholar] [CrossRef]

	



Suvarna, K.S.; Layton, C.; Bancroft, J.D. Bancroft’s Theory and Practice of Histological Techniques, 7th ed.; Elsevier: Amsterdam, The Netherlands, 2019; ISBN 9780702068874. [Google Scholar]








[image: Ijms 24 13148 g001] 





Figure 1. (A) Chemical structure of sevanol. The asterisk designates the chiral center in which sevanol and isosevanol differ in configuration. (B,C) Separation of diastereomers, 1—isosevanol, 2—sevanol, on a reversed-phase column Luna C18(2) (250 × 10 mm) by elution in a linear gradient of acetonitrile with 0.1% TFA (50 µg of the mixture, panel B) and by isocratic elution in 10% acetonitrile with 0.1% TFA (300 µg of the mixture, panel C). 
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Figure 2. In vitro activity of optically pure sevanol (sev). (A) Dose–response curve on rASIC1a currents measured on Xenopus oocytes, IC50 = 198 ± 19 µM, nH = 5.0 ± 1.5. Each point represents data from 6–7 cells. (B) Representative traces of rASIC1a currents induced by pH 6.0 from conditioning at pH 7.4, with and without the pre-application of sev. (C) Dose–response curve on hASIC1a currents in RA-treated SH SY5Y cells, IC50 = 222 ± 12 µM, nH = 3.67 ± 0.29. Each point represents data from 4–5 cells. (D) Representative traces of hASIC1a currents induced by pH 6.0 from conditioning at pH 7.4, with and without the pre-application of sev. (E) Dose–response curve on mouse α1β2γ2 GABAAR currents, EC50 = 0.56 ± 0.04 µM, nH = 1.15 ± 0.09, Amax = 137.7 ± 0.6%. White point was excluded from the fitting. Each point represents data from 4–11 cells. (F) Representative traces of mouse α1β2γ2 GABAAR currents from a single cell induced by 5 µM GABA in the presence of sev. The data are presented as the mean ± SEM. 
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Figure 3. Effect of sevanol in the open field test. (A) Experimental design. (B) Representative tracks of mice activity for 5 min. (C) Total distance traveled by animals. (D) Global activity indicator. (E) Counts of rodent racks. (F) Number of fecal boluses. (G) The time spent in the outer zone of the open field. ctrl—control group (mice administered with vehicle), sev6—mice administered with 6 µM sevanol, sev300—mice administered with 300 µM of sevanol. The data are presented as the mean ± SEM. ns p > 0.05; * p < 0.05; paired sample Wilcoxon signed-rank test, n = 6 for each group. 
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Figure 4. Effect of sevanol in the passive avoidance test. (A) Schematic depiction of passive avoidance experiment. (B) Time delay to enter the dark arm. Ctrl—control group (mice administered with vehicle), sev6—mice administered with 6 µM of sevanol, sev300—mice administered with 300 µM of sevanol. The data are presented as the mean ± SEM. ns p > 0.05; *p< 0.05; paired sample Wilcoxon signed-rank test, n = 6 for each group. 
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Figure 5. Effect of sevanol and GABA on the rhythmic activity of the brain. (A) Continuous time–frequency spectrograms of the local field potentials (LFP) during 60 s of the open field exploration by the control group and groups administered with 6 and 300 μM of sevanol. (B) Representative traces of frequency shift in θ range after sevanol administration. (C) Peak frequency θ range after sevanol administration. (D) Amplitude changes after sevanol administration. (E) Continuous time–frequency spectrograms of LFP during 30 s of the open field exploration by the control group and group administered with 30 μM of GABA. (F) Representative traces of frequency shift in θ range after GABA administration. (G,H) Amplitude change (G) and peak frequency θ range (H) after GABA administration. (I) Example tissue slice, showing the site of electrode traces (white arrows). Ctr—control group (mice administered with vehicle), sev6—mice administered with 6 µM sevanol, sev300—mice administered with 300 µM of sevanol. The data are presented as the mean ± SEM. ns p > 0.05; * p< 0.05; paired sample Wilcoxon signed-rank test (panels c, d), n = 6 for each group; Mann–Whitney test (panels g, h), n = 3 for each group. 






Figure 5. Effect of sevanol and GABA on the rhythmic activity of the brain. (A) Continuous time–frequency spectrograms of the local field potentials (LFP) during 60 s of the open field exploration by the control group and groups administered with 6 and 300 μM of sevanol. (B) Representative traces of frequency shift in θ range after sevanol administration. (C) Peak frequency θ range after sevanol administration. (D) Amplitude changes after sevanol administration. (E) Continuous time–frequency spectrograms of LFP during 30 s of the open field exploration by the control group and group administered with 30 μM of GABA. (F) Representative traces of frequency shift in θ range after GABA administration. (G,H) Amplitude change (G) and peak frequency θ range (H) after GABA administration. (I) Example tissue slice, showing the site of electrode traces (white arrows). Ctr—control group (mice administered with vehicle), sev6—mice administered with 6 µM sevanol, sev300—mice administered with 300 µM of sevanol. The data are presented as the mean ± SEM. ns p > 0.05; * p< 0.05; paired sample Wilcoxon signed-rank test (panels c, d), n = 6 for each group; Mann–Whitney test (panels g, h), n = 3 for each group.
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