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Abstract

:

Etifoxine is an anxiolytic drug with a dual mechanism of action. In contrast to conventional benzodiazepine anxiolytics, which induce cognitive dysfunction and myorelaxation, no memory impairment nor a decrease in motor activity is observed with etifoxine. This study aims to evaluate the effects of etifoxine on locomotor activity and passive learning in rats with diazepam-induced memory deficit. Male Wistar rats were treated intraperitoneally for 7 days with: (1) saline; (2) diazepam 2.5 mg/kg bw or (3) diazepam 2.5 mg/kg bw and etifoxine in a dose of 50 mg/kg bw. Activity cage test was used for evaluation of locomotor activity, and step-through and step-down tests were performed to study the passive learning. Etifoxine increased the number of horizontal movements on the 7th and 14th days of the experiment. The drug exhibits anti-amnesic effect in a model of diazepam-induced anterograde amnesia by enhancing long-term memory in passive learning tests. The data obtained suggest that etifoxine can reduce the benzodiazepine-induced cognitive deficit. Moreover, such a combination can alleviate the negative influence of benzodiazepines on locomotor activity. However, additional studies are necessary to translate these results into clinical practice.
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1. Introduction


Anxiety and adjustment disorders (phobias, separation anxiety disorder, social anxiety disorder, etc.) have a high prevalence in society. The treatment of this type of disorders includes SSRI, SRNI, benzodiazepines, buspirone, hydroxyzine, etc. However, some of these drugs have disadvantages. For example, antidepressants have delayed onset of action, and benzodiazepines induce adverse drug reactions, such as dependency, anterograde amnesia, sedation, etc. Recently, the interest in new therapeutic agents with better safety is increasing [1,2].



Etifoxine is an anxiolytic drug with a non-benzodiazepine structure, which also has anticonvulsant properties. Etifoxine has a unique mechanism of action: (1) a direct positive allosteric effect on GABA-A receptors, and (2) an indirect mechanism involving the stimulation of translocator protein (TSPO) with subsequent production of neurosteroids. Allopregnanolone is an endogenous neurosteroid, which also acts as a positive modulator of GABA-A receptors. The dual potentiation of GABAergic neurotransmission leads to prolonged anxiolytic effects evaluated in animal studies [2,3,4].



Etifoxine is used for treatment of anxiety disorders and its efficacy has been proven in clinical trials. Etifoxine has shown a similar anxiolytic effect to alprazolam [5], lorazepam [6,7], clonazepam [1], and buspirone [8] in patients with adjustment disorder with anxiety (ADWA). However, conventional benzodiazepine anxiolytics induce side effects, including cognitive dysfunction and myorelaxation. In contrast, etifoxine does not induce memory impairment and sedation at anxiolytic concentrations nor is associated with dependence and adverse psychomotor effects [5,7]. Benzodiazepines bind to α5 subunits of the GABA-A receptor, which induce a decrease in the cognitive function [9]. Etifoxine interacts with β2 or β3 subunits of the same receptor complex. Based on the similarity of the target structure for the two drugs, we choose the diazepam-induced model of anterograde amnesia for our studies.



Previously, we reported that etifoxine does not impair the muscle tone and the locomotor activity of rats after a single intraperitoneal application [10]. In another study, we found no statistical difference in the tests for active learning performed on rats treated with etifoxine in doses of 50 and 100 mg/kg in comparison to control rats. In this case, the evaluation of the effects on cognition was performed after multiple applications of etifoxine (pretreatment duration: 7 days) [11]. Rats, which received etifoxine for one week, showed increased latency in the passive avoidance tests. These results reveal the potential of etifoxine to improve short- and long-term memory in rats, subjected to passive avoidance tests. Interestingly, the locomotor activity of the rats was increased after prolonged treatment [12].



In another study, we also evaluated the effect of etifoxine on active learning in rats with diazepam-induced cognitive deficit. The comparison between rats treated with 2.5 mg/kg bw diazepam, and rats treated simultaneously with diazepam (2.5 mg/kg bw) and etifoxine (50 mg/kg bw) showed an increased number of avoidances in the etifoxine-treated group. The difference was significant on the 2nd, 4th, 5th, and 12th day of the test, revealing the potential of etifoxine to restore the normal cognition in rats with diazepam-induced amnesia [13]. Based on these data, we choose the dose of 50 mg/kg bw for our current research.



The aim of this study is to determine the effects of etifoxine on locomotor activity and passive learning in rats with diazepam-induced memory deficit. Here, we hypothesize that etifoxine decreases the negative effects of diazepam on the spontaneous exploratory activity in rats and ameliorates the anterograde amnesia induced by diazepam.




2. Materials and Methods


2.1. Chemicals


Etifoxine, 2-ethylamino-6-chloro-4-methyl-4-phenyl-4H-3,1benzoxazine hydrochloride (Stresam®, Biocodex, Gentilly, France), and diazepam (Diazepam Sopharma®.sol. inj. 5 mg/mL, 2 mL, Sopharma, Sofia, Bulgaria) were purchased from a pharmacy store. Etifoxine was dissolved in saline before the intraperitoneal application and 0.1% Tween 20 was added to increase the solubility of the substance.




2.2. Animals


Thirty male Wistar rats with an average weight of 180–215 g were used. Animals were housed under standard laboratory conditions: temperature 22 ± 1 °C, humidity 45%, 12:12 h light/dark cycle, food, and water ad libitum.



The animals were divided into three groups (n = 10) and treated intraperitoneally (i.p.) as follows:




	
Group 1 (Control) with an equivalent volume (0.1 mL/100 g bw) of vehicle (0.1% Tween 20 in 0.9% NaCl solution);



	
Group 2 with diazepam 2.5 mg/kg bw;



	
Group 3 with diazepam 2.5 mg/kg bw and etifoxine in a dose of 50 mg/kg bw.








Group 3 rats received a diazepam injection 30 min after the injection of etifoxine.




2.3. Activity Cage Test


After one week of pretreatment of the rats, their locomotor activity was evaluated using the Activity cage apparatus (Ugo Basile, Gemonio, Italy), as described previously [10]. Thirty minutes after the intraperitoneal application of the substances, the animals were placed in the apparatus and they were allowed to explore the new environment for 5 min. The number of horizontal and vertical movements of each rat was recorded.




2.4. Model of Diazepam-Induced Amnesia


The cognitive deficit was induced as described by Georgieva-Kotetarova and Kostadinova (2013) [14]. Briefly, after one week of pretreatment of the rats, the effects of etifoxine and diazepam on cognition were evaluated with passive avoidance tests. The tests (step-through and step-down) were performed one hour after the application of the substances. On the days when both tests were held, each animal was tested first on the step-through test and immediately after that on the step-down test.



2.4.1. Step-Through Test


This test was performed using an automatic device for passive avoidance with negative reinforcement (step-through) (Ugo Basile, Gemonio, Italy). The test was performed in a cage that consists of two compartments—one of them darkened and the other brightened. The chambers are connected by a door.



The test starts with training with a duration of 2 days. Every day the rats are subjected to a standard program consisting of 3 training sessions, performed at an interval of 60 min. Each session has the following parameters: 7 s delay before the door between the compartments is opened and 12 s during which the door remains open. The rat is placed in the bright chamber. Moving to the darkened chamber triggered a closure of the door and following electrical stimulation on the floor of the cage for 9 s with an intensity of 0.4 mA. If the rat remains in the brightened chamber, a timer counts the time (in seconds) spent by the animal in this chamber. The maximal remaining time for each animal is 3 min (180 ± 2 s).



Twenty-four hours after the training session (3rd day of the experiment) a test for short-term memory is performed. The test for long-term memory is performed on the 11th day of the experiment. Both tests use the same parameters, as described above, with one difference—the intensity of the electrical stimulation is 0.3 mA.



Latency time over 178 s in two consecutive sessions is considered a criterion for cognition.




2.4.2. Step-Down Test


A passive avoidance test was also carried out using another device for passive avoidance with negative reinforcement (step-down) (Ugo Basile, Gemonio, Italy). The apparatus consists of a standard chamber with a plastic platform on the floor.



Initial training was performed for 2 consecutive days. Each day the rats were subjected to a standard program: 2 training sessions at 60 min intervals. The animal was placed on the plastic platform of the apparatus. The device is switched on and the platform starts to vibrate vertically. A timer counts the latency (in seconds) during which the rat remains on the platform. Stepping down off the platform on 3 or 4 paws trigger a 10 s electrical stimulation (0.4 mA) delivered by the metallic mesh floor of the cage outside the platform. Again, two tests were performed to evaluate the cognitive functions: (1) a test for short-term memory on day 3 of the experiment, and (2) a test for long-term memory on day 7 after the start of the training session. The parameters of the tests were similar to the training program, however, no electrical stimulation was used. Latency time over 60 s in two consecutive sessions is considered a criterion for cognition.





2.5. Statistical Analysis


Statistical analysis was performed using SPSS 17.0. The normal distribution was evaluated with One-sample Kolmogorov–Smirnov test. One-way ANOVA and Tukey’s post hoc test were employed for intergroup comparison. For comparison of results obtained in the same group on different days, Paired samples t-test was used. Non-parametric Two independent samples test (Mann–Whitney U test) and Two related samples test were applied to analyze results with a non-homogenous distribution. The number of tested animals is given as n. The results are presented as mean ± SEM and are considered significant at p < 0.05.





3. Results


3.1. Activity Cage


Application of a single dose of diazepam induced a significant decrease in the number of horizontal movements in comparison to controls (336.3 ± 28.5 vs. 464.3 ± 32.9; p < 0.05), as shown in Figure 1. Similar results were obtained for the number of the vertical movements on the same day, however, the difference did not reach statistical significance. The rats treated with etifoxine (397.9 ± 22.7) showed an increased number of horizontal movements in comparison to the diazepam-only group (336.3 ± 28.5) with no statistical significance. On the 7th day of the experiment, the application of etifoxine significantly elevated the number of horizontal movements (308.9 ± 36.2) in comparison to the diazepam-only group (143.8 ± 29.1; p < 0.01) and control group (193.7 ± 28.0; p < 0.05). This tendency was also present on the 14th day of treatment when compared to diazepam (268.5 ± 13.4 vs. 153.5 ± 13.2; p < 0.01) and controls (268.5 ± 13.4 vs. 135.1 ± 34.2; p < 0.01).




3.2. Step-Through Test


Comparing the latencies of the control group during the step-through test, we registered a significant increase in the latency on the 2nd day of the training session (133.32 ± 19.41 vs. 73.36 ± 16.42, p ≤ 0.01), as well as in the short-term memory test on day 3 (141.1 ± 13.34 vs. 73.36 ± 16.42, p ≤ 0.01), and in the long-term memory test on day 11 (148.09 ± 13.51 vs. 73.36 ± 16.42, p ≤ 0.01) compared to day 1, as shown in Figure 2. Treatment with diazepam resulted in shortened latency time during the two-day training session compared to controls, and the difference was significant in the short-term and long-term memory tests (91.73 ± 6.19 vs. 141.1 ± 13.34, p ≤0.05 and 94.93 ± 9.25 vs. 148.09 ± 13.51, p ≤ 0.05, respectively) when compared to control rats on the same day. Animals receiving etifoxine and diazepam performed similarly to controls during the whole experiment. During the training session, the experimental group treated with both substances demonstrated a tendency to increase the latency time compared to the group treated with diazepam alone. The difference was statistically significant in the two memory tests (short-term memory test: 138.54 ± 17.19 vs. 91.73 ± 6.19, p ≤ 0.05, and long-term memory test: 144.89 ± 13 vs. 94.93 ± 9.25, p ≤ 0.05).




3.3. Step-Down Test


In the step-down passive learning test, the control group demonstrated significantly prolonged time spent on the platform on the 2nd day of the training session (41.25 ± 5.69 vs. 30.92 ± 3.78, p ≤ 0.05), in the short-term memory test (54.7 ± 2.98 vs. 30.92 ± 3.78, p ≤ 0.01), and in the long-term memory test (49.54 ± 4.17 vs. 30.92 ± 3.78, p ≤ 0.01) compared to the first day of training. As shown in Figure 3, the group treated only with diazepam showed a tendency of decreased latency in comparison to control animals during the whole experiment. However, the difference did not reach statistical significance. No significant difference was found between the controls and the group treated with diazepam + etifoxine during the memory tests. Rats receiving both substances spent longer time on the platform compared to the diazepam group during the training session. On the 3rd day (of the short-term memory test), the two experimental groups (diazepam and diazepam + etifoxine) showed similar results. Treatment with etifoxine resulted in significantly prolonged latency time on the 7th day (of the long-term memory test) in comparison to the diazepam-only treated group (55.75 ± 2.14 vs. 38.07 ± 5.67, p ≤ 0.05).





4. Discussion


Etifoxine as an anxiolytic may potentiate the effect of other CNS depressant drugs (e.g., benzodiazepines). The binding sites of etifoxine and benzodiazepines to GABA-A receptors are different, which provides the background for etifoxine to be combined with benzodiazepines to enhance their effect without competing with them for their GABA-A receptor binding site [6,15]. Apparently, such combination can alleviate the negative influence of benzodiazepines on the locomotor activity. Benzodiazepines decreased the number of horizontal and vertical movements of the rats, while etifoxine + diazepam increased the number of horizontal movements on the 7th and 14th day (Figure 1). The number of vertical movements was similar to the control group, however, their count was higher than the diazepam-only treated rats. In our previous research, we also registered increased locomotor activity in native rats after treatment with etifoxine [12]. Our results are in accordance with Girard et al. (2009) and Shehadeh et al. (2019), who also reported enhanced locomotor function in rats with traumatic brain injury and brain edema, respectively [16,17].



In our experiments, the administration of diazepam led to a significant impairment of short-term and long-term memory in the step-through passive learning test (Figure 2). In the step-down test, the application of diazepam worsened the cognition, without reaching a significant difference to the control group. The results show that etifoxine at a dose of 50 mg/kg (i.p.) exhibits an anti-amnesic effect in a model of diazepam-induced anterograde amnesia. Administration of this drug diminished the amnestic effect of diazepam and significantly improved long-term memory in passive learning tests (Figure 2 and Figure 3).



Girard et al. (2009) reported that etifoxine (25 and 50 mg/kg, two times a day, p.o.) treatment of animals with brain edema (from the 4th day of triethyltin application) for 5 consecutive days improved locomotor activity, reduced brain edema, electrolyte Na+, and Cl− content, neurological changes, and mortality [16]. A recent study by Palzur et al. (2021) demonstrated a significant improvement in cognitive functions and faster recovery of rats treated intraperitoneally with etifoxine (50 mg/kg bw) in a model of traumatic brain injury. The authors also reported restoration of mitochondrial oxidative phosphorylation and a possible relation to the improved behavioral and cognitive function [18]. Simon-O’Brien et al. (2016) reported improved functional recovery and a significant positive influence on sensorimotor functions in rats treated with etifoxine at a dose of 50 mg/kg, i.p. in a model of traumatic brain injury [19]. The article by Shehadeh et al. (2019) also reported enhanced motor and behavioral activity by etifoxine in doses of 25 and 50 mg/kg [17]. Some clinical trials are also available. Deplanque et al. (2018) compared the effects of lorazepam and etifoxine in healthy elderly and found no deterioration in cognitive function and alertness in comparison to the placebo group. However, lorazepam induced such deterioration in comparison to the controls [20].



A recent research by Tian et al. (2022) showed the beneficial effects of etifoxine in a model of neurodegenerative disease, induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Etifoxine significantly reduced MPTP-induced neurotoxicity and neuroinflammation, motor function disturbances, diminished the production of inflammatory mediators, and infiltration of leukocytes in the brain after MPTP exposure in mice [21]. Our results are also in accordance with the report of Zhang et al. (2020). The authors revealed the effect of etifoxine pretreatment in mice with LPS-induced neuroinflammation and cognitive dysfunction. The results showed alleviated hippocampal inflammation, increased brain levels of progesterone and allopregnanolone, and attenuated cognitive dysfunction in LPS-injected mice treated with etifoxine [22].



As mentioned before, etifoxine has a dual mechanism of action: (1) binding to β2 or β3 subunits of the GABA-A receptor (the anxiolytic effects of etifoxine are mainly related to this activity), and (2) interaction with TSPO, which induce increased neurosteroid synthesis in the brain [20]. The anti-amnesic effects of etifoxine may be related to both mechanisms: the increased direct and indirect GABAergic neurotransmission and the increased synthesis of neurosteroids. Thanapreedawat et al. (2013) reported improved long-term object recognition memory and working memory after GABA administration [23]. One of the strategies to achieve neuroprotection is based on increased GABA concentration in the brain [24,25]. However, some agents that increase GABAergic mediation such as clomethiazole, muscimol, tiagabine, and vigabatrin, have shown such an effect in various animal models, whereas, with other potent GABA-A receptor agonists, such as barbiturates and benzodiazepines, neuroprotection has not been demonstrated. The reasons for these differences are not fully understood and may include the complex interplay between GABAergic transmission and glutamatergic activity in the brain, and the different types of receptor subunits, to which these ligands bind [20]. Green et al. (2000) suggest that increasing GABA function reduces glutamatergic mediation in the brain and may provide neuroprotection in cerebral ischemia [24]. Improved GABA transmission decreases the excitotoxicity due to the excessive release of glutamate and acetylcholine in a model of traumatic CNS injury [19].



TSPO is a transmembrane protein located in the mitochondrial membrane and is involved in many cellular functions, such as steroid hormone synthesis, cholesterol transport, apoptosis, inflammation, etc. [26]. In the CNS, TSPO has high expression in glial cells (microglia and astrocytes) and elevated levels of this protein are associated with neuroinflammation. It can be assumed that the anti-amnesic effects of etifoxine are also related to the stimulation of neurosteroid synthesis. Neurosteroids are steroids, which modulate the activity of the CNS. Their main effects are related to interaction with the GABA-A receptors, however, neurosteroids can also modulate other receptors (e.g., AMPA, NMDA, kainate, and serotonin receptors) [27]. For example, progesterone and allopregnanolone have been shown to modulate GABA-A and NMDA receptors and induce rapid neuronal growth and neuroprotection [28,29]. Evidence of the neuroprotective effects of progesterone and the improvement of cognitive functions following its administration in a mouse model of Alzheimer’s disease has been reported by Frye and Walf (2008) [30]. Progesterone reduces the levels of inflammatory cytokines and cerebral edema in a rat model of traumatic brain injury [31] and restores neurological functions in a model of focal cerebral ischemia in rats [32]. Post-traumatic progesterone treatment of rats with frontal cortex damage has been reported to reduce cerebral edema and may improve cognitive recovery [33,34,35]. In the nervous system, the neurosteroids allopregnanolone, dehydroepiandrosterone, pregnenolone, and progesterone, exhibit neuroprotective properties by improving myelination and synaptic function [36,37]. Administration of etifoxine to rats evokes a dose-dependent increase in concentrations of pregnenolone, progesterone, 5α-dihydroprogesterone, and allopregnanolone in plasma and cerebrospinal fluid [38]. Moreover, another TSPO ligand (PK11195) was shown to significantly ameliorate cognitive deficits in mice with a model of Alzheimer’s disease [39], which discloses the involvement of this mechanism in the anti-amnesic properties of etifoxine.



Summarizing the literature overview, the anti-amnesic properties of etifoxine on memory may be due to increased GABAergic neurotransmission and/or increased neurosteroids.



To our knowledge, this is the first study on the influence of etifoxine on passive learning in rats with diazepam-induced cognitive deficit. A limitation of the research is related to the study objects. Results obtained in rats do not always correlate to humans and a negative outcome could not be excluded if this combination is applied to other species.




5. Conclusions


Etifoxine exhibits anti-amnesic effect in a model of diazepam-induced anterograde amnesia by enhancing long-term memory in passive learning tests. The data obtained suggest that etifoxine can reduce the benzodiazepine-induced cognitive deficit and provide a background for a possible co-administration of these drugs. Moreover, such a combination can alleviate the negative influence of benzodiazepines on locomotor activity. However, additional studies are necessary to translate these results into clinical practice.
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Figure 1. Changes in the horizontal (panel (A)) and vertical (panel (B)) exploration movements in rats with diazepam-induced amnesia. * p < 0.05 vs. control group on the same day; ** p < 0.01 vs. control group on the same day; ## p < 0.01 vs. diazepam-only treated rats on the same day. 
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Figure 2. Effect of etifoxine on latency in rats with diazepam-induced amnesia evaluated with step-through test for passive learning. °° p ≤ 0.01 vs. controls on day 1; * p ≤ 0.05 vs. controls on the same day; # p ≤ 0.05 vs. diazepam-only treated rats on the same day. 






Figure 2. Effect of etifoxine on latency in rats with diazepam-induced amnesia evaluated with step-through test for passive learning. °° p ≤ 0.01 vs. controls on day 1; * p ≤ 0.05 vs. controls on the same day; # p ≤ 0.05 vs. diazepam-only treated rats on the same day.



[image: Scipharm 91 00025 g002]







[image: Scipharm 91 00025 g003 550] 





Figure 3. Effect of etifoxine on latency in rats with diazepam-induced amnesia evaluated with step-down test for passive learning. ° p ≤ 0.05 vs. controls on day 1; °° p ≤ 0.01 vs. controls on day 1; # p ≤ 0.05 vs. diazepam-only treated rats on the same day. 
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