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Abstract

:

Excessive and uncontrolled consumption of alcohol can cause alcohol use disorder (AUD), but its pharmacological mechanisms are not fully understood. Inhibiting the reverse mode activity of the sodium–calcium exchanger (NCX) can reduce the risk of alcohol withdrawal seizures, suggesting that NCX could play a role in controlling alcohol consumption. Here, we investigated how two potent inhibitors of NCX reverse mode activity, SN-6 (NCX1) and KB-R7943 (NCX3), affect voluntary alcohol consumption in adult male and female rats using the intermittent alcohol access two-bottle choice paradigm. Initially, animals were trained to drink 7.5% ethanol and water for four weeks before administering SN-6 and KB-R7934. Afterward, their alcohol intake, preference, and water intake were recorded 2 and 24 h after exposure to water and 7.5% ethanol. SN-6 significantly reduced alcohol consumption by 48% in male and 36% in female rats without affecting their water intake. Additionally, SN-6 significantly reduced alcohol preference in females by 27%. However, KB-R7943 reduced alcohol consumption by 42% in female rats and did not affect alcohol preference or water intake. These findings suggest that alcohol exposure increased NCX reverse activity, and targeting NCX1 could be an effective strategy for reducing alcohol consumption in subjects susceptible to withdrawal seizures.
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1. Introduction


Alcohol is a widely used substance around the world. Excessive and uncontrolled alcohol consumption can lead to the development of an alcohol use disorder (AUD), which is linked with higher rates of mortality and morbidity [1,2,3,4]. Abstaining from alcohol can alleviate AUD symptoms. However, it can also cause a condition known as alcohol withdrawal syndrome, which can result in alcohol withdrawal seizures and delirium tremens [5,6]. Although pharmacological treatments are available for AUD, our understanding of its mechanisms is limited [4,7,8,9]. Therefore, there is a pressing need to develop new and more effective pharmacological strategies to treat AUD. Preclinical models using mice, rats, and rhesus macaques have identified the neural and molecular substrates of alcohol consumption and probed the efficacy of novel molecules to mitigate the symptoms of AUD [10,11,12,13,14,15,16,17,18,19,20,21]. In vitro studies reported that through voltage-gated Ca2+ channels, Ca2+ influx contributes to regulating neuronal excitability and behavioral responses toward alcohol [22]. However, the role of Ca2+ entry through L-type of high threshold voltage-gated Ca2+ channels in alcohol consumption is complex, with conflicting reports. Some in vivo studies have reported that blockers of L-type Ca2+ channels reduced alcohol consumption [23,24]. Conversely, activators of L-type Ca2+ channels also reduced alcohol intake, and these effects were not antagonized by blockers of L-type Ca2+ channels [25]. Therefore, Ca2+ entry through other Ca2+ signaling mechanisms unrelated to the L-type Ca2+ channels may be responsible for reducing alcohol consumption. One potential Ca2+-dependent mechanism for alcohol consumption is Ca2+ entry through the sodium–calcium (Na+/Ca2+) exchanger (NCX), a bidirectional transporter that mediates an electrogenic exchange of three Na+ for one Ca2+ [26,27,28]. The NCX functions in two modes: the forward mode activity drives Ca2+ extrusion/Na+ entry coupling, while the reverse mode activity drives Ca2+ entry/Na+ extrusion coupling [26,27,28]. Three isoforms of NCX, including type 1 (NCX1), type 2 (NCX2), and type 3 (NCX3), have been identified with NCX1 and NCX3 having distinct pharmacological sensitivity [26,27,28]. Previous in vivo studies have reported that inhibiting NCX1 reverse mode activity can reduce the occurrence of acoustically evoked generalized tonic–clonic seizures (GTCSs) in a model of inherited epilepsy [29]. Interestingly, another in vivo study has also found that inhibiting the reverse mode activity of NCX1 and, to a lesser extent, NCX3 can suppress acoustically evoked GTCSs following alcohol withdrawal [30]. Furthermore, other studies have reported an increase in the levels of expression of NCX1 and NCX3 in the inferior colliculus (IC), which is the site for initiation of acoustically evoked seizure activity [31]. The targeted inhibition of NCX1 and NCX3 reverse mode activity within the IC was found to prevent the occurrence of alcohol withdrawal-induced GTCSs [31]. These findings demonstrate the potential of blocking NCX1 reverse mode activity in suppressing GTCSs of different etiologies and suggest that NCX reverse mode activity can play a role in controlling alcohol intake.



To test this hypothesis, we evaluated the effectiveness of SN-6 and KB-R7943, potent inhibitors of the reverse mode activity of NCX1 and NCX3, respectively, in modifying alcohol consumption and preference in male and female Sprague Dawley rats. The present study is unique because our previous studies focused solely on the effects of NCX reverse mode activity inhibitors on seizures in models of inherited epilepsy and alcohol withdrawal.




2. Results


Numerical data were analyzed using a general linear regression. The analysis revealed significant differences in population means for sex (F6,1 = 19.852, p = 0.00001), dose (F6,1 = 20.938, p = 0.00001), time (F6,1 = 138.114, p = 0.000001), and inhibitors (F6,1 = 72.983, p = 0.000001).



2.1. Overall Effects of SN-6 on Ethanol and Water Consumption


2.1.1. Ethanol Intake


We first examined the effects of treatment (vehiclepretreatment, SN-6, and vehicleposttreatment), sex (male, female), SN-6 doses (3 and 10 mg/kg p.o.), and their interactions to ethanol intake 2 h after exposure to water and 7.5% ethanol (Table 1). Three-way ANOVA revealed significant differences for sex (p < 0.0001) and treatment (p = 0.01). Significant interactions were found between females and males for 3 mg/kg (t = 7.12, p < 0.001) and 10 mg/kg (t = 1.33, p = 0.002) SN-6 doses. We also analyzed the effects of treatment, sex, and SN-6 doses and their interactions on ethanol intake at the 24th hour after exposure to water and 7.5% ethanol (Table 1). Analysis revealed significant differences for sex (p < 0.0001) and treatment (p = 0.05). A significant interaction was found between sex and doses (p = 0.009). Moreover, significant interactions were observed between females and males for the 3 mg/kg (t = 8.56, p < 0.001) and the 10 mg/kg (t = 5.31, p = 0.001) SN-6 doses.




2.1.2. Preference


Next, we examined the effects of different treatments (vehicle pretreatment, SN-6, and vehicle posttreatment), sex (male and female), and SN-6 doses (3 and 10 mg/kg p.o.) and their interactions toethanol preference at the 2nd hour after exposure to water and 7.5% ethanol (Table 1). Three-way ANOVA showed significant differences for sex (p = 0.002) and SN-6 doses (p < 0.001) but not for treatment. We also found significant interactions between SN-6 doses and treatment (p = 0.002), sex, SN-6 doses, and treatment (p = 0.05). Moreover, significant interactions were observed between males and females for 3 (t = 8.42, p < 0.001) and 10 mg/kg (t = 3.22, p < 0.001) SN-6 doses. We also analyzed the effects of treatment, sex, and SN-6 doses and their interactions 24 h after exposure to water and 7.5% ethanol (Table 1). Analysis showed significant differences for SN-6 doses (p < 0.001). There were also significant interactions between 3 and 10 mg/kg SN-6 doses in both males (t = 15.44, p < 0.001) and females (t = p < 0.001).




2.1.3. Water


We examined the effects of treatment (vehicle pretreatment, SN-6, and vehicle posttreatment), sex (male and female), and SN-6 doses (3 and 10 mg/kg p.o.), as well as their interactions to water intake 2 h after exposure to water and 7.5% ethanol (Table 1). Three-way ANOVA revealed significant differences for sex (p = 0.034). Next, we analyzed the effects of treatment, sex, and SN-6 doses and their interactions in water intake at the 24th hour after exposure to water and 7.5% ethanol (Table 1). Analysis showed no statistical differences for sex, treatment, and SN-6 and their interactions.





2.2. Overall Effects of KB-R7934 on Ethanol and Water Consumption


2.2.1. Ethanol Intake


We first analyzed the effects of treatment (vehicle pretreatment, KB-R7943, and vehicle posttreatment), sex (male and female), and KB-R7943 doses (3 and 10 mg/kg p.o.), as well as their interactions to ethanol intake at the 2nd hour after exposure to water and 7.5% ethanol (Table 2). Three-way ANOVA revealed significant differences for sex (p < 0.0001) but not for KB-R7943 doses or treatment. The analysis also showed significant interactions between female and male rats for 3 mg/kg (t = 4.89, p = 0.004) and 10 mg/kg (t = 5.97, p < 0.001) KB-R7943 dose. We also examined the effects of treatment, sex, KB-R7943 doses, and their interactions in ethanol intake at the 24th hour after exposure to water and 7.5% ethanol (Table 2). Analysis revealed significant differences for sex (p < 0.0001) and treatment (p = 0.01).




2.2.2. Preference


Next, we examined the effects of treatment (vehicle pretreatment, SN-6, and vehicle posttreatment), sex (male andfemale), KB-R7943 doses (3 and 10 mg/kg p.o.), and their interactions to ethanol preference at the 2nd hour after exposure to water and 7.5% ethanol (Table 2). Three-way ANOVA revealed significant differences for sex (p = 0.01) and doses (p = 0.0002). Moreover, there was a significant interaction between sex and KB-R7943 doses (p = 0.01) but not between sex and treatment or sex and KB-R7943 doses. Furthermore, a significant interaction was observed between 3 and 10 mg/kg KB-R7943 doses in males (t = 2.71, p < 0.001) but not in females. Additionally, a significant interaction was observed between males and females during the 10 mg/kg KB-R7943 dose test (t = 3.88, p = 0.001). We also examined the effects of treatment, sex, and KB-R7943 doses and their interactions in ethanol preference 24 h after exposure to water and 7.5% ethanol (Table 2). Analysis revealed significant differences for sex (p = 0.031). A significant interaction was observed between sex and KB-R7943 doses (p = 0.03).




2.2.3. Water


We analyzed the effects of treatment (vehicle pretreatment, KB-R7943, and vehicle posttreatment), sex (male and female), KB-R7943 doses (3 and 10 mg/kg p.o.), and their interactions to water intake at the 2nd hour after exposure to water and 7.5% ethanol) (Table 2). Three-way ANOVA revealed significant differences for sex (p = 0.002) and treatment (p = 0.02) but not KB-R7943 doses. Additionally, there were no statistical differences in interaction between sex and KB-R7943 doses, KB-R7943 doses and treatment, sex and treatment or sex, KB-R7943 doses, and treatment. We also examined the effects of treatment, sex, and KB-R7943 doses and their interactions to water intake 24 h after exposure to water and 7.5% ethanol (Table 1). Analysis revealed no statistical differences for sex, treatment, and dose factors and interactions between factors.





2.3. Effects of SN-6 Administration on Ethanol Intake and Preference


The effects of SN-6 treatment at a dose of 3 mg/kg (p.o.) on ethanol intake and preference were examined in males and females 2 and 24 h after exposure to water and 7.5% ethanol. One-way repeated measures (RM) ANOVA showed significant differences in ethanol intake among males (F2,22= 6.15, p = 0.007) at the 2nd hour time point but not in females (p = 0.48). Further analysis revealed a long-lasting decrease in ethanol intake after SN-6 treatment in males (vehicle pretreatment vs. 3mg/kg SN-6: t = 2.42, p = 0.007 and vehicle pretreatment vs. vehicle posttreatment: t = 3.40, p = 0.007, Figure 1, panel B). However, there were no statistical differences in the amount of ethanol intake by females (p = 0.14, Figure 1, panel A) and males (p = 0.06, Figure 1, panel B) at the 24th hour time point after exposure to water and 7.5% ethanol. We also analyzed the effects of SN-6 treatment at a dose of 10 mg/kg (p.o.). One-way RM ANOVA showed a significant decrease in ethanol intake 2 h after exposure to water and 7.5% ethanol in male rats (F2,22= 3.78, p = 0.03; Figure 1, panel D) but not in females (p = 0.37; Figure 1, panel C). Further analysis revealed that ethanol intake decreased compared to the vehicle pretreatment in male rats (t = 2.74, p = 0.03, Figure 1, panel D). Quantification also showed that SN-6 at a dose of 10 mg/kg (p.o.) significantly decreased ethanol intake at the 24th hour time point in female rats (F2,22 = 11.63, p = 0.0003, Figure 1, panel C). Further analysis revealed that this effect was long-lasting (vehicle pretreatment vs. 10 mg/kg SN-6: t = 4.44, p = 0.006; and vehicle pretreatment vs. vehicle posttreatment: t = 3.84, p = 0.002, Figure 1, panel C). In males, one-way RM ANOVA showed that ethanol intake was significantly reduced (F2,22 = 3.87, p = 0.03). Further analysis revealed that this effect was acute but not long-lasting (vehicle pretreatment vs. 10 mg/kg SN-6; t = 2.68, p = 0.004, Figure 1, panel D).



We also analyzed the effects of SN-6 (3 or 10 mg/k; p.o.) on ethanol preference measured 2 and 24 h after exposure to water and 7.5% ethanol. One-way RM ANOVA showed that 3 mg/kg (p.o.) SN-6 treatment did not alter ethanol preference in both male and female rats at both the 2nd hour (females: p = 0.67, Figure 1, panel A and males: p = 0.65, Figure 2, panel B) and the 24th hour (females: p = 0.97, Figure 2, panel A and males: p = 0.45, Figure 2, panel B) time points after exposure to water and 7.4% ethanol. However, the administration of SN-6 at the dose of 10 mg/kg (p.o.) significantly decreased ethanol preference in females (F2,22 = 5.42, p = 0.01, Figure 2, panel C) but not in males (p = 0.37, Figure 2, panel D) 24 h after exposure to water and 7.5% ethanol. Further analysis revealed that the inhibitory effects of SN-6 in ethanol preference in females (vehicle pretreatment vs. 10 mg/kg SN-6: t = 2.80, p = 0.03) were long-lasting (vehicle pretreatment vs. vehicle posttreatment: t = 2.90, p = 0.02, Figure 2, panel C). No statistical differences were found at the 2nd hour time point in males (p = 0.25; Figure 2, panel D) and females (p = 0.12, Figure 2, panel C).




2.4. Effects of Administration KB-R7943 on Ethanol Intake and Preference


We analyzed the effects of KB-R7943 (3 or 10 mg/kg, p.o.) treatment on ethanol intake and preference in males and females 2 and 24 h after exposure to water and 7.5% ethanol. One-way RM ANOVA showed that KB-R7943 administration at a dose of 3 mg/kg (p.o.) did not affect ethanol intake at the 2nd hour time point in both females (p = 0.45, Figure 3, panel A) and males (p = 0.10, Figure 3, panel B). However, 3 mg/kg (p.o.) KB-R7943 treatment significantly decreased ethanol intake at the 24th hour time point in females (F2,22= 3.93, p = 0.03, Figure 3, panel A) but not in males (p = 0.09, Figure 3, panel B). Further analysis revealed that KB-R7943 treatment resulted in lower ethanol intake than vehicle pretreatment (t = 2.80, p = 0.03, Figure 3, panel A). After administrating KB-R7943 at a dose of 10 mg/kg (p.o.), the results showed no statistical differences in ethanol intake 2 h after exposure to water and 7.5% ethanol in both females (p= 0.15, Figure 3, panel C) and males (p = 0.52, Figure 3, panel D). However, at the 24th hour time point, the analysis showed significant differences in ethanol intake in female rats (F2,22 = 6.15, p = 0.007, Figure 3, panel C) but not in males (p = 0.93, Figure 3D). Further analysis revealed that KB-R7943 treatment significantly decreased ethanol intake in female rats (vehiclepretreatment vs. 10 mg/kg KB-R7943; t = 3.48, p = 0.006, Figure 3, panel C), but this inhibitory effect was not long-lasting.



We also analyzed the effects of KB-R7943 (3 or 10 mg/kg; p.o.) on ethanol preference measured at the 2nd and 24th hours after exposure to water and 7.5% ethanol. One-way RM ANOVA showed no statistical differences in ethanol preference in females (p = 0.93, Figure 4, panel A) and males (F2,22 = 5.06, p = 0.015, Figure 4, panel B) at the 2nd hour time point with a dose of 3 mg/kg KB-R7943. No statistical differences were also observed in ethanol preference at the 24th hour time point in females (p = 0.91, Figure 4, panel A) and males (p = 0.32, Figure 4, panel B). After the administration of 10 mg/kg KB-R7943, no statistical differences in ethanol preference were found in either females or males 2 h after exposure to water and 7.5% ethanol (female: p = 0.60, panel C, and male: p = 0.65, Figure 4, panel D). There were also no statistical differences in ethanol preference found in females (p = 0.75, Figure 4, panel C) and males (p = 0.68, Figure 4, panel D) 24 h after exposure to water and 7.5% ethanol.




2.5. Effects of SN-6 or KB-R7943 on Water Intake


We analyzed the effects of two doses of SN-6 (3 or 10 mg/kg, p.o.) or KB-R7943 (3 or 10 mg/kg, p.o.) on water preference in male and female rats. Analysis showed that a 3 mg/kg dose of SN-6 did not affect water intake levels in females (p = 0.42; Figure 5, panel A) and males (p = 0.57, Figure 5, panel B) 2 h after exposure to water and 7.5% ethanol. Similarly, a 10 mg/kg dose of SN-6 did not cause any statistical difference in water intake levels in females (p = 0.16; Figure 5, panel C) and males (p = 0.76, Figure 5, panel D) 2 h after exposure to water and 7.5% ethanol. Additionally, there were no statistical differences in water intake levels 24 h after exposure to water and 7.5% ethanol under both 3 mg/kg SN-6 (female: p = 0.49, and male: p = 0.08, Figure 5, panels A,B) and 10 mg/kg SN-6 (male: p = 0.76, and female: p = 0.22, Figure 5, panels C,D). Quantification also showed that KB-R7943 administration at the dose of 3 mg/kg (p.o.) did not change water intake levels 2 h after exposure to water and 7.5% ethanol among both females (p = 0.07; Figure 5, panel E) and males (p = 0.06, Figure 5, panel F). Similarly, there were no statistical differences in water intake levels 2 h after water and 7.5% ethanol exposure under 10 mg/kg (p.o.) KB-R7943 in females (p = 0.88; Figure 5, panel G) and males (p = 0.77, Figure 5, panel H). Additionally, there were no statistical differences in water intake levels 24 h after water and 7.5% ethanol exposure under 3 mg/kg KB-R7943 in both females (p = 0.65; Figure 5, panel E) and males (p = 0.08, Figure 5, panel F) or 10 mg/kg KB-R7943 in both females (p = 0.93; Figure 5, panel G) and males (p = 0.77, Figure 5, panel H).




2.6. Evaluation of Proestrus and Estrus Stages


We also measured vaginal wall impedance in female rats during the test days. The mean vaginal impedance value was 0.51 ± 0.07 (range: 0.8 to 2.2 kΩ, n = 48), indicating the estrus stage.





3. Discussion


The outcomes of this study validate our working hypothesis that NCX reverse mode activity can impact alcohol consumption. Our main discovery is that the administration of SN-6, an NCX1 reverse mode activity inhibitor, significantly decreased alcohol intake and preference in male and female Sprague Dawley D rats. Other studies have also reported reduced alcohol consumption and preference in both males and females after using various pharmacological probes such as semaglutide, a glucagon-like peptide1 receptor agonist [11], desformylflustrabromine, a positive allosteric modulator of α4β2 nicotinic acetylcholine receptor [12], LY2817412, a selective nociception receptor blocker [15], sazetidine-A, an agonist of α4β2 and α7 nicotinic acetylcholine receptor [17], Apremilast, a phosphodiesterase type 4 inhibitor [19], and fenofibrate, a potent peroxisome proliferator-activated receptor agonist [20]. However, KB-R7943, an NCX3 reverse mode activity inhibitor, only reduced alcohol intake (but not alcohol preference) exclusively in females. These studies also suggest that there are diverse pharmacological mechanisms for controlling alcohol intake and preference. Our findings indicate that alcohol exposure may increase NCX reverse mode activity in non-alcohol-dependent male and female Sprague Dawley rats, consistent with an upregulation of NCX1 and NXC3 proteins in the IC during the earlier phase of alcohol withdrawal when blood alcohol levels are still high [31]. Further, blocking NCX1 operating in the reverse activity was effective in reducing alcohol consumption in both male and female rats at similar doses; this has potential therapeutic implications. Moreover, SN-6 and KB-R7943 did not affect water consumption, suggesting that NCX reverse mode inhibitors may not cause a general suppression of consummatory behavior, making them potential selective agents targeting alcohol intake. Interestingly, the selective reduction in alcohol consumption was associated with no notable side effects following oral administration [29,30,31,32,33]. Further, inhibiting NCX1 reverse mode activity (and, to some extent, NCX3 reverse mode activity) within the IC can also suppress alcohol withdrawal seizures in male rats following chronic alcohol intoxication [30]. These observations suggest that inhibitors of NCX reverse mode activity could be a viable option for AUD individuals who are more susceptible to alcohol withdrawal-induced seizures. Such an option may also be possible through a CB1 receptor antagonist AM6527 or by using sazetidine-A, an α4β2 and α7 nicotinic receptor agonist, both reduced handling-induced convulsion in mice following alcohol withdrawal [11,17].



Multiple lines of evidence suggest that sex-related factors can impact alcohol preference, which can be related to the molecular and neural basis of sex differences [34,35,36,37]. Sexual dimorphism within the brain reveals that females feature large caudate nuclei and cortices, whereas males feature larger amygdala [38,39]. These structural changes may contribute to sex differences in alcohol intake and preference. In this study, inhibiting NCX3 and NCX1 reverse mode activity selectively decreased alcohol intake and alcohol preference, respectively, in female but not in male rats. These findings suggest that there may be a differential expression of NCX3 and NCX1 in the brain networks of female and male rats in response to alcohol exposure. One brain network of interest is the mesocorticolimbic dopaminergic pathway, which is essential in motivation to seek alcohol and alcohol reward [13,21,40,41]. Evidence indicates that estrogens potentiate alcohol-induced excitation of neurons in the ventral tegmental area (VTA) [42]. Interestingly, the targeted knockdown of estrogen in the VTA reduces alcohol drinking in females but not in males [42,43]. Hence, we hypothesize that inhibiting NCX3 or NCX1 reverse mode activity may decrease activity in the mesolimbic dopaminergic pathway, which is responsible for estrogen-mediated facilitation of drinking in female rats. Additionally, female rodents typically consume more alcohol than males, which may be due to hyperactivity of the mesocorticolimbic dopaminergic pathway [36]. Our study also found that all female rats were in the estrus phase during the test days; this suggests that NCX reverse mode activity inhibitors may be more effective in reducing alcohol consumption during ovulation.



Evidence indicates that SN-6 and KB-R7943 have excellent brain permeability [29,30,32,33]. Although these compounds are potent inhibitors of the three NCX isotopes, they primarily target NCX1 (SN-6) and NCX3 (KB-R7943) reverse mode activity, respectively, with IC50 < 30 μM [32,33]. Therefore, it is probable that doses of 3 and 10 mg/kg could reduce alcohol consumption and preference when NCX is exclusively operating in the reverse mode in some brain sites.



The mechanisms underlying how inhibiting NCXrev activity reduces alcohol intake and preference are not fully understood. Multiple lines of evidence indicate that Ca2+ signaling is a target of the action of alcohol [22]. In particular, Ca2+ entry via L-type Ca2+ channels has been implicated in alcohol intake; however, the reports are conflicting [23,24,25]. These findings suggest that other Ca2+ entry mechanisms may play a critical role in alcohol consumption. One of the mechanisms is NCX operating in its reverse mode activity, as it can act as a Ca2+ entry route [26,27,28,29,30,31,32,33,34,35,36,37,38]. Interestingly, NCX is a target of the action of alcohol. Accordingly, reports indicated that chronic alcohol exposure causes a long-lasting increase in NCX protein expression in brain synaptic membranes and NCX activity in synaptosomes [44,45]. Furthermore, NCX1 and NCX3 protein levels were increased in the IC before the onset of alcohol withdrawal-induced seizure susceptibility [31]. Additionally, inhibiting NCX1rev (but not NCX3rev) within the IC decreased the occurrence of alcohol withdrawal-induced seizures and reduced their severity [31]. These data suggest that the IC may be a brain target where the inhibition of NCX reverse activity can suppress alcohol consumption. Interestingly, the IC can respond to rewarding and aversive stimuli [46,47,48]. NCX reverse mode activity inhibitors can reduce alcohol consumption by altering neuronal activity in the networks relevant to motivation to seek alcohol and alcohol reward [18]. Interestingly, NCX1 and NCX3 expression has been found in the VTA and the ventral striatum (or nucleus accumbens, NAc), respectively [49,50]. These brain sites are part of the mesolimbic dopaminergic pathway, which plays an essential role in impulsive behavior and alcohol addiction [51,52,53]. It is tempting to suggest that inhibiting NCX reverse mode activity can influence the activity of the mesolimbic dopaminergic system, resulting in reduced dopamine release in the NAc and, ultimately, reduced alcohol consumption. Another plausible hypothesis is that NCX reverse mode inhibitors can potentially help reduce alcohol consumption by promoting the transporter’s forward mode and reducing intracellular Ca2+ levels (Figure 6). This leads to the downregulation of Ca2+-dependent mechanisms, including small conductance Ca2+-activated K+ (SK) channels. However, the role of SK channels in alcohol consumption is complex, with conflicting reports. Some studies report that focal microinjections of 1-EBIO, a blocker of SK channels within the NAc, can decrease alcohol intake [54]. Other studies suggest that focal infusions of apamin, another blocker of SK channels within the NAc, increased alcohol consumption [55]. Therefore, it is unlikely that NCX reverse mode activity inhibitors reduce alcohol consumption via SK channel mechanisms. Other potential Ca2+ signaling molecular targets include the large conductance, Ca2+-activated K+ channels, Ca2+-activated chloride channels, and intracellular Ca2+ release channels. Additionally, inhibiting NCX reverse mode activity can raise intracellular Na+ levels, which may result in the upregulation of Na+-dependent mechanisms such as Na+-activated K+ channels. Future studies would be interesting in probing the role of Na+-activated K+ channels in regulating voluntary alcohol consumption and preference.




4. Conclusions


This report presents the first evidence that the administration of NCX reverse mode activity inhibitors can decrease alcohol intake and preference in rats and highlights the role of NCX1 and NCX3 in controlling alcohol consumption in males and females, and females only, respectively. Further studies are necessary to validate these findings in other species, such as mice and rhesus macaques. This study is significant as it demonstrates the potential of NCX reverse mode activity inhibitors to decrease alcohol consumption, which is consistent with the notion that alcohol exposure can increase NCX reverse mode activity. Notably, NCX reverse mode inhibitors can also suppress alcohol withdrawal seizures. Thus, inhibiting NCX activity may be a promising approach for treating AUD in individuals who are more susceptible to alcohol withdrawal seizures.




5. Materials and Methods


5.1. Animals


We used 8-week-old Sprague Dawley rats (48 males and 48 females, 270–300 g). These rats were obtained from Taconic Bioscience (Germantown, NY, USA). Animals were kept in a well-maintained room with controlled temperature and humidity and a 12 h light/dark cycle; they had free access to food and water. We made efforts to minimize the number of animals used in experiments and followed the guidelines outlined by the Guide for the Care and Use of Laboratory Animals [56]. All experimental procedures were approved by the Institutional Animal Care and Use Committee under Protocol MED 20-03 on 24 July 2023.




5.2. Ethanol Consumption Paradigm: Intermittent Alcohol Access Two-Bottle Choice Paradigm


Ethanol solutions (7.5% v/v) were prepared in purified water from ethanol 95% stock solution (U.S.P., The Warner-Gram Company, Cockeysville, MD, USA). The 7.5% ethanol dose was used based on our findings that SD rats consumed more 7.5% ethanol than 15 or 30% ethanol [57]. The fluids were presented in 40 mL graduated Drinkomeasurer bottles (Amuza, San Diego, CA, USA) with stainless steel sippers inserted through two eyelets at the front of the cage. We used an intermittent alcohol access two-bottle choice paradigm in which animals have access to ethanol without sweeteners during three sessions of 24 h per week [57,58,59]. After one week of acclimatization in their homecages, animals were housed individually and offered water from two Drinkomeasure bottles for acclimation for two weeks. All animals had simultaneous 24 h access to two bottles, with one containing ethanol 7.5% (v/v) and the other containing water, starting Monday at 10 a.m. Twenty-four hours later, the ethanol bottle was replaced with a second bottle of water that was available for the next 24 h. This pattern was repeated on Wednesdays and Fridays (Figure 7). On all other days, the rats had unlimited access to two water bottles. To prevent any side preferences, the placement of the bottles was alternated during each session. The bottles were weighed 2 and 24 h after fluid presentation, and the amount of ethanol and water was measured. Additionally, the body weight of the animals was measured before each session and monitored at 24 and 48 h during the session.




5.3. Drugs and Solutions


We used SN-6 (2-[[4-[(4-Nitrophenyl)methoxy]phenyl]methyl]-4-thiazolidine carboxylic acid ethyl ester) and KB-R7943 (2-[2-[4-(4-Nitrobenzyloxy)phenyl]ethyl]isothiourea mesylate) potent inhibitors of the NCX reverse mode activity for NCX1 and NCX3, respectively, which were purchased from R&D System (Minneapolis, MN, USA). SN-6 and KB-R7943 were dissolved in dimethyl sulfonic acid (0.1%) and phosphate-buffered saline (pH 7.4) using sonication (80 kHz, 100% power). The solutions containing either SN-6 (0, 3, 10 mg/kg, p.o.) or KB-R7943 (0, 3, 10 mg/kg, p.o.) were freshly prepared before their administration, as previously described [29,30]. After four weeks of training, animals were randomly assigned into eight groups (n= 12) including female KB-R7943-3 (KB-R7943, 3 mg/kg), female KB-R7943-10 (KB-R7943, 10 mg/kg), male KB-R7943-3 (KB-R7943, 3 mg/kg), male KB-R7943-10 (KB-R7943, 10 mg/kg), female SN-6-3 (KB-R7943, 3 mg/kg), female SN-6-10 (SN-6, 10 mg/kg), male SN-6-3 (SN-6, 3 mg/kg), and male SN-6-10 (SN-6, 10 mg/kg). On Mondays, animals received the vehicle; on Wednesdays, animals received the tested drug, either SN-6 or KB-R7943; and on Fridays, they were examined to see the long-lasting effects of the drugs.




5.4. Vaginal Impedance


The Rat Vaginal Impedance Checker (Model MK-11; Muromachi Kikai, Tokyo, Japan) was used to measure vaginal impedance. Measurements were taken daily between 1 and 3 pm. A plastic probe (4.5 mm in diameter) containing two silver ring electrodes was inserted into the vagina and held stable to ensure complete contact with the metal electrodes. A threshold ≥3.0 kΩ was used to confirm the proestrus phase, while the estrus phase was characterized by a <3.0 kΩ [60]. The vaginal impedance readings provide a more accurate method of determining phases of the estrous cycle than vaginal smear cytology [60,61].




5.5. Data Analysis


The investigators were blinded to group allocation during experiments, and Origin 2023b. 10.05.157 software (OriginLab, Northampton, MA, USA) was used for statistical analyses and to create graphs. The body weight of each rat was used to calculate the grams of ethanol intake per kilogram of body weight and milliliters of water intake per kilogram. Ethanol preference was calculated as the ratio of ethanol to total fluid intake at the 24th hour time point. Measurements (ethanol and water intake) were carried out on Tuesdays, Thursdays, and Saturdays and were used as averages to calculate alcohol intake, ethanol preference, and water intake. For ethanol consumption, dependent measures included ethanol dose, alcohol preference, and water intake. Numerical data were first analyzed using general linear regression. Before performing ANOVA, data were subjected to the Kolmogorov–Smirnov test for normality and Levene’s test for homogeneity of variances. The ethanol intake, ethanol preference, and water intake were first analyzed using three-way ANOVA with sex (male and female), dose (3, 10 mg/kg), and treatment (vehicle pretreatment, NCX inhibitor, and vehicle posttreatment) as a between-subject factor and the 2nd or 24th hour time points as within-subject factor. For each time point (2nd or 24th hour), dose (3 or 10 mg/kg), and sex (male or female), data were then analyzed using repeated measures of one-way ANOVA. Post hoc comparisons were performed with Bonferroni correction, which compares the difference between each pair of means with an appropriate adjustment for multiple testing (t). The cut-off for statistical significance was set at p < 0.05. Data are presented as percentages (%) for ethanol preference and mean ± S.E.M. for ethanol intake, water intake, and vaginal impedance.








Author Contributions


G.K.S.-C.: investigation, formal analysis, and writing—original draft preparation; P.N.: conceptualization and methodology, investigation, writing—review and editing—funding acquisition. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Institute on Alcohol Abuse and Alcoholism, Grant R01AA027660 (PN).




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Animal Care and Use Committee (Protocol MED 20-03, 24 July 2023), following the guidelines set by the National Institutes of Health Guide for the Care and Use of Laboratory Animals.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available upon request from the corresponding author.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



World Health Organization. Global Status Report on Alcohol and Health; Poznyak, V., Rekve, D., Eds.; World Health Organization: Geneva, Switzerland, 2018; pp. 1–450. [Google Scholar]

	



Akbar, M.; Egli, M.; Cho, Y.E.; Noronha, A. Medications for alcohol use disorders: An overview. Pharmacol. Ther. 2018, 185, 64–85. [Google Scholar] [CrossRef] [PubMed]

	



Babor, T.F.; Casswell, S.; Graham, K.; Huckle, T.; Livingston, M.; Rehm, J.; Room, R.; Rossow, I.; Sornpaisarn, B. Alcohol: No ordinary commodity-a summary of the third edition. Addiction 2022, 117, 3024–3036. [Google Scholar] [CrossRef] [PubMed]

	



Koob, G. Alcohol use disorder treatment: Problems and solutions. Ann. Rev. Pharmacol. Toxicol. 2024, 64, 255–275. [Google Scholar] [CrossRef] [PubMed]

	



Schuckit, M.A. Recognition and management of withdrawal delirium (delirium tremens). New Engl. J. Med. 2014, 371, 2109–2113. [Google Scholar] [CrossRef] [PubMed]

	



Jesse, S.; Brathen, G.; Ferrara, M.; Keindl, M.; Ben-Menachem, E.; Tanasescu, R.; Brodtkorb, E.; Hillbom, M.; Leone, M.A.; Ludolph, A.C. Alcohol withdrawal syndrome: Mechanisms, manifestations, and management. Acta Neurol. Scand. 2017, 135, 4–16. [Google Scholar] [CrossRef] [PubMed]

	



Yang, W.; Singla, R.; Maheshwari, O.; Fontaine, C.J.; Gil-Mohapel, J. Alcohol use disorder: Neurobiology and therapeutics. Biomedicines 2022, 10, 1192. [Google Scholar] [CrossRef] [PubMed]

	



Mason, B.J.; Heyser, C.J. Alcohol use disorder: The role of medication in recovery. Alcohol Res. 2021, 41, 7. [Google Scholar] [CrossRef]

	



Gupta, A.; Khan, H.; Kaur, A.; Singh, T.G. Novel targets explored in the treatment of alcohol withdrawal syndrome. CNS Neurol. Disord. Drug Targets 2021, 20, 158–173. [Google Scholar] [CrossRef] [PubMed]

	



Raghay, J.G.; Kumar, H.; Ji, L.; Vemuri, K.; Makriyannis, A.; Suh, J.; Leonard, M.Z.; Dang, V.; Ty, C.; Marandola, S.; et al. The neutral CB1 antagonist AM6527 reduces ethanol seeking, binge-like consumption, reinforcing, and withdrawal effects in male and female mice. Psychopharmacology 2024, 241, 427–443. [Google Scholar] [CrossRef] [PubMed]

	



Aranas, C.; Edvardsson, C.E.; Shevchouk, O.T.; Zhang, Q.; Witley, S.; Skoldheden, S.B.; Zentveld, L.; Vallof, D.; Tufvesson-Alm, M.; Jerlhag, E. Semaglutide reduces alcohol intake and relapse-like drinking in male and female rats. eBioMedicine 2023, 93, 104642. [Google Scholar] [CrossRef] [PubMed]

	



Decker, S.; Davis, G.; Vahora, I.; Vukovic, A.; Patel, P.; Suryanarayanan, A. Desformylflustrabromine (dFBr), a positive allosteric modulator of a4b2 nicotinic acetylcholine receptors decreases voluntary ethanol consumption and preference in male and female Sprague-Dawley rats. PLoS ONE 2022, 17, e0273715. [Google Scholar] [CrossRef] [PubMed]

	



Domi, E.; Domi, A.; Adermark, L.; Heilig, M.; Augier, E. Neurobiology of alcohol seeking behavior. J. Neurochem. 2021, 157, 1585–1614. [Google Scholar] [CrossRef] [PubMed]

	



Jimenez, V.A.; Walter, N.A.R.; Shnitko, T.A.; Newman, N.; Diem, K.; Vanderhooft, L.; Hunt, H.; Grant, K.A. Mifepristone decreases chronic voluntary ethanol consumption in rhesus macaques. J. Pharmacol. Exp. Ther. 2020, 375, 258–267. [Google Scholar] [CrossRef]

	



Borruto, A.M.; Fotio, Y.; Stopponi, S.; Brunori, G.; Petrella, M.; Caputi, F.F.; Romualdi, P.; Candeletti, S.; Narendran, R.; Rorick-Kehn, L.M.; et al. NOP receptor antagonism reduced alcohol drinking in male and female rats through mechanisms involving the central amygdala and ventral tegmental area. Br. J. Pharmacol. 2020, 177, 1525–1537. [Google Scholar] [CrossRef] [PubMed]

	



Nieto, S.J.; Quave, C.B.; Kosten, T.A. Naltrexone alters alcohol self-administration behaviors and hypothalamic-pituitary-adrenal axis activity in a sex-dependent manner in rats. Pharmacol. Biochem. Behav. 2018, 167, 50–59. [Google Scholar] [CrossRef] [PubMed]

	



Touchette, J.C.; Maertens, J.J.; Mason, M.M.; O’Rouke, K.Y.; Lee, A.M. The nicotinic receptor drug sazetidine-A reduces alcohol consumption in mice without affecting concurrent nicotine consumption. Neuropharmacology 2018, 133, 63–74. [Google Scholar] [CrossRef] [PubMed]

	



Nicholson, E.R.; Dilley, J.E.; Froehlicj, J.C. Co-administration of low-dose naltrexone and bupropion reduces alcohol drinking in alcohol-preferring (P) rats. Alcohol. Clin. Exp. Res. 2018, 42, 571–577. [Google Scholar] [CrossRef] [PubMed]

	



Blednov, Y.A.; Costa, A.J.D.; Tarbox, T.; Ponomareva, O.; Messing, R.O.; Harris, R.A. Apremilast alters behavioral responses to ethanol in mice: I. reduced consumption and preference. Alcohol. Clin. Exp. Res. 2018, 42, 926–938. [Google Scholar] [CrossRef] [PubMed]

	



Blednov, Y.A.; Black, M.; Benavidez, J.M.; Stamatakis, E.E.; Harris, R.A. PPAR agonist: I. role of receptor subunits in alcohol consumption in male and female mice. Alcohol. Clin. Exp. Res. 2018, 40, 553–562. [Google Scholar] [CrossRef] [PubMed]

	



Koob, G.F.; Volkow, N.D. Neurobiology of addiction: A neurocircuitry analysis. Lancet Psychiatry 2016, 3, 760–773. [Google Scholar] [CrossRef] [PubMed]

	



N’Gouemo, P. Voltage-sensitive calcium channels in the brain: Relevance to alcohol intoxication and withdrawal. Handb. Exp. Pharmacol. 2018, 248, 263–280. [Google Scholar] [CrossRef] [PubMed]

	



Fadda, F.; Garau, B.; Colombo, G.; Gessa, G.L. Isradipine and Other Calcium Channel Antagonists Attenuate Ethanol Consumption in Ethanol-Preferring Rats. Alcohol. Clin. Exp. Res. 1992, 16, 449–452. [Google Scholar] [CrossRef] [PubMed]

	



De Beun, R.; Schneider, R.; Klein, A.; Lohmann, A.; De Vry, J. Effects of Nimodipine and Other Calcium Channel Antagonists in Alcohol-Preferring AA Rats. Alcohol 1996, 13, 263–271. [Google Scholar] [CrossRef] [PubMed]

	



De Beun, R.; Schneider, R.; Klein, A.; Lohmann, A.; Schreiber, R.; De Vry, J. The calcium channel agonist BAY k 8644 reduces ethanol intake and preference in alcohol-preferring AA rats. Psychopharmacology 1996, 127, 302–310. [Google Scholar] [CrossRef]

	



Su, J.-J.; Qi, G.-Y.; Yang, N.; Zhang, J. Progress in the physiology and pathophysiological functions of sodium-calcium exchangers. Acta Physiol. Sin. 2014, 66, 241–251. [Google Scholar]

	



Khananshvili, D. Structure-based function and regulation of NCX variants: Update and challenges. Int. J. Mol. Sci. 2022, 24, 61. [Google Scholar] [CrossRef] [PubMed]

	



Iwamoto, T. Forefront of Na+/Ca2+ exchanger studies: Molecular pharmacology of Na+/Ca2+ exchange inhibitors. J. Pharmacol. Sci. 2004, 96, 27–32. [Google Scholar] [CrossRef] [PubMed]

	



Quansah, H.; N’Gouemo, P. Amiloride and SN-6 Suppress Audiogenic Seizure Susceptibility in Genetically Epilepsy-Prone Rats. CNS Neurosci. Ther. 2014, 20, 860–866. [Google Scholar] [CrossRef] [PubMed]

	



Newton, J.; Akinfiresoye, L.R.; N’Gouemo, P. Inhibition of the Sodium Calcium Exchanger Suppresses Alcohol Withdrawal-Induced Seizure Susceptibility. Brain Sci. 2021, 11, 279. [Google Scholar] [CrossRef] [PubMed]

	



Akinfiresoye, L.R.; Newton, J.; Suman, S.; Datta, K.; N’Gouemo, P. Targeted Inhibition of Upregulated Sodium-Calcium Exchanger in Rat Inferior Colliculus Suppresses Alcohol Withdrawal Seizures. Mol. Neurobiol. 2023, 60, 292–302. [Google Scholar] [CrossRef] [PubMed]

	



Matsuda, T.; Arakawa, N.; Takuma, K.; Kishida, Y.; Kawasaki, Y.; Sakaue, M.; Takahashi, K.; Takahashi, T.; Suzuki, T.; Ota, T.; et al. SEA0400, a novel and selective inhibitor of the Na+-Ca2+ exchanger, attenuates reperfusion injury in the in vitro and in vivo cerebral ischemic models. J. Pharmacol. Exp. Ther. 2001, 298, 249–256. [Google Scholar] [PubMed]

	



Miyata, A.; Zipes, D.P.; Hall, S.; Rubart, M. KB-R7943 prevents acute, atrial fibrillation-induced shortening of atrial refractoriness in anesthetized dogs. Circulation 2002, 106, 1410–1419. [Google Scholar] [CrossRef] [PubMed]

	



Rivera-Irizarry, J.K.; Zallar, L.J.; Levine, O.B.; Skelly, M.J.; Boyce, J.E.; Barney, T.; Kopyto, R.; Pleil, K.E. Sex differences in binge alcohol drinking and the behavioral consequences of protracted abstinence in C57BL/6J mice. Biol. Sex. Differ. 2023, 14, 83. [Google Scholar] [CrossRef] [PubMed]

	



Radke, A.K.; Sneddon, A.E.; Frasier, R.M.; Hopf, F.W. Recent perspective on sex differences in compulsion-like and binge alcohol drinking. Int. J. Mol. Sci. 2021, 22, 3788. [Google Scholar] [CrossRef]

	



Priddy, B.M.; Carmack, S.A.; Thomas, L.C.; Vendruscolo, J.C.M.; Koob, G.F.; Vendruscolo, L.F. Sex, strain, and estrous cycle influences on alcohol drinking in rats. Pharmacol. Biochem. Behav. 2017, 152, 61–67. [Google Scholar] [CrossRef] [PubMed]

	



Flores-Bonilla, A.; Richardson, H.N. Sex differences in the neurobiology of alcohol disorder. Alcohol Res. 2020, 40, 04. [Google Scholar] [CrossRef] [PubMed]

	



Reddy, D.S.; Thompson, W.; Calderara, G. Molecular mechanisms of sex differences in epilepsy and seizure susceptibility in chemical, genetic and acquired epilepsy. Neurosci. Lett. 2021, 750, 135753. [Google Scholar] [CrossRef]

	



Savic, I.; Engel, J., Jr. Structural and functional correlates of epileptogenesis—Does gender matter? Neurobiol. Dis. 2014, 70, 69–73. [Google Scholar] [CrossRef] [PubMed]

	



Jaurez, B.; Morel, C.; Ku, S.M.; Liu, Y.; Zhang, H.; Montgomery, S.; Gregoire, H.; Ribeiro, E.; Crumiller, M.; Roman-Ortiz, C.; et al. Midbrain circuit regulation of individual alcohol drinking behaviors in mice. Nat. Commun. 2017, 8, 2220. [Google Scholar] [CrossRef] [PubMed]

	



Cui, C.; Noronha, A.; Morikawa, H.; Alvarez, V.A.; Stuber, G.D.; Szumlinski, K.K.; Kash, T.L.; Roberto, M.; Wilcox, M.V. New insights on neurobiological mechanisms underlying alcohol addiction. Neuropharmacology 2013, 67, 223–232. [Google Scholar] [CrossRef]

	



Vandergrift, B.J.; You, C.; Satta, R.; Brodie, M.S.; Lasek, A.W. Estradiol increases the sensitivity of ventral tegmental area dopaminergic neurons to dopamine and ethanol. PLoS ONE 2017, 12, e0187698. [Google Scholar] [CrossRef]

	



Vandergrift, B.J.; Hildebrand, E.R.; Satta, R.; Tai, R.; He, D.; You, C.; Chen, H.; Xu, P.; Coles, C.; Brodie, M.S.; et al. Estrogen receptor α regulates ethanol excitation of ventral tegmental area neurons and binge drinking in female mice. J. Neurosci. 2020, 40, 5196–5207. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Michaelis, M.L.; Michaelis, E.K. Effects of chronic ethanol treatment on the expression of calcium transport carriers and NMDA/glutamate receptor proteins in brain synaptic membranes. J. Neurochem. 1997, 69, 1559–1569. [Google Scholar] [CrossRef] [PubMed]

	



Michaelis, M.L.; Michaelis, E.K.; Numley, E.W.; Galton, N. Effects of chronic alcohol administration on synaptic membrane Na+-Ca2+ exchange activity. Brain Res. 1987, 414, 239–244. [Google Scholar] [CrossRef] [PubMed]

	



Bures, Z.; Bartosova, J.; Lindovsky, J.; Chumak, T.; Popelar, J.; Syka, J. Acoustically enrichment during early postnatal development changes response properties of inferior colliculus neurons in rats. Eur. J. Neurosci. 2014, 40, 3674–3683. [Google Scholar] [CrossRef]

	



De Oliveira, R.A.; Colombo, A.C.; Muthuraju, S.; Almada, R.C.; Brandao, M.L. Dopamine D2-like receptors modulate unconditioned fear: Role of inferior colliculus. PLoS ONE 2014, 9, e104228. [Google Scholar] [CrossRef] [PubMed]

	



Vander Weele, C.M.; Siciliano, C.A.; Matthews, G.A.; Namburi, P.; Izadmehr, E.M.; Espinel, I.C.; Nieh, E.H.; Schut, E.H.S.; Padilla-Coreano, N.; Burgos-Robles, A.; et al. Dopamine enhances signal-to-noise ratio in cortical-brainstem encoding of aversive stimuli. Nature 2018, 563, 397–401. [Google Scholar] [CrossRef] [PubMed]

	



Papa, M.; Canitano, A.; Boscia, F.; Castaldo, P.; Sellitti, S.; Porzig, H.; Taglialatela, M.; Annunziato, L. Differential expression of Na+-Ca2+ exchanger transcripts and proteins in rat brain regions. J. Comp. Neurol. 2003, 46, 31–48. [Google Scholar] [CrossRef] [PubMed]

	



Yu, L.; Calvin, R.A. Regional differences in expression of transcripts for Na+/Ca2+ exchanger isoforms in rat brain. Brain Res. Mol. Brain Res. 1997, 50, 285–292. [Google Scholar] [CrossRef]

	



Montgomery, S.E.; Li, L.; Russo, S.J.; Calipari, E.S.; Nestler, E.J.; Morel, C.; Han, M.-H. Mesolimbic neural response dynamics predict future individual alcohol drinking in mice. Biol. Psychiatry 2023, in press. [CrossRef] [PubMed]

	



Kuiper, L.B.; Roberts, J.B.; Estave, P.M.; Leo, D.; Gainetdinov, R.R.; Jones, S.R. Patterns of ethanol intake in male rats with partial dopamine transporter deficiency. Genes Brain Behav. 2023, 22, e12847. [Google Scholar] [CrossRef] [PubMed]

	



Dahchour, A.; Ward, R.J. Changes in brain dopamine extracellular concentration after ethanol administration; rat microdialysis studies. Alcohol 2022, 57, 165–175. [Google Scholar] [CrossRef] [PubMed]

	



Hopf, F.W.; Bowers, M.S.; Chang, S.-J.; Chen, B.T.; Martin, M.; Seif, T.; Cho, S.L.; Tye, K.; Bonci, A. Reduced nucleus accumbens SK channel activity enhances alcohol seeking during abstinence. Neuron 2010, 65, 682–694. [Google Scholar] [CrossRef] [PubMed]

	



Padula, A.E.; Griffin, W.C., 3rd; Lopez, M.F.; Nimitvilai, S.; Cannady, R.; McGuier, N.S.; Chesler, E.J.; Miles, M.F.; Williams, R.W.; Randall, P.K.; et al. KCNN genes that encode small-conductance Ca2+-activated K+ channels influence alcohol and drug addiction. Neuropsychopharmacology 2015, 40, 1928–1939. [Google Scholar] [CrossRef] [PubMed]

	



Garber, J.C.; Barbee, R.W.; Bielitzki, J.T.; Clayton, L.A.; Donovan, J.C.; Kohn, D.F.; Lipman, N.S.; Locke, P.; Melcher, J.; Quimby, F.W.; et al. Guide for the Care and Use of Laboratory Animals, Eighth Edition. In National Research Council of The National Academies Collection: Reports Funded by National Institutes of Health; National Academies Press (US): Washington, DC, USA, 2011; ISBN 978-0-309-15400-0. [Google Scholar]

	



Silva-Cardoso, G.K.; N’Gouemo, P. Influence of Inherited Seizure Susceptibility on Intermittent Voluntary Alcohol Consumption and Alcohol Withdrawal Seizures in Genetically Epilepsy-Prone Rats (GEPR-3s). Brain Sci. 2024, 14, 188. [Google Scholar] [CrossRef] [PubMed]

	



Carnicella, S.; Ron, D.; Barak, S. Intermittent ethanol access schedule in rats as a preclinical model for alcohol abuse. Alcohol 2014, 48, 243–252. [Google Scholar] [CrossRef] [PubMed]

	



Becker, H.C. Animal models of excessive alcohol consumption in rodent. Curr. Top. Behav. Neurosci. 2013, 13, 355–377. [Google Scholar] [PubMed]

	



Chesney, K.L.; Chang, C.; Bryda, E.C. Using Vaginal Impedance Measurement to Identify Proestrus in Rats Given Luteinizing Hormone Releasing Hormone (LHRH) Agonist. J. Am. Assoc. Lab. Anim. Sci. 2020, 59, 282–287. [Google Scholar] [CrossRef]

	



Ajayi, A.F.; Akhigbe, R.E. Staging of the estrous cycle and induction of estrus in experimental rodents: An update. Fertil. Res. Pract. 2020, 6, 5. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 25 04132 g001] 





Figure 1. SN-6 and ethanol intake. SN-6 (3 or 10 mg/kg) was orally administered 30 min before exposure to water and 7.5% ethanol. At a dose of 3 mg/kg (p.o.), SN-6 significantly reduced ethanol intake in male (panel (B)) but not female (panel (A)) rats 2 h after exposure to water and 7.5% ethanol. Additionally, at a dose of 10 mg/kg (p.o.), SN-6 significantly reduced ethanol intake in both male and female rats; notably, the effect was more prominent in females and lasted longer (panels (C,D)). The filled dots represent individual data points. The data are presented as mean ± S.E.M for alcohol intake, and the analysis was performed using one-way repeated measures ANOVA followed by Bonferroni post hoc correction (* p < 0.05, ** p < 0.01 and *** p < 0.001, n = 12). 
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Figure 2. SN-6 and ethanol preference. SN-6 (3 or 10 mg/kg) was orally administered 30 min before exposure to water and 7.5% ethanol. When administered at 3 mg/kg (p.o.), SN-6 did not affect ethanol preference in either male or female rats (panels (A,B)). However, SN-6 at 10 mg/kg (p.o.) significantly decreased ethanol preference in female rats but not in male rats 24 h after exposure to water and 7.5% ethanol (panels (C,D)). The filled dots represent individual data points. The data are presented as percentages (%) and were analyzed using one-way repeated measures ANOVA followed by Bonferroni post hoc correction (* p <0.05, n = 12). 
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Figure 3. KB-R7943 and ethanol intake. KB-R7943 (3 or 10 mg/kg) was orally administered 30 min before exposure to water and 7.5% ethanol. KB-R7943 at the dose of 3 mg/kg (p.o.) treatment significantly decreased ethanol intake in female but not in male rats (A,B). Similarly, KB-R7943 at the dose of 10 mg/kg (p.o.) significantly decreased ethanol intake in female rats but not males (C,D). The filled dots represent individual data points. The data are presented as mean ± S.E.M and were analyzed using one-way repeated measures ANOVA followed by Bonferroni post hoc correction (* p < 0.05, ** p < 0.01, n = 12). 
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Figure 4. KB-R7943 and ethanol preference. KB-R7943 (3 or 10 mg/kg) was orally administered 30 min before exposure to water and 7.5% ethanol. When administered at a dose of 3 mg/kg (p.o.), KB-R7943 significantly decreased ethanol intake in males (panel (B)) but not in female rats (panel (A)). KB-R7943 at a dosage of 10 mg/kg (p.o.) did alter ethanol preference in female and male rats (panels (C,D)). The filled dots represent individual data points. The data are presented as percentages (%) and were analyzed using one-way repeated measures ANOVA followed by Bonferroni post hoc correction. 
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Figure 5. NCX inhibitors and water intake. SN-6 or KB-R7843 (3 or 10 mg/kg, p.o.) was orally administered 30 min before exposure to water and 7.5% ethanol. There were no considerable effects on water intake in female and male rats after SN-6 treatment (panels (A–D)). Similarly, the KB-R7943 treatment did not alter water intake in female and male rats (panels (E–H)). The filled dots represent individual data points. The data are presented as mean ± S.E.M for water intake and analyzed using one-way repeated measures ANOVA followed by Bonferroni post hoc correction (n = 12). 
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Figure 6. Summary and putative mechanisms. NCX activity results in Ca2+ influx in reverse mode and Ca2+ efflux during forward mode (A). Administration of NCX reverse mode activity inhibitors (B,C) decreases intracellular [Ca2+] levels, reducing Ca2+-dependent mechanisms (and activating Na+-dependent mechanisms), potentially leading to decreased ethanol consumption and preference. 
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Figure 7. Experimental design. During the experiments, adult male and female rats were given a choice between water and 7.5% ethanol thrice a week (Mondays, Wednesdays, and Fridays) using a two-bottle choice paradigm. After four weeks of training, rats were given the vehicle (control solution) on Mondays, SN-6 or KB-R7943 on Wednesdays, and the vehicle (washout solution) on Fridays. 
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Table 1. Overall effects of SN-6 on ethanol intake, ethanol preference, and water consumption.






Table 1. Overall effects of SN-6 on ethanol intake, ethanol preference, and water consumption.





	
SN-6






	
Ethanol intake

	
2 h

	
24 h




	
Factor sex

	
F1,132 = 46.50

	
p < 0.0001

	
F1,132 = 59.4

	
p < 0.0001




	
Factor treatment

	
F2,132 = 4.34

	
p = 0.01

	
F1,132 = 3.009

	
p = 0.05




	
Factor SN-6 doses

	
F1,132 = 1.63

	
p = 0.20

	
F1,132 = 1.09

	
p = 0.29




	
Interaction sex and SN-6

	
F1,132 = 3.80

	
p = 0.053

	
F 1,132 = 6.88

	
p = 0.009




	
Interaction SN-6 and treatment

	
F2,132 = 0.030

	
p = 0.73

	
F2,132 = 0.297

	
p = 0.74




	
Interaction sex and treatment

	
F2,132 = 1.82

	
p = 0.16

	
F2,132 = 0.18

	
p = 0.83




	
Interaction sex, SN-6 doses, and treatment

	
F2,132 = 1.32

	
p = 0.26

	
F2,132 = 1.24

	
p = 0.29




	
Preference

	
2 h

	
24 h




	
Factor sex

	
F1,132 = 9.54

	
p = 0.002

	
F1,132 = 3.29

	
p = 0.07




	
Factor treatment

	
F2,132 = 0.04

	
p = 0.95

	
F2,132 = 1.71

	
p = 0.184




	
Factor SN-6 doses

	
F1,132= 65.08

	
p < 0.001

	
F 1,132 = 218.6

	
p < 0.001




	
Interaction sex and SN-6

	
F1,132 = 0.13

	
p = 0.71

	
F1,132 = 0.73

	
p = 0.39




	
Interaction SN-6 and treatment

	
F2,132 = 6.29

	
p = 0.002

	
F2,132 = 1.47

	
p = 0.23




	
Interaction sex and treatment

	
F2,132 = 0.90

	
p = 0.40

	
F2,132 = 0.24

	
p = 0.78




	
Interaction sex, SN-6, and treatment

	
F2,132 = 3.03

	
p = 0.05

	
F2,132 = 0.31

	
p = 0.72




	
Water

	
2 h

	
24 h




	
Factor sex

	
F1,132 = 4.55

	
p = 0.034

	
F1,132 = 3.48

	
p = 0.06




	
Factor treatment

	
F2,132 = 0.31

	
p = 0.73

	
F2,132 = 0.66

	
p = 0.51




	
Factor SN-6 doses

	
F1,132= 0.50

	
p = 0.47

	
F1,132= 1.74

	
p = 0.18




	
Interaction sex and SN-6

	
F1,132 = 0.54

	
p = 0.45

	
F1,132 = 0.84

	
p = 0.30




	
Interaction SN-6 and treatment

	
F2,132 = 0.41

	
p = 0.66

	
F2,132 = 0.94

	
p = 0.39




	
Interaction sex and treatment

	
F2,132 = 0.33

	
p = 0.71

	
F 2,132 = 0.11

	
p = 0.88




	
Interaction sex, SN-6, and treatment

	
F2,132 = 0.33

	
p = 0.71

	
F2,132 = 0.64

	
p = 0.52








Three-way ANOVA was used to analyze the impact of sex (male and female), dose (3, 10 mg/kg), and treatment (vehicle pretreatment, NCX inhibitor, and vehicle posttreatment) on ethanol intake, ethanol preference, and water intake. The cut-off for statistical significance was set at p < 0.05 (n = 12).













 





Table 2. Overall effects of KB-R7934 on ethanol intake, ethanol preference, and water consumption.
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KB-R7943






	
Ethanol intake

	
2 h

	
24 h




	
Factor sex

	
F1,132 = 32.77

	
p < 0.0001

	
F1,132 = 52.11

	
p < 0.0001




	
Factor treatment

	
F2,132 = 2.642

	
p = 0.07

	
F2,132 = 4.43

	
p = 0.01




	
Factor KB-R7943 doses

	
F1,132= 0.429

	
p = 0.513

	
F1,132= 1.50

	
p = 0.22




	
Interaction sex and KB-R7943

	
F1,132 = 1.085

	
p = 0.299

	
F1,132 = 0.002

	
p = 0.87




	
Interaction KB-R7943 and treatment

	
F2,132 = 0.008

	
p = 0.99

	
F2,132 = 0.007

	
p = 0.99




	
Interaction sex and treatment

	
F2,132 = 0.33

	
p = 0.71

	
F2,132 = 2.08

	
p = 0.12




	
Interaction sex, KB-R7943, and treatment

	
F2,132 = 0.59

	
p = 0.553

	
F2,132 = 0.25

	
p = 0.77




	
Preference

	
2 h

	
24 h




	
Factor sex

	
F1,132 = 6.74

	
p = 0.01

	
F1,132 = 4.74

	
p = 0.031




	
Factor treatment

	
F2,132 = 0.04

	
p = 0.96

	
F2,132 = 0.29

	
p = 0.74




	
Factor KB-R7943 doses

	
F1,132 = 13.80

	
p = 0.0002

	
F1,132 = 3.66

	
p = 0.057




	
Interaction sex and KB-R7943

	
F1,132 = 6.74

	
p = 0.01

	
F1,132 = 4.74

	
p = 0.03




	
Interaction KB-R7943 and treatment

	
F2,132 = 0.007

	
p = 0.99

	
F2,132 = 0.22

	
p = 0.79




	
Interaction sex and treatment

	
F2,132 = 0.31

	
p = 0.73

	
F2,132 = 0.03

	
p = 0.96




	
Interaction sex, SN-6, and treatment

	
F2,132 = 0.31

	
p = 0.73

	
F2,132 = 0.036

	
p = 0.96




	
Water

	
2 h

	
24 h




	
Factor sex

	
F1,132 = 9.17

	
p = 0.002

	
F1,132 = 3.57

	
p = 0.06




	
Factor treatment

	
F2,132 = 3.80

	
p = 0.02

	
F2,132 = 0.41

	
p = 0.66




	
Factor KB-R7943 doses

	
F1,132 = 0.63

	
p = 0.42

	
F1,132= 1.81

	
p = 0.18




	
Interaction sex and KB-R7943

	
F1,132 = 0.00009

	
p = 0.99

	
F1,132 = 0.109

	
p = 0.74




	
Interaction KB-R7943 and treatment

	
F2,132 = 1.06

	
p = 0.34

	
F 2,132 = 0.59

	
p = 0.55




	
Interaction sex and treatment

	
F2,132 = 1.37

	
p = 0.25

	
F2,132 = 0.14

	
p = 0.86




	
Interaction sex, SN-6, and treatment

	
F2,132 = 0.32

	
p = 0.72

	
F2,132 = 0.056

	
p = 0.94








Three-way ANOVA was used to analyze the impact of sex (male and female), dose (3, 10 mg/kg), and treatment (vehicle pretreatment, NCX inhibitor, and vehicle posttreatment) on ethanol intake, ethanol preference, and water intake. The cut-off for statistical significance was set at p < 0.05 (n = 12)
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