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Increased Voluntary Alcohol Consumption in Mice Lacking GABAB(1) Is Associated With Functional Changes in Hippocampal GABAA Receptors
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Gamma-aminobutyric acid type B receptor (GABABR) has been extensively involved in alcohol use disorders; however, the mechanisms by which this receptor modulates alcohol drinking behavior remain murky. In this study, we investigate alcohol consumption and preference in mice lacking functional GABABR using the 2-bottle choice paradigm. We found that GABAB(1), knockout (KO), and heterozygous (HZ) mice drank higher amounts of an alcoholic solution, preferred alcohol to water, and reached higher blood alcohol concentrations (BACs) compared to wild-type (WT) littermates. The GABABR agonist GHB significantly reduced alcohol consumption in the GABAB(1) HZ and WT but not in the KO mice. Next, because of a functional crosstalk between GABABR and δ-containing GABAA receptor (δ-GABAAR), we profiled δ subunit mRNA expression levels in brain regions in which the crosstalk was characterized. We found a loss of the alcohol-sensitive GABAAR δ subunit in the hippocampus of the GABAB(1) KO alcohol-naïve mice that was associated with increased ɣ2 subunit abundance. Electrophysiological recordings revealed that these molecular changes were associated with increased phasic inhibition, suggesting a potential gain of synaptic GABAAR responsiveness to alcohol that has been previously described in an animal model of excessive alcohol drinking. Interestingly, voluntary alcohol consumption did not revert the dramatic loss of hippocampal δ-GABAAR occurring in the GABAB(1) KO mice but rather exacerbated this condition. Finally, we profiled hippocampal neuroactive steroids levels following acute alcohols administration in the GABAB(1) KO and WT mice because of previous involvement of GABABR in the regulation of cerebral levels of these compounds. We found that systemic administration of alcohol (1.5 g/kg) did not produce alcohol-induced neurosteroid response in the GABAB(1) KO mice but elicited an expected increase in the hippocampal level of progesterone and 3α,5α-THP in the WT controls. In conclusion, we show that genetic ablation of the GABAB(1) subunit results in increased alcohol consumption and preference that were associated with functional changes in hippocampal GABAAR, suggesting a potential mechanism by which preference for alcohol consumption is maintained in the GABAB(1) KO mice. In addition, we documented that GABAB(1) deficiency results in lack of alcohol-induced neurosteroids, and we discussed the potential implications of this finding in the context of alcohol drinking and dependence.
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INTRODUCTION

Alcohol use disorder (AUD) is one of the largest public health problems worldwide, with devastating socioeconomic repercussions. In 2016, 2.8 million deaths were attributable to alcohol use and misuse, accounting for nearly 5% of all global deaths (GBD 2016 Alcohol and Drug Use Collaborators, 2018). To curb this epidemic, identification of effective strategies is needed to achieve AUD prevention and therapy. A considerable number of preclinical and clinical evidence has indicated the ɣ-aminobutyric acid (GABA) inhibitory system as one of the most promising targets for the effective treatment of AUD (Addolorato et al., 2012). The GABAergic system is the primary inhibitory neurotransmitter in the brain that fine-tunes neuronal excitability by preventing hyperexcitation (Olsen and Sieghart, 2008). The GABA-mediated inhibitory action is produced by two different classes of receptors that diverge in terms of structural, physiological, and pharmacological properties. GABA type A receptors (GABAARs) are a family of chloride ion channels that mediate fast inhibitory signals by hyperpolarization of the postsynaptic membrane, whereas GABA type B receptors (GABABRs) are G protein-coupled metabotropic receptors that produce slow and persistent inhibitory signals (Bettler et al., 2004). The ionotropic GABAAR has been largely involved in the acute and chronic effects of alcohol in the brain including pharmacological tolerance, dependence, and withdrawal symptoms (Enoch, 2008; Kumar et al., 2009; Olsen and Liang, 2017). Now, there is also considerable evidence supporting the involvement of metabotropic GABABR in alcohol-drinking behaviors and dependence.

Pharmacological studies have documented that activation of GABABR by the prototypical receptor agonist baclofen and/or ɣ-hydroxybutyric acid (GHB), resulted in reduction of alcohol-drinking behaviors in animal models and in human patients with AUD; therefore, both drugs have been consistently proposed as antialcohol therapy (Biggio et al., 1992; Caputo et al., 2009; Addolorato et al., 2011; Agabio et al., 2018; Colombo and Gessa, 2018). A genetic study has found that a single nucleotide polymorphism in the GABAB(1) promoter is predictive of AUD in human populations (Enoch et al., 2016). Aberrant splicing of GABAB(1) has been found in post-mortem human brain samples from alcoholics (Lee et al., 2014), suggesting that both genetic and epigenetic regulations of GABAB(1) expression may increase AUD risk. A recent RNA-seq study investigating GABAergic gene expression in post-mortem patients with AUD and cocaine addicts have revealed a robust downregulation of hippocampal GABAB(1) (Enoch et al., 2012). In the same study, diminished expression of GABAB(1) was also found in the hippocampus of alcohol-naïve and alcohol-preferring rats, suggesting that diminished expression and function of hippocampal GABABR may be a predisposing factor for drug and alcohol dependence irrespective of species (Enoch et al., 2012). Nonetheless, the mechanisms by which GABABR modulates alcohol drinking behaviors and favor alcohol dependence remain unclear.

A potential mechanism by which GABA may regulate alcohol drinking has emerged from recent studies showing the role of GABABR in modulating tonic currents that are mediated by extrasynaptic δ-containing GABAAR (δ-GABAAR) (Stell et al., 2003; Glykys et al., 2008; Carver and Reddy, 2016). It has been found that pharmacological activation of GABABR increases tonic currents mediated byδ-GABAA in thalamic relay neurons, cerebellar granule cells, and hippocampal dentate gyrus granule cells (DGGCs) (Connelly et al., 2013; Tao et al., 2013; Khatri et al., 2019). Extrasynaptic δ-GABAARs have been extensively associated with the pharmacological effect of alcohol on the brain (Mihalek et al., 2001; Sundstrom-Poromaa et al., 2002; Wallner et al., 2003; Wei et al., 2004), and significant changes in alcohol drinking behaviors have been reported by pharmacological and genetic manipulation of the GABAAR δ subunit (Nie et al., 2011; Ramaker et al., 2011; Fritz and Boehm, 2014; Melón et al., 2019). These findings raise the possibility that some effects of GABABR agonists on alcohol drinking and related behaviors might be mediated, at least in part, by modulating δ-GABAAR activity.

Based on this background, we hypothesized that genetic ablation of the fundamental GABAB(1) subunit of GABAB R may increase alcohol drinking behaviors. Thus, we investigated alcohol drinking behavior in mice lacking functional GABABR (Schuler et al., 2001). Moreover, based on recent findings supporting a functional interaction between GABAB and δ-GABAA receptors, we hypothesized that lack of GABABR may produce functional changes in “alcohol-sensitive” receptors. To test this hypothesis, we studied the expression and function of extrasynaptic δ-GABAA Rs in different brain areas of alcohol-naïve and, subsequently, alcohol-exposed mice. Finally, because of involvement of GABABR in regulating brain levels of neuroactive steroids (Barbaccia et al., 2002), an important class of endogenous modulators of extrasynaptic δ-GABAAR with an established role in mediating several behavioral effects produced by alcohol (Morrow et al., 2006; Reddy, 2010; Porcu and Morrow, 2014), we profiled hippocampal neuroactive steroids levels following acute alcohol administration in GABAB(1) knockout (KO) and wild-type (WT) mice.



MATERIALS AND METHODS


Subjects

Balb/c GABAB(1) KO mice were generously provided by Dr. Martin Gassmann of University of Basel, Switzerland, and have been previously characterized by Schuler et al. (2001). Over the years, the mouse colony was back-crossed every 20 generations (F20) with a Friend Virus B (FVB) NIH Jackson mouse strain to obviate genetic drift (Fattuoni et al., 2020). All the subjects were kept in our animal facility with an artificial 12:12 light/dark cycle and constant temperature (23°C) and humidity (65%); food and water were provided ad libitum. On postnatal day 21, litters were weaned and genotyped by polymerase chain reaction (PCR) using specific primers and thermocycler conditions as follow: primer 1 targeting exon 10 (forward) 5′AGCTGACCAGACCTTGGTCAT ′3; primer 2 targeting exon 11 (reverse) 5′ AACTGGCTTCTCCCTATGTGG ′3; primer 3 NeoStart (reverse) 5′ATGGGATCGGCCATTGAACAA ′3; initial incubation at 95°C for 5 min, 35 cycles of (denaturation at 95°C for 1 min, annealing at 60°C for 1 min, and extension at 72°C for 1 min), final extension at 72°C for 5 min. Only male subjects were used in all the experiments. After weaning, experimental subjects were group-housed in standard propylene mouse cages (from 3 to 6 subjects/cage) and kept in a dedicated room away from the mating area. All the mice were euthanized (in the dark if needed). This study was performed in accordance with the recommendations of the “Guidelines for Care and Use of Experimental Animals” issued by the Italian Ministry of Health (D.L. 26/2014) and the European Union (2010/63/UE), and the “Guide for Care and Use of Laboratory Animals” adopted by NIH, United States (eighth edition, 2011). The University of Cagliari “Committee of Animal Use and Care” read and approved the experimental protocol.



Drugs

Absolute ethanol (alcohol) was purchased from Carlo Erba Reagents SRL (Milano, Italy). Alcohol solutions were prepared with filtered water; alcohol was dissolved in a sterile saline solution (sodium chloride 0.9%) for intraperitoneal (IP) injection. GHB sodium salt was purchased from Sigma-Aldrich (St. Louis, MO, United States) and dissolved in the same sterile saline solution for IP injection. The dose of GHB in all the experiments was 100 mg/kg, while the dose of alcohol for IP injection was 1.5 mg/kg. GHB was injected at a volume of 10 ml/kg 15 min prior to beginning the test; alcohol was injected at a volume of 10 ml/kg 60 min before euthanasia and neuroactive steroids measurement. Control mice in all the experiments received an equivalent volume of saline solution.



Limited Access 2-Bottle Choice Drinking Paradigm

Thirteen weeks old mice were placed in a dedicated room with 12:12 inverted light/dark cycle and allowed to adapt to the new light/dark cycle for 1 week before the beginning of testing. We used a modified sucrose-fading procedure as we have previously described (Sanna et al., 2011; Follesa et al., 2015). Briefly, the mice were provided with daily access to an alcohol solution for 2 h, beginning 30 min prior to the dark cycle start point. Bottles containing the alcohol solution and filtered water as alternative fluid were offered for a total of 36 days. During the first 8 days of the habituation period, the mice received the following alcohol/sucrose (v/v; w/v) solutions: days 1–2, 10–5%; days 3–4, 12.5–4%; days 5–6, 15–2%; day, 7–8, 15–0%. For the rest of the experiment, the mice were maintained on 15% (v/v) alcoholic solution sucrose-free. Solutions were offered at room temperature and prepared fresh twice a week, and bottle positions were switched daily to avoid side preference. The mice were individually housed during the 2 BC and group-housed at the end of a drinking session. Food and water were provided ad libitum throughout the entire paradigm, and mouse body weight was recorded twice a week. To evaluate the amount of alcohol and water consumed, bottles were weighted before and after a drinking session. An additional control group for molecular analysis was kept under the same experimental conditions, but alcohol-containing bottles were replaced with water. A schematic representation of experimental timeline is depicted in Figure 1E.
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FIGURE 1. Limited access 2-bottle choice (2BC) drinking paradigm to study alcohol intake, preference, total fluid consumption, and blood alcohol concentration (BAC). (A) Total alcohol intake in GABAB(1) WT, KO, and HZ mice during the total period (4 weeks) of 2BC exposition (WT, n = 13; KO, n = 9; HZ, n = 15). (B) Alcohol preference to water during the 4 weeks of 2BC; (WT, n = 13; KO, n = 9; HZ, n = 15). (C) Total fluid consumption recorded in GABAB(1) WT, KO, and HZ during the 2BC drinking paradigm; (WT, n = 13; KO, n = 9; HZ, n = 15). (D) BAC in GABAB(1) WT, KO, and HZ mice was determined at the end of the last drinking session (WT, n = 13; KO, n = 8; HZ, n = 14). Post hoc test (**p < 0.01; *p < 0.05). (E) Schematic representation of experimental timeline. All data are expressed as mean ± SEM.




Limited Access 2-Bottle Choice Drinking Paradigm and GHB Treatment

We performed an independent experiment using the same 2 h limited access 2BC drinking paradigm described above. Following the 8 days of habituation period, we divided the subjects for each genotype in two experimental groups (GHB and saline). Then, we treated the mice daily with GHB or saline 15 min before the beginning of the drinking session. Drinking behaviors were evaluated for 10 consecutive days.



Spontaneous Locomotor Activity

Spontaneous locomotors activity was performed as we have previously described in Sanna et al. (2011). Briefly, the mice were exposed to the experimental room for 2 h prior the beginning of the experiment and then received an IP injection of GHB or saline 15 min before beginning the test. Spontaneous locomotor activity was assessed by placing the subjects in the center of the 25 cm × 25 cm square arena of an infrared Actimeter (Harvard Apparatus, MA, United States). The subjects were left undisturbed to freely move for a total time of 60 min. After each session, the arena was thoroughly cleaned with 70% alcohol.



Blood Alcohol Concentration Assay

Immediately after decapitation, blood samples (140 μl) were collected from the trunk with two heparinized capillary tubes, transferred to 1.5-ml test tubes containing 10 μl heparin, and mixed; 100 μl aliquots of blood was then subjected to BAC analysis by static headspace capillary gas chromatography/mass spectrometry following the same protocol that we previously described in Follesa et al. (2015). BAC values were expressed in mg/dl units.



Measurement of GABAAR Subunit mRNA Level by qRT-PCR

Brain areas were rapidly removed following the decapitation and placed in 1.5-ml RNase-free plastic tubes. Liquid nitrogen was used to snap-freeze the dissected tissues; frozen tissues were then stored at –80°C until the day of analysis. Total RNA isolation was performed using TRI Reagent® (Sigma-Aldrich, St. Louis, MO, United States) following the manufacturer’s instructions. The RNA concentration of each sample was determined by measuring the absorbance at 260 nm. From each sample, 1 μg of RNA was employed for single-strand cDNA synthesis using an iScript™ cDNA synthesis kit (Bio-Rad, Hercules, CA, United States) according to the manufacturer’s instructions. Diluted cDNA (1:50) was used as a template for quantitative RT-PCR to determine GABAAR subunit mRNA levels using the same experimental protocol and thermocycler conditions we previously described in Follesa et al. (2015). The primer assay “QuantiTect” from Qiagen (Hilden, Germany) was used for measuring the following GABAAR subunits and housekeeping genes: GABAAR α4 (product number 249900, NM_010251, final conc. 1X), GABAAR δ (product number 249900, NM_008072, final conc. 1X), GABAAR ɣ2 (product number 249900, NM_008073; NM_177408, final conc. 1X), beta-actin (product number 249900, NM_007393, final conc. 1X), and GAPDH (product number 249900, NM_008084, final conc. 1X).



Electrophysiology

Brain slice preparation and whole-cell patch-clamp recordings were performed as previously described (Sanna et al., 2011). In brief, recordings were made from neurons held at –65 mV using borosilicate glass pipettes (resistance, 2.5–4.5 MΩ) that were pulled with a Flaming/Brown micropipette puller (Sutter Instruments, Novato, CA, United States) and containing the following (in mM): 150 CsCl, 10 HEPES, 5 lidocaine N-ethyl bromide, 2 MgCl2, 3 Mg-ATP, 0.3 Na-GTP, and 10 BAPTA-4K, pH 7.25–7.30 (osmolarity∼298 mOsm). GABA-evoked Cl- currents were recorded by adding kynurenic acid (3 mM) to the extracellular aCSF recording solution. Voltage-clamp was performed with an Axopatch 200-B amplifier (Axon Instruments, Foster City, CA, United States). Recordings were discarded if the access resistance was over 25 MΩ or changed by more than 20%. Data were filtered at 2 kHz and digitized at 5 kHz. Spontaneous inhibitory postsynaptic current (sIPSC) amplitude, frequency, and decay time were acquired using the pClamp 9.2 software (Molecular Devices, CA, United States). Tonic currents were recorded after 6 min of GABAAR δ partial agonist 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol (THIP, Gaboxadol) 3 (μM) application. After THIP perfusion, bicuculline (20 μM) was further added for blocking both phasic and tonic currents. To evaluate the tonic components of GABAergic inhibition, shift in holding current (pA), and change in noise variance (% vs. control) caused by drug perfusion were evaluated. All the reagents and drugs used were purchased from Sigma-Aldrich (St. Louis, MO, United States).



Extraction and Assay of Neuroactive Steroids

Brains were rapidly removed from the skull following the decapitation, and hippocampi were rapidly dissected and frozen in liquid nitrogen and then stored at −80°C until steroid extraction. Progesterone, 3α-hydroxy-5α-pregnan-20-one (3α,5α-TH-PROG; allopregnanolone, AP), and 3α,5α tetrahydrodeoxycorticosterone (3α,5α-THDOC; THDOC) were extracted and purified as we have previously described (Purdy et al., 1990; Serra et al., 2000). Briefly, neuroactive steroids were extracted with ethyl acetate (three times), and resulting organic phases were dried using a vacuum. The resulting residue was combined in 5 ml of n-hexane and applied to a SepPak silica cartridge (Waters), and then eluted using n-hexane and 2-propanol (7:3 vol/vol). Steroid separation and purification were performed by HPLC on a 5-mm Lichrosorb-diol column (250 3 4 mm; Phenomenex) using a discontinuous gradient of 2-propanol (0–30%) in n-hexane. Progesterone, that coelutes with cholesterol, required an additional purification that was executed by washing twice with 400 ml of water and 200 ml of dimethyl sulfoxide the resulting HPLC, previously dried, fractions. Lastly, progesterone was extracted twice with 1.5-ml volumes of n-hexane in the aqueous phase. Neuroactive steroids from bilateral hippocampi were quantified by radioimmunoassay (RIA) as previously described (Barbaccia et al., 1996). Specific antibodies against progesterone were purchased from ICN (Costa Mesa, CA, United States) and antibodies to THDOC and AP were generated, respectively, from rabbits and sheep and have been previously characterized (Purdy et al., 1990).



Statistical Analysis

All data are presented as mean ± SEM and were analyzed by appropriate one- or two-way analysis of variance (ANOVA) or Student’s t-test as described in the Section “Results.” The GraphPad Prism 9.0 software was used for all the statistical analyses. Significant main effects and interactions (p < 0.05) in the ANOVA were followed by post hoc test analysis. For all the behavioral and molecular experiments, Tukey’s multiple comparisons post hoc test was conducted with the exception of the GHB and neurosteroid experiments that were analyzed by Šídák′s multiple comparisons test.




RESULTS


Increased Alcohol Consumption, Preference, and BAC in GABAB(1) KO Mice

Thanks to previous preclinical and clinical studies supporting the view that diminished GABABR transmission may increase alcohol drinking behaviors and dependence, we investigated for the first time alcohol drinking behaviors in GABAB(1) KO mice. To this end, we monitored daily alcohol intake in GABAB(1) KO, HZ, and WT male mice exposed to the 2-bottle choice drinking paradigm for a total period of 4 weeks. For each subject, daily alcohol intake values (expressed in g/kg/2h) were averaged for each week and grouped by genotype. We found that the GABAB(1) KO and HZ mice drank more alcohol than the WT mice. The two-way repeated measure ANOVA revealed a significant main effect of genotype [F(2,34) = 6.872, p = 0.0031] and time [F(2.733,92.93) = 4.314, p = 0.0085] but not genotype × time interaction [F(6,102) = 1.341, p = 0.2458]. Tukey’s multiple comparisons test showed significantly higher alcohol intake in the GABAB(1) KO mice starting on week 2 (WT vs. KO p = 0.0473) and maintained over time (WT vs. KO p = 0.0433; p = 0.0031, weeks 3 and 4). Similarly, the HZ mice showed increased alcohol drinking starting on week 3 (WT vs. HZ p = 0.0231) that was also maintained on week 4 (WT vs. HZ p = 0.032) (Figure 1A). Lack and/or reduction of GABABR function resulted in overall increase in alcohol preference to water. Alcohol preference scores were calculated as the ratio of alcohol intake to total fluid intake [alcohol intake/(alcohol intake + water intake)]. The two-way repeated measure ANOVA with genotype as the between-subject factor and time as the within-subject factor showed a significant main effect of genotype [F(2,34) = 5.303, p = 0.0099] but not time [F(1.935,65.78) = 1.176, p = 0.3138] on alcohol preference and no interaction between these factors [F(6,102) = 0.9134, p = 0.4885]. Tukey’s multiple comparisons test revealed that the GABAB(1) KO mice showed increased alcohol preference compared to WT starting on week 2 (p = 0.0338) that was maintained over the weeks (P = 0.0315, P = 0.0259; weeks 3 and 4, respectively). The HZ mice showed increased alcohol preference compared to WT starting on week 3 (p = 0.0343) that was maintained during week 4 (p = 0.0365) (Figure 1B). We annotated the total fluid consumption, calculated as the sum of alcohol intake + water intake (ml). The two-way repeated measure ANOVA revealed a main effect of time [F(2.154,73.24) = 3.097, p = 0.0475] but not genotype [F(2,34) = 1.647, p = 0.2077] on total fluid consumption; moreover, no interaction was found between genotype and time [F(6,102) = 1.194 p = 0.3155] (Figure 1C). Finally, we evaluated whether the increased voluntary alcohol consumption in the GABAB1 KO and HZ mice resulted in increased BAC. We profiled BAC right after the end of the last drinking session and found that the GABAB1 KO mice had higher BAC levels than the WT mice [one-way ANOVA; F(2,31) = 3.704, p = 0.0361]. Tukey’s multiple comparisons test revealed a statistical significance between KO and WT (p = 0.0335) but not between HZ and WT. The BAC average in the KO and HZ mice was 9.41 and 6.04 mg/dl, respectively, whereas the BEC average in the WT mice was only 0.63 mg/dl (Figure 1D).



ɣ-Hydroxybutyric Acid Decreases Voluntary Alcohol Consumption in GABAB(1) HZ and WT but Not in KO Mice

We evaluated the capability of the GABABR agonist GHB, a drug that has shown anti-alcohol effects on rodents and humans (Biggio et al., 1992; Colombo et al., 2012), to suppress alcohol drinking in our models. To achieve this goal, we treated the GABAB(1) KO, HZ, and WT mice every day with GHB or saline solutions 15 min before a drinking session. The two-way ANOVA showed a main effect of genotype [F(2,54) = 27.22, p < 0.0001] and treatment [F(1,54) = 44.94, p < 0.0001] as well as interaction between these two factors [F(2,54) = 14.93, p < 0.0001]. Multiple comparisons revealed a significant reduction in the voluntary alcohol consumption of HZ and WT mice treated with GHB compared to controls treated with saline (p < 0.0001 and p = 0.0056, respectively) (Figure 2A). Conversely, GHB treatment in GABAB(1) KO did not produce any effect on alcohol consumption (Figure 2A). To rule out that suppression of alcohol-drinking behaviors after GHB treatment was due to secondary effects (i.e., sedation), we measured the spontaneous locomotor activity in independents groups of mice treated with the same dose of GHB. We found that GHB did not reduce the total distance traveled in all the mice groups. On the contrary, Šídák’s multiple comparisons test revealed an increase in the total distance traveled in the GHB-treated GABAB(1) HZ mice (p = 0.0490) (Figure 2B). The two-way ANOVA revealed a main effect of genotype [F(2,63) = 12.44, p < 0.0001] and treatment [F(1,63) = 5.675, p = 0.0202], but there was no interaction between these two factors.
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FIGURE 2. Limited access 2-bottle choice (2BC) drinking paradigm to study the effect of GHB treatment on alcohol consumption in GABAB(1) WT, KO, and HZ mice. (A) Alcohol intake in GABAB(1) WT, KO, and HZ mice during the total period of 2BC exposition and GHB or saline treatment (n = 5/group). (B) Spontaneous locomotor activity was recorded in GABAB(1) WT, KO, and HZ mice; total distance traveled is expressed in cm/1h (WT saline, n = 12; KO saline, n = 9; HZ saline, n = 13; WT GHB, n = 11; KO GHB, n = 10; HZ GHB, n = 14). All mice in panels (A,B) received GHB (100 mg/kg) or an equivalent volume of saline 15 min prior to the test. All data are expressed as mean ± SEM. Post hoc test (****p < 0.0001; **p < 0.01; *p < 0.05).




Lack of GABAB(1) Produces Molecular Changes in GABAAR Subunit Gene Expression in the Hippocampus

Recent studies have shown the capability of GABABRs to directly modulate extrasynaptic δ-GABAAR, a subtype of GABAAR with an established role in alcohol drinking and dependence. In this study, we sought to expand the knowledge of these interesting findings looking more closely at the molecular level. To this end, we measured the mRNA abundance of the GABAAR δ subunit in brain areas where the crosstalk between GABABR and δ-GABAAR has been characterized (Connelly et al., 2013; Tao et al., 2013; Khatri et al., 2019). We found a significant decrease in δ subunit mRNA in the hippocampus of the GABAB(1) KO mice compared with both the WT (p = 0.0058) and HZ mice (p = 0.0008) by one-way ANOVA [F(2,18) = 11.27, p = 0.0007] followed by Tukey’s multiple comparisons test (Figure 3A). However, we did not find any significant difference in δ subunit mRNA abundance in the cerebellum and thalamus (data not presented). We also extended the analysis to the α4 subunit that forms a specific partnership with δ in this brain region (Wei et al., 2004). We did not observe any changes in gene expression associated with the α4 subunit in all the three genotypes as revealed by the one-way ANOVA [F(2,19) = 0.5461, p = 0.588] (Figure 3B).
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FIGURE 3. GABAA receptor s measurement in different brain areas revealed a homeostatic change in the hippocampus of GABAB(1) KO. mRNA level of the delta (A) and alpha4 (B) subunits in the hippocampus of GABAB(1) WT, KO, and HZ mice. Post hoc test (***p < 0.001; **p < 0.01) (n = 7/group). All data are expressed as mean ± SEM.




Lack of GABAB(1) Produces Changes in Phasic but Not Tonic GABAergic Currents in Dentate Gyrus Granule Cells

Because of the important changes in GABAAR gene expression found in the GABAB(1) KO mice, we studied the GABAergic inhibitory components in the hippocampus. To this end, we targeted DGGCs, a neuronal cell population characterized by a prominent tonic current that is primarily mediated by extrasynaptic δ-GABAAR. DGGCs also display a phasic inhibitory component attributable to the activation of ɣ2-containing GABAAR that are located at synaptic level (Nusser and Mody, 2002; Stell and Mody, 2002). Under our experimental conditions, the activation of GABAAR caused by spontaneous release of GABA from presynaptic terminals caused a consistent inward current reflecting an outflow of Cl- ions. After a recording of 3 min for a stable baseline, the hippocampal slices were perfused for 6 min with THIP, resulting in consistent increase in noise variance and negative shift of the holding current with respect to the baseline. Interestingly, despite the decrease in δ subunit abundance observed in the GABAB(1) KO mice, we found no difference in increase in tonic current with THIP compared to the WT animals as revealed by a similar holding current shift (unpaired t-test t = 0.1848, df = 13; p = 0.8562), and change in noise variance (unpaired t-test t = 1.623, df = 13; p = 0.1286) (Figures 4A–C); in agreement, the subsequent bicuculline application to the bath ended all GABAergic currents causing the expected positive shift of baseline as well as reduction in noise variance in a similar extent in both the WT and KO mice (Figures 4A–C). On the contrary, analyses of sIPSC kinetics revealed a significant increase in the amplitude of phasic inhibitory transmission (unpaired t-test, t = 2.645, df = 12; p = 0.0214) (Figures 4D,E). Conversely, no changes in sIPSC frequency (unpaired t-test, t = 1.086, df = 12; p = 0.2987) and decay time (unpaired t-test, t = 0.5393, df = 12; p = 0.5995) were noted. Supporting the increase in the amplitude of phasic inhibitory current, we found a significant increase in ɣ2 subunit abundance in the hippocampus of the GABAB(1) KO mice compared with the WT littermates (unpaired t-test, t = 5.018, df = 6; p = 0.0024) (Figure 4F) that provides a rationale for the increase in the amplitude of the phasic inhibitory component.
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FIGURE 4. Effect of genetic ablation of GABAB(1) on GABAergic tonic and phasic currents in granule cells of the dentate gyrus. (A) Representative traces of whole-cell mode recording of GABAergic tonic currents from GABAB(1) WT (left) and KO (right) mice. After 3 min of baseline, the application of 3 μM THIP increased tonic currents that were blocked by the application of 20 μM bicuculline (Bic). Calibration, 100 pA, 20 s. Panel (B) shows the negative shift in the holding current following THIP application (WT, n = 5; KO, n = 10) and panel (C) shows the increase in noise variance compared to the baseline following THIP application (WT, n = 5; KO, n = 10). All GABAergic currents in panels (B,C) were blocked by bicuculline. (D) Bar graphs represent the analysis of GABAergic spontaneous IPSCs (sIPSCs), summarizing the changes in sIPSC amplitude expressed in picoampere (pA); decay time is expressed in milliseconds (ms), frequency in hertz (Hz) (WT, n = 5; KO, n = 9). Post hoc test (*p < 0.05). (E) Representative trace of sIPSC amplitude highlighting the difference between GABAB(1) WT and KO mice. Calibration 50 pA, 10 s. (F) mRNA level of the Gamma2 subunit in the hippocampus of alcohol-naïve GABAB(1) WT and KO mice. Unpaired t-test (*p < 0.05) (n = 3/group). All data are expressed as mean ± SEM.




Voluntary Alcohol Consumption Differently Affects GABAAR Subunits Gene Expression in the Hippocampus of GABAB(1) KO and HZ Mice

We have previously documented that voluntary alcohol consumption is associated with increase in the abundance of hippocampal GABAAR δ subunit at the mRNA and protein levels (Sanna et al., 2011; Follesa et al., 2015). In this study, we investigated whether voluntary alcohol consumption can revert the dramatic downregulation of hippocampal GABAAR δ subunit found in alcohol naïve-GABAB(1) KO mice. Thus, we measured after the last drinking session the expression level of GABAAR δ and its associated partner subunit α4 in the hippocampus of alcohol-exposed GABAB(1) KO, HZ, and WT mice and relative controls (water group). Surprisingly, we found that exposure to the 2BC drinking paradigm did not revert the dramatic downregulation of the hippocampal δ subunit in the GABAB1 KO mice but rather exacerbated this condition. Accordingly, the HZ and GABAB(1) mice exposed to voluntary alcohol drinking showed the same condition of KO mice with robust reduction in the δ subunit. Conversely, the alcohol-exposed WT mice did not show any change in GABAAR δ subunit expression. The two-way ANOVA revealed a main effect of genotype [F(2,53) = 25.32, p < 0.0001] and treatment [F(1,53) = 13, p = 0.0007]; the post hoc test revealed a significant decrease in δ subunit abundance in the HZ alcohol-exposed mice compared to the water-exposed controls (Tukey’s multiple comparisons test; p = 0.0084) (Figure 5A). Intriguingly, we found an overall increase in GABAAR α4 subunits in GABAB1 KO and HZ compared to the WT mice, which, on the contrary, presented a slight decrease in this subunit. The two-way ANOVA showed a significant interaction (genotype × time) [F(2,54) = 4.001, p = 0.024], but no main effects were found. Tukey’s multiple comparisons test revealed a significant increase in α4 subunits in the alcohol-exposed GABAB(1) KO mice compared to the alcohol-exposed WT controls (p = 0.0163) (Figure 5B).
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FIGURE 5. Effect of voluntary alcohol consumption on GABAA receptor gene expression. (A) Delta subunit mRNA level in the hippocampus of GABAB(1) WT, KO, and HZ and mice at the end of the last drinking session of 2BC. (B) Bar graphs represent the analysis of alpha4 subunit mRNA level in the hippocampus of GABAB(1) WT, KO, and HZ mice at the end of the last drinking session of 2BC. All data are expressed as mean ± SEM; (n = 10/group). Post hoc test (*p < 0.05; **p < 0.01; ****p < 0.0001).




Lack of Steroidogenic Activity Following Alcohol Administration in GABAB(1) KO Mice

Because of the potential involvement of GABABR in regulating the levels of neuroactive steroids and the established role of these compounds in the regulation of δ-GABAAR and alcohol drinking (Sundstrom-Poromaa et al., 2002; Stell et al., 2003; Wallner et al., 2003; Morrow et al., 2006; Jensen et al., 2017), we profiled the hippocampal neuroactive steroid levels in the GABAB(1)KO and WT mice following alcohol administration. To this end, we measured the levels of GABAergic neurosteroids 3α-hydroxy-5α-pregnan-20-one (3α,5α-TH-PROG; allopregnanolone, AP), 3α,5α-tetrahydrodeoxycorticosterone (3α,5α-THDOC; THDOC), and progesterone. Interestingly, we did not report any significant change in the basal level of the neuroactive steroids profiled. On the other hand, we found that the single dose (1.5 mg/kg) of alcohol significantly increased the hippocampal level of progesterone in WT but not KO; the two-way ANOVA analyses showed a main effect of treatment [F(1,28) = 13.22, p = 0.0011] and genotype [F(1,28) = 5.788, p = 0.023] as well as interaction between the two factors [F(1,28) = 5.24, P = 0.0298] (Figure 6A). We also found a significant genotype × treatment interaction [F(1,27) = 4.276, p = 0.0484] for the neuroactive steroid AP, reflecting a different response of GABAB(1) KO to alcohol administration; however, no significant main effects of either genotype or treatment were detected. To better evaluate the effects of alcohol on neuroactive steroid AP, in WT alcohol-treated compared with WT saline controls time (unpaired t-test t = 2.861, df = 12; p = 0.0143), but not in the KO alcohol-exposed mice compared with the KO saline controls (unpaired t-test t = 0.6913, df = 15; p = 0.4999) (Figure 6B). On the contrary, the two-way ANOVA did not reveal any effects of acute alcohol administration on the hippocampal level of THDOC (Figure 6C).
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FIGURE 6. Effect of systemic alcohol administration on brain level of progesterone, 3α,5α-TH-PROG (allopregnanolone, AP), and 3α,5α-tetrahydrodeoxy corticosterone (THDOC). (A) Levels of progesterone in the hippocampus of WT and KO mice 60 min after systemic alcohol or saline administration. Post hoc test (**p < 0.01) (WT saline, n = 5; KO saline, n = 6; WT alcohol, n = 9; KO alcohol, n = 10). (B) Levels of AP in the hippocampus of WT and KO mice 60 min after systemic alcohol or saline administration. Genotype × treatment interaction is indicated with solid lines (#p < 0.05); unpaired t-test is indicated with dashed lines (*p < 0.05) (WT saline, n = 5; KO saline, n = 7; WT alcohol, n = 9; KO alcohol, n = 10). (C) Levels of THDOC in the hippocampus of WT and KO mice 60 min after systemic alcohol or saline administration (WT saline, n = 6; KO saline, n = 7; WT alcohol, n = 9; KO alcohol, n = 10). All data are expressed as mean ± SEM.





DISCUSSION

The metabotropic ɣ-aminobutyric acid type B receptor (GABABR) system represents one of the most promising targets for effective treatment of AUDs. GABABR agonists such as baclofen and GHB have been often proposed as anti-alcohol therapy (Caputo et al., 2009; Agabio et al., 2018). However, their use in clinics has been limited because of the presence of side effects including sedation, cognitive disruption, and, in the case of GHB, abuse liability and possibility of accidental overdose (Carter et al., 2006; Augier, 2021). An alternative approach to GABABR agonists may be represented by positive allosteric modulators of the GABABR that have shown similar therapeutic efficacy compared to agonists and better side-effect profile (Filip et al., 2015). However, clinical validation of these compounds is warranted. More broadly, the possibility to disrupt the acute side effect of GABABR modulators without abolishing the positive effect on reducing alcohol drinking will have an implication for treatment in clinics. To this end, a better understanding of GABABR-associated pathways involved in alcohol drinking is required to design more selective and effective therapeutic strategies. Nonetheless, only few investigations on mechanisms by which this receptor regulates alcohol drinking have been accomplished thus far. In this study, we investigated for the first-time the alcohol drinking behavior of mice lacking functional GABABR with the 2-bottle choice (2BC) paradigm, and then we analyzed the expression and function of extrasynaptic δ-GABAARs that are functionally related to GABABRs in brain areas relevant to alcohol drinking and dependence (Jia et al., 2008; Enoch et al., 2012; Diaz et al., 2014; Ma et al., 2022).

The 2BC paradigm represents a useful tool to study the willingness of an experimental animal to consume alcohol and allows for determination of a preference for an alcoholic solution over water (Crabbe et al., 2010). We found that the GABAB(1) KO and HZ mice drank higher amounts of the alcohol solution, preferred alcohol to water, and had higher BACs compared to their WT littermates. To date, the total amount of alcohol consumed by GABAB(1) KO and HZ mice is substantially lower than what our group and others have found using the C57 mouse strain that, under similar conditions, showed higher alcohol intake and BAC (Griffin et al., 2007, 2009; Follesa et al., 2015). However, it has been reported that different mouse strains show a variety of intakes with 2BC, and that the C57 strain appears to be the one with highest alcohol intake. It has been shown that the C57 mouse strain consumes roughly five times more alcohol compared to mice having the same genetic background as the subjects used in our study (Yoneyama et al., 2008; Rosenwasser et al., 2013). Thus, the natural proclivity of certain mouse strains to consume larger amounts of alcohol may account for this difference.

Since previous studies have shown that the GABABR agonist GHB is effective in diminishing voluntary alcohol drinking in animal models and human patients with AUD (Biggio et al., 1992; Gallimberti et al., 1992), and loss of pharmacological effects of GHB have been previously reported in GABAB(1) KO mice (Kaupmann et al., 2003), we evaluated the effect of GHB on 2BC test in our experimental groups. As expected, we found that GHB did not change alcohol intake in the GABAB(1) KO mice but significantly reduced the alcohol consumption in the HZ and WT mice. Interestingly, we found that the effect of GHB on reducing alcohol drinking was less in the WT mice than in the HZ mice. However, this agrees with previous studies showing that the anti-alcohol effect of GABABR agonists (baclofen and GHB) are more effective in animals consuming higher levels of alcohol or in alcohol-experienced animals (Colombo et al., 2002, 2012; Agabio and Colombo, 2014). We also ruled out the possibility that the reduction in alcohol intake was due to secondary effects (i.e., sedation), because a corresponding dose of GHB did not reduce spontaneous locomotor activity in an independent cohort of mice.

An investigation of the role of GABABR in regulating alcohol drinking revealed molecular and functional changes in GABAARs in the hippocampus of the GABAB(1) KO mice. The hippocampus is considered an important component of brain reward pathways, a complex brain circuit associated with development of drug addiction (Morón et al., 2007; Koob and Volkow, 2010; Werner et al., 2020). In particular, it is important for the association between the drug context and the rewarding properties of drug of abuse facilitating the transition from drug use to dependence (Kutlu and Gould, 2016). The involvement of the hippocampal GABAergic system in alcoholism has been confirmed with compelling evidence by several studies (Cagetti et al., 2003; Liang et al., 2006, 2007; Shen et al., 2011; Enoch et al., 2012; Follesa et al., 2015). An RNA-seq analysis revealed a reduction of GABAB(1) in the hippocampus of human alcoholics and cocaine addicts and alcohol-naïve alcohol-preferring rats that was concurrent with plastic changes in GABAAR (Enoch et al., 2012). Interestingly, the increase in ɣ2 subunit abundance that we found in our study confirmed what has been found in the hippocampus of alcohol-preferring rats and human alcoholics and cocaine addicts in the opposite direction (Enoch et al., 2012), suggesting that homeostatic changes in hippocampal GABAAR associated with GABABR loss have common features across different species, genetic backgrounds, and drug usage conditions. However, the analysis by Enoch et al. (2012) failed to detect the expression level of the δ subunit that appears to be expressed at low levels and segregated in discrete areas of the hippocampus such as the dentate gyrus (Wei et al., 2004). For these reasons, it may not have been detected by a bulk RNA-seq analysis that considered the whole hippocampus and heterogeneous cell population. Nonetheless, loss of δ GABAAR subunit in the hippocampus has been documented by previous studies on chronic intermittent ethanol (CIE) exposed rats and during alcohol withdrawal (Cagetti et al., 2003; Liang et al., 2006), suggesting that loss of this subunit is associated with excessive alcohol-drinking. In contrast, whole-body δ-deficient mice displayed reduced alcohol consumption and preference in a 24-h access 2BC paradigm (Mihalek et al., 2001). It has been suggested that regional differences in which loss GABAAR subunit δ occur may account for this discrepancy. Site-specific pharmacological manipulation and loss of function studies appear to be consistent with this hypothesis (Nie et al., 2011; Fritz and Boehm, 2014; Melón et al., 2019). Site-specific loss of function studies targeting the hippocampus may help to address this important point.

To understand how these molecular changes may affect cellular function, we recorded GABAergic inhibitory components in the DGGCs of alcohol naïve GABAB(1) KO and WT mice. Surprisingly, the downregulation of the δ subunit did not result in decrease in inhibitory tonic currents in DGGCs that, on the contrary, were maintained in the mice. However, our analysis on tonic currents agreed with a previous study that, with the same mouse model and analogous experimental conditions, has found superimposable outcomes (Connelly et al., 2013). On the other hand, we found an increase in the amplitude of spontaneous inhibitory postsynaptic currents (sIPSCs) in DGGCs of the GABAB(1) KO mice, providing a functional correlation with the increased abundance of the ɣ2 subunit. Thus, we hypothesized that loss of GABABR function, which has been predicted to result in elevated levels of extracellular GABA (Waldmeier et al., 2008; Enoch et al., 2012), may lead to reduction in the expression of δ-containing GABAARs that are sensitive to low extracellular GABA, and subsequent replacement of these receptors with ɣ2-containing GABAAR. Therefore, these homeostatic modifications may account for the balance between phasic (synaptic) and tonic (extrasynaptic) inhibition shifting toward the direction of phasic inhibition. Consistently, it has been documented that elevated extracellular GABA levels may result in tonic activation of synaptic ɣ2-containg GABAAR, providing a plausible mechanism by which tonic currents are maintained in the face of low extrasynaptic δ-GABAAR availability but high ambient GABA levels (Jensen et al., 2003; Mortensen and Smart, 2006; Zhang et al., 2007; Rajasekaran et al., 2010). Alternatively, since mRNA expression abundance does not always correlate with protein levels, it is possible that δ protein amount does not suffer a dramatic downregulation; therefore, the number of receptors containing this subunit may remain unchanged. For this reason, we cannot rule out that δ-containing GABAARs are sustaining tonic currents. It is worth to mention that we have previously documented that protein levels for the δ subunit appear to be in the same direction of the mRNAs in C57 social-isolated mice (Sanna et al., 2011). Moreover, it has been found that hetero-oligomerization between GABABR and GABAAR regulates receptor trafficking and crosstalk (Balasubramanian et al., 2004). Therefore, lack of GABABR may affect GABAAR exposition in the membrane, irrespective of subunit availability and abundance.

Reasoning on how these molecular and functional changes in the hippocampus of the GABAB(1) KO mice may impact alcohol consumption and dependence, we found that imbalance in the expression of hippocampal δ (downregulated) and ɣ2 (upregulated) subunits has been described after different alcohol intoxication paradigms in vivo and in vitro, and in different animal models of chronic epilepsy (Liang et al., 2006, 2007; Lagrange et al., 2007; Sun et al., 2007; Rajasekaran et al., 2010; Shen et al., 2011; Grabenstatter et al., 2014). In native GABAAR, the γ2 and δ subunits seems to be mutually exclusive; therefore, they may compete for partnership with the α4 subunit (Shivers et al., 1989; Araujo et al., 1998; Sur et al., 1999; Martenson et al., 2017). Thus, the condition of decreased δ and elevated γ2 availability could favor the partnership of the latter with the α4 subunit, giving origin to a new α4/ ɣ2-containing GABAAR (α4/ ɣ2-GABAAR) with different physiological and pharmacological responses. It has been shown that the presence of hippocampal α4/ ɣ2-GABAARs in the synaptic compartment may potentiate synaptic but not tonic inhibition in animal models of chronic epilepsy and after CIE exposure in rats; therefore, their presence has been associated with development of alcohol dependence and with seizure susceptibility (Cagetti et al., 2003; Cohen et al., 2003; Peng et al., 2004; Liang et al., 2006, 2007; Sun et al., 2007). Several other characteristics of α4/ ɣ2-GABAAR have been described in recent studies. It has been found that this receptor appears to be less sensitive to extracellular GABA (Zhang et al., 2007; Rajasekaran et al., 2010), providing a functional explanation to the occurrence of this homeostatic response in conditions associated with elevated ambient GABA level such as lack of presynaptic GABAB autoreceptors (Waldmeier et al., 2008) or during excessive GABAAR stimulation following alcohol exposure (Davies, 2003). α4/ ɣ2-GABAAR also showed less responsiveness to the modulatory action of benzodiazepine and neurosteroids (Cohen et al., 2003; Liang et al., 2007; Rajasekaran et al., 2010; Shen et al., 2011), two potent anxiolytic compounds capable of changing the behavioral response of alcohol consumption (Mueller et al., 2005; Morrow et al., 2006). Conversely, α4/ ɣ2-GABAAR appears to be more sensitive to low alcohol concentration and its anxiolytic effect (Liang et al., 2006). For this reason, this receptor was proposed to represent the physiological substrate of persistent alcohol-induced anxiolytic effects, a condition that, in CIE rats and human alcoholics, leads to increased preference to alcohol consumption (Liang et al., 2006). In accordance with these findings, the GABAB(1) KO mice showed augmented anxiety and reduced response to the behavioral effect of diazepam (Mombereau et al., 2004), spontaneous epileptiform activity (Schuler et al., 2001), increased synaptic inhibition, and increased voluntary alcohol consumption and preference (current study). We summarize the potential modification of the GABAergic synapse that may take place in the hippocampus of the GABAB(1) KO mice in Figure 7.
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FIGURE 7. Potential modification of inhibitory synapses in the hippocampus of GABAB(1) knock out (KO) mice. Lack of GABAB autoreceptor may produce an increase in the release of GABA from the presynaptic terminal. Chronically increased GABA may generate a downregulation of extrasynaptic α4βδ-GABAA receptors and upregulation of newly formed synaptic α4βγ-GABAA receptors that are less sensitive to GABA but sensitive to low alcohol concentrations. We hypothesized that the presence of α4β ɣ2-GABAARs in the synaptic compartment may increase the preference for consuming alcoholic solutions. (1) Presynaptic terminal. (2) Postsynaptic terminal. (3) Synaptic vesicle. (4) Extracellular GABA. (5) GABAB receptor. (6) αβγ-GABAA synaptic receptors. (7) Newly formed synaptic α4β ɣ2-GABAA receptor. (8) Extrasynaptic α4βδ-GABAA receptors. This Figure was created with “BioRender.com” (OJ23XQT9O0).


Different patterns of alcohol exposure in animal models it has been shown to produces plasticity in the GABAergic system via regulation of gene expression (Olsen and Liang, 2017). A previous study from our group revealed that exposure to the 2BC paradigm resulted in increase in the abundance of the hippocampal δ subunit (Sanna et al., 2011; Follesa et al., 2015). Therefore, we investigated whether voluntary alcohol consumption can revert the loss of this subunit found in alcohol-naïve GABAB(1) KO mice. Surprisingly, voluntary alcohol consumption did not reverse the dramatic loss of the δ subunit but rather exacerbates this condition in the GABAB(1) KO mice. Interestingly, also, the HZ mice exposed to voluntary alcohol drinking suffered a robust downregulation of the δ subunit, most likely precipitating in the condition we described for the GABAB(1) KO mice, with gain of synaptic GABAAR responsiveness to alcohol that is considered the hallmark of long-term alcohol dependence (Enoch, 2008; Olsen and Liang, 2017). Consistently with this idea, we found that voluntary alcohol consumption is associated with overall increase in the α4 subunit in the GABAB(1) KO and HZ mice, a homeostatic change that is associated with long-term dependence in alcoholics (Jin et al., 2012) and increased anxiety in CIE and socially isolated rats (Cagetti et al., 2003; Serra et al., 2006). Thus, upregulation of α4 and downregulation of the δ subunit support the likelihood of increased α4/ ɣ2-GABAAR formation, suggesting a conceivable mechanism by which alcohol dependence may be sustained in the GABAB(1) KO and HZ mice. Another potential mechanism by which GABABR could affect both GABAAR transmission and alcohol consumption has been suggested by a previous study showing a possible involvement of GABABR in mechanisms that mediate increase in brain level of neuroactive steroid following GHB administration (Barbaccia et al., 2002). Neuroactive steroids are an important class of endogenous modulators that potently affect GABAergic neurotransmission preferentially through extrasynaptic δ-GABAAR (Biggio et al., 2007). Studies on rodents have documented alcohol-induced neuroactive steroids significantly contribute to the behavioral effects of alcohol such as anxiolytic (Hirani et al., 2005), antidepressant (Hirani et al., 2002), and sedative–hypnotic (VanDoren et al., 2000; Khisti et al., 2003), raising the possibility that lack of steroidogenic response may favor increased alcohol drinking behaviors. Remarkably, we found that alcohol administration produced steroidogenic activity in WT but not in the GABAB(1) KO mice, suggesting that the presence of GABABR is instrumental to increase neuroactive steroid levels following alcohol administration. Specifically, we found a robust increase of progesterone in the hippocampus of WT but not the GABAB(1) KO mice following alcohol administration and a milder but still significant effect on the neurosteroid AP. On the contrary, irrespective of genotype, no effects of alcohol administration on neurosteroid THDOC were noted. Our results on the WT mice agree with previous findings showing that acute ethanol administration elevates progesterone level in mice serum (Porcu et al., 2010). In contrast, we found different effects on AP, which has been found to be reduced in the serum of C57BL/6J or unchanged in DBA/2J mice under similar experimental conditions (Porcu et al., 2010). However, other studies have reported increased brain level of AP following alcohol administration (Gabriel et al., 2004), suggesting that the serum and brain levels of neuroactive steroids may be regulated differently. Pointing in this direction, it has been found that the activity of the 5a-reductase enzyme family, required for conversion of progesterone into 5α-dihydroprogesterone (a key step in the production of neuroactive GABAergic steroids), appears to be sensitive to regional differences with intense level of activity in the mouse hippocampus (Roselli and Snipes, 1984). However, irrespective of these differences, it is important to emphasize that the lack of alcohol-induced steroidogenesis in the GABAB(1) KO mice may be an important factor for maintaining preference for alcohol consumption. Given the importance of steroidogenesis pathways in mediating several behavioral consequences of alcohol consumption, it is conceivable that lack of alcohol-induced steroidogenesis could be a potent driver to consume greater amount of alcohol that may be necessary to produce relevant pharmacological effects that, in the presence of steroidogenic activity, are achieved with lower alcohol levels. Supporting this hypothesis, it has been reported that diminished steroidogenic activity was found in alcohol-tolerant and alcohol-dependent animal models (Morrow et al., 2001). It is worthwhile to mention that the basal level of neurosteroids was not affected by genotype, suggesting that facilitation of the steroidogenic activity mediated by GABABR only takes place under specific conditions such as GHB administration (Barbaccia et al., 2002) or following alcohol administration (current study). Future studies will be aimed to investigate the role of GABABR in stress-mediated steroidogenesis that may be of importance for severe clinical conditions such as depression and post-traumatic stress disorder (Cryan and Kaupmann, 2005; Pinna, 2020).

In summary, the findings of this study documented that lack of GABAB(1) results in increased alcohol consumption and preference, corroborating previous preclinical and clinical studies on the role of this receptor in modulation of alcohol drinking behaviors and dependence (Biggio et al., 1992; Colombo et al., 2002; Addolorato et al., 2011). To the best of our knowledge, this is the first study that investigates GABAAR subunit gene expression and functions in GABAB(1) KO mice, providing new evidence that complements previous behavioral, molecular, and electrophysiological data on GABAB/GABAA interactions at the functional level (Mombereau et al., 2004; Enoch et al., 2012; Connelly et al., 2013). The plastic and functional changes associated with GABAAR that occurred in the hippocampus of the GABAB(1) KO mice support previous findings on the hippocampus of rats exposed to the CIE model or after acute alcohol intoxication (binge model) with net loss of extrasynaptic and gain of aberrant synaptic GABAAR that is considered the hallmark of long-term alcohol dependence (Cagetti et al., 2003; Liang et al., 2006, 2007). Finally, our study revealed a previously overlooked role of GABABR in regulation of alcohol-induced neuroactive steroids that may play an important role in mediating some behavioral effects produced by alcohol; therefore, lack of steroidogenic activity may increase preference for alcohol consumption (Morrow et al., 2006). Nonetheless, caution should be taken while interpreting the data, and we acknowledge potential limitations. First, we do not have direct evidence showing that loss of GABABR in the hippocampus is specifically responsible for maintaining alcohol drinking behaviors, and we cannot exclude that this effect may be produced and/or contributed by lack of this receptor in other brain regions. Functional studies including specific loss of function approaches are required to address this point and to confirm our data as well as previous findings on human alcoholics and alcohol-preferring rats (Enoch et al., 2012). Second, our molecular analysis was limited to mRNAs, and we did not evaluate protein levels and the effective composition of GABAARs, making difficult to draw final conclusions on how lack of GABABR impacts GABAAR configuration and function. Moreover, our data on the ɣ2 subunit was limited to naïve animals, and we did not extend the analysis to alcohol-exposed animals. Nonetheless, our molecular data were supported by the electrophysiological recording pointing to a shift in the direction of phasic inhibition according to previous studies showing similar results in animal models of excessive alcohol consumption and chronic epilepsy (Sur et al., 1999; Cagetti et al., 2003; Cohen et al., 2003; Liang et al., 2006, 2007). Future studies should be devoted to analyzing the potential differences in functional responses to different alcohol concentration, in the presence of these homeostatic modifications. Finally, we studied the role of GABABR in alcohol-induced neuroactive steroids only in the context of acute alcohol challenge, and we did not evaluate the impact of GABABR loss on neuroactive steroid level during chronic alcohol consumption. Since previous studies have shown that alcohol consumption and alcohol injection produced different outcomes on brain levels of GABAergic steroids (Finn et al., 2004), future studies should consider profiling neuroactive steroids following acute and/or chronic alcohol drinking to better understand how steroidogenic pathways affect voluntary alcohol consumption in GABAB(1) KO mice. Nonetheless, irrespective of these potential limitations, our study underscores the role of GABABR in alcohol drinking behaviors, highlighting the molecular and functional changes occurring in the hippocampus of GABAB(1) KO mice and offering a plausible mechanism by which preference for alcohol consumption is maintained in these mice. Moreover, the lack of alcohol-induced steroidogenic activity in the GABAB(1) KO mice suggests that functional interactions among GABABR, neuroactive steroids, and GABAAR may be more complex and intertwined than previously appreciated.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary materials, further inquiries can be directed to the corresponding authors.



ETHICS STATEMENT

The animal study was reviewed and approved by the “Committee of Animal Use and Care” of University of Cagliari.



AUTHOR CONTRIBUTIONS

GF and PF designed the experiments and wrote the manuscript. GF, GA, GT, FB, MP, LC, MZ, and EM performed the experiments, monitored data collection, and performed statistical analysis. MS contributed to the design of the experiments, monitored data collection, and supervised the experiment execution with PF. All authors contributed to data interpretation, revised the manuscript, and approved the final version.



FUNDING

This study was supported by Fondazione Banco di Sardegna, Prat.2014.0072 (to PF) and by P.O.R. SARDEGNA F.S.E. 2007-2013 (to GF).



ACKNOWLEDGMENTS

We are thankful to Daniela Isola and Angela Letizia Cappai for their valuable support during the behavioral experiments.



REFERENCES

Addolorato, G., Leggio, L., Ferrulli, A., Cardone, S., Bedogni, G., Caputo, F., et al. (2011). Dose-response effect of baclofen in reducing daily alcohol intake in alcohol dependence: secondary analysis of a randomized, double-blind, placebo-controlled trial. Alcohol Alcohol. 46, 312–317. doi: 10.1093/alcalc/agr017

Addolorato, G., Leggio, L., Hopf, F. W., Diana, M., and Bonci, A. (2012). Novel therapeutic strategies for alcohol and drug addiction: focus on GABA, ion channels and transcranial magnetic stimulation. Neuropsychopharmacology 37, 163–177. doi: 10.1038/npp.2011.216

Agabio, R., and Colombo, G. (2014). GABAB receptor ligands for the treatment of alcohol use disorder: preclinical and clinical evidence. Front. Neurosci. 8:140. doi: 10.3389/fnins.2014.00140

Agabio, R., Sinclair, J. M., Addolorato, G., Aubin, H. J., Beraha, E. M., Caputo, F., et al. (2018). Baclofen for the treatment of alcohol use disorder: the Cagliari Statement. Lancet Psychiatr. 5, 957–960. doi: 10.1016/S2215-0366(18)30303-1

Araujo, F., Ruano, D., and Vitorica, J. (1998). Absence of association between delta and gamma2 subunits in native GABA(A) receptors from rat brain. Eur. J. Pharmacol. 347, 347–353. doi: 10.1016/s0014-2999(98)00122-8

Augier, E. (2021). Recent Advances in the Potential of Positive Allosteric Modulators of the GABAB Receptor to Treat Alcohol Use Disorder. Alcohol Alcohol. 56, 139–148. doi: 10.1093/alcalc/agab003

Balasubramanian, S., Teissére, J. A., Raju, D. V., and Hall, R. A. (2004). Hetero-oligomerization between GABAA and GABAB receptors regulates GABAB receptor trafficking. J. Biol. Chem. 279, 18840–18850. doi: 10.1074/jbc.M313470200

Barbaccia, M. L., Colombo, G., Affricano, D., Carai, M. A., Vacca, G., Melis, S., et al. (2002). GABA(B) receptor-mediated increase of neurosteroids by gamma-hydroxybutyric acid. Neuropharmacology 42, 782–791. doi: 10.1016/s0028-3908(02)00026-6

Barbaccia, M. L., Roscetti, G., Trabucchi, M., Mostallino, M. C., Concas, A., Purdy, R. H., et al. (1996). Time-dependent changes in rat brain neuroactive steroid concentrations and GABAA receptor function after acute stress. Neuroendocrinology 63, 166–172. doi: 10.1159/000126953

Bettler, B., Kaupmann, K., Mosbacher, J., and Gassmann, M. (2004). Molecular structure and physiological functions of GABA(B) receptors. Physiol. Rev. 84, 835–867. doi: 10.1152/physrev.00036.2003

Biggio, G., Cibin, M., Diana, M., Fadda, F., Ferrara, S. D., Gallimberti, L., et al. (1992). Suppression of voluntary alcohol intake in rats and alcoholics by gamma-hydroxybutyric acid: a non-GABAergic mechanism. Adv. Biochem. Psychopharmacol. 47, 281–288.

Biggio, G., Concas, A., Follesa, P., Sanna, E., and Serra, M. (2007). Stress, ethanol, and neuroactive steroids. Pharmacol. Therap. 116, 140–171. doi: 10.1016/j.pharmthera.2007.04.005

Cagetti, E., Liang, J., Spigelman, I., and Olsen, R. W. (2003). Withdrawal from chronic intermittent ethanol treatment changes subunit composition, reduces synaptic function, and decreases behavioral responses to positive allosteric modulators of GABAA receptors. Mol. Pharmacol. 63, 53–64. doi: 10.1124/mol.63.1.53

Caputo, F., Vignoli, T., Maremmani, I., Bernardi, M., and Zoli, G. (2009). Gamma hydroxybutyric acid (GHB) for the treatment of alcohol dependence: a review. Int. J. Environ. Res. Public Health 6, 1917–1929. doi: 10.3390/ijerph6061917

Carter, L. P., Richards, B. D., Mintzer, M. Z., and Griffiths, R. R. (2006). Relative abuse liability of GHB in humans: a comparison of psychomotor, subjective, and cognitive effects of supratherapeutic doses of triazolam, pentobarbital, and GHB. Neuropsychopharmacology 31, 2537–2551. doi: 10.1038/sj.npp.1301146

Carver, C. M., and Reddy, D. S. (2016). Neurosteroid Structure-Activity Relationships for Functional Activation of Extrasynaptic δGABA(A) Receptors. J. Pharmacol. Exp. Therap. 357, 188–204. doi: 10.1124/jpet.115.229302

Cohen, I., Navarro, V., Le Duigou, C., and Miles, R. (2003). Mesial temporal lobe epilepsy: a pathological replay of developmental mechanisms? Biol. Cell 95, 329–333. doi: 10.1016/s0248-4900(03)00081-9

Colombo, G., and Gessa, G. L. (2018). Suppressing Effect of Baclofen on Multiple Alcohol-Related Behaviors in Laboratory Animals. Front. Psychiatr. 9:475. doi: 10.3389/fpsyt.2018.00475

Colombo, G., Carai, M. A., and Gessa, G. L. (2012). Suppression by γ-Hydroxybutyric Acid of “Alcohol Deprivation Effect” in Rats: preclinical Evidence of its anti-Relapse Properties. Front. Psychiatr. 3:95. doi: 10.3389/fpsyt.2012.00095

Colombo, G., Serra, S., Brunetti, G., Atzori, G., Pani, M., Vacca, G., et al. (2002). The GABA(B) receptor agonists baclofen and CGP 44532 prevent acquisition of alcohol drinking behaviour in alcohol-preferring rats. Alcohol Alcoholism 37, 499–503. doi: 10.1093/alcalc/37.5.499

Connelly, W. M., Fyson, S. J., Errington, A. C., McCafferty, C. P., Cope, D. W., Di Giovanni, G., et al. (2013). GABAB Receptors Regulate Extrasynaptic GABAA Receptors. J. Neurosci. 33, 3780–3785. doi: 10.1523/JNEUROSCI.4989-12.2013

Crabbe, J. C., Phillips, T. J., and Belknap, J. K. (2010). The complexity of alcohol drinking: studies in rodent genetic models. Behav. Genet. 40, 737–750. doi: 10.1007/s10519-010-9371-z

Cryan, J. F., and Kaupmann, K. (2005). Don’t worry ‘B’ happy!: a role for GABA(B) receptors in anxiety and depression. Trends Pharmacol. Sci. 26, 36–43. doi: 10.1016/j.tips.2004.11.004

Davies, M. (2003). The role of GABAA receptors in mediating the effects of alcohol in the central nervous system. J. Psychiatr. Neurosci. 28, 263–274.

Diaz, M. R., Vollmer, C. C., Zamudio-Bulcock, P. A., Vollmer, W., Blomquist, S. L., Morton, R. A., et al. (2014). Repeated intermittent alcohol exposure during the third trimester-equivalent increases expression of the GABA(A) receptor δ subunit in cerebellar granule neurons and delays motor development in rats. Neuropharmacology 79, 262–274. doi: 10.1016/j.neuropharm.2013.11.020

Enoch, M. A. (2008). The role of GABA(A) receptors in the development of alcoholism. Pharmacol. Biochem. Behav. 90, 95–104. doi: 10.1016/j.pbb.2008.03.007

Enoch, M. A., Hodgkinson, C. A., Shen, P. H., Gorodetsky, E., Marietta, C. A., Roy, A., et al. (2016). GABBR1 and SLC6A1, Two Genes Involved in Modulation of GABA Synaptic Transmission, Influence Risk for Alcoholism: results from Three Ethnically Diverse Populations. Alcohol. Clin. Exp. Res. 40, 93–101. doi: 10.1111/acer.12929

Enoch, M. A., Zhou, Z., Kimura, M., Mash, D. C., Yuan, Q., and Goldman, D. (2012). GABAergic gene expression in postmortem hippocampus from alcoholics and cocaine addicts; corresponding findings in alcohol-naïve P and NP rats. PLoS One 7:e29369. doi: 10.1371/journal.pone.0029369

Fattuoni, C., Barberini, L., Noto, A., and Follesa, P. (2020). Metabolomic Analysis of Plasma from GABAB(1) Knock-Out Mice Reveals Decreased Levels of ElaidicTrans-Fatty Acid. Metabolites 10:484. doi: 10.3390/metabo10120484

Filip, M., Frankowska, M., Sadakierska-Chudy, A., Suder, A., Szumiec, L., Mierzejewski, P., et al. (2015). GABAB receptors as a therapeutic strategy in substance use disorders: focus on positive allosteric modulators. Neuropharmacology 88, 36–47. doi: 10.1016/j.neuropharm.2014.06.016

Finn, D. A., Sinnott, R. S., Ford, M. M., Long, S. L., Tanchuck, M. A., and Phillips, T. J. (2004). Sex differences in the effect of ethanol injection and consumption on brain allopregnanolone levels in C57BL/6 mice. Neuroscience 123, 813–819. doi: 10.1016/j.neuroscience.2003.11.017

Follesa, P., Floris, G., Asuni, G. P., Ibba, A., Tocco, M. G., Zicca, L., et al. (2015). Chronic Intermittent Ethanol Regulates Hippocampal GABA(A) Receptor Delta Subunit Gene Expression. Front. Cell. Neurosci. 9:445. doi: 10.3389/fncel.2015.00445

Fritz, B. M., and Boehm, S. L. II (2014). Site-specific microinjection of Gaboxadol into the infralimbic cortex modulates ethanol intake in male C57BL/6J mice. Behav. Brain Res. 273, 8–15. doi: 10.1016/j.bbr.2014.07.020

Gabriel, K. I., Cunningham, C. L., and Finn, D. A. (2004). Allopregnanolone does not influence ethanol-induced conditioned place preference in DBA/2J mice. Psychopharmacology 176, 50–56. doi: 10.1007/s00213-004-1862-2

Gallimberti, L., Ferri, M., Ferrara, S. D., Fadda, F., and Gessa, G. L. (1992). gamma-Hydroxybutyric acid in the treatment of alcohol dependence: a double-blind study. Alcohol. Clin. Exp. Res. 16, 673–676. doi: 10.1111/j.1530-0277.1992.tb00658.x

GBD 2016 Alcohol and Drug Use Collaborators. (2018). The global burden of disease attributable to alcohol and drug use in 195 countries and territories, 1990-2016: a systematic analysis for the Global Burden of Disease Study 2016. Lancet Psychiatr. 5, 987–1012. doi: 10.1016/S2215-0366(18)30337-7

Glykys, J., Mann, E. O., and Mody, I. (2008). Which GABA(A) receptor subunits are necessary for tonic inhibition in the hippocampus? J. Neurosci. 28, 1421–1426. doi: 10.1523/JNEUROSCI.4751-07.2008

Grabenstatter, H. L., Cogswell, M., Cruz Del, Angel, Y., Carlsen, J., Gonzalez, M. I., et al. (2014). Effect of spontaneous seizures on GABAA receptor α4 subunit expression in an animal model of temporal lobe epilepsy. Epilepsia 55, 1826–1833. doi: 10.1111/epi.12771

Griffin, W. C. III, Lopez, M. F., and Becker, H. C. (2009). Intensity and duration of chronic ethanol exposure is critical for subsequent escalation of voluntary ethanol drinking in mice. Alcoholism Clin. Exp. Res. 33, 1893–1900. doi: 10.1111/j.1530-0277.2009.01027.x

Griffin, W. C. III, Middaugh, L. D., and Becker, H. C. (2007). Voluntary ethanol drinking in mice and ethanol concentrations in the nucleus accumbens. Brain Res. 1138, 208–213. doi: 10.1016/j.brainres.2006.12.071

Hirani, K., Khisti, R. T., and Chopde, C. T. (2002). Behavioral action of ethanol in Porsolt’s forced swim test: modulation by 3 alpha-hydroxy-5 alpha-pregnan-20-one. Neuropharmacology 43, 1339–1350. doi: 10.1016/s0028-3908(02)00330-1

Hirani, K., Sharma, A. N., Jain, N. S., Ugale, R. R., and Chopde, C. T. (2005). Evaluation of GABAergic neuroactive steroid 3alpha-hydroxy-5alpha-pregnane-20-one as a neurobiological substrate for the anti-anxiety effect of ethanol in rats. Psychopharmacology 180, 267–278. doi: 10.1007/s00213-005-2169-7

Jensen, J. P., Nipper, M. A., Helms, M. L., Ford, M. M., Crabbe, J. C., Rossi, D. J., et al. (2017). Ethanol withdrawal-induced dysregulation of neurosteroid levels in plasma, cortex, and hippocampus in genetic animal models of high and low withdrawal. Psychopharmacology 234, 2793–2811. doi: 10.1007/s00213-017-4671-0

Jensen, K., Chiu, C. S., Sokolova, I., Lester, H. A., and Mody, I. (2003). GABA transporter-1 (GAT1)-deficient mice: differential tonic activation of GABAA versus GABAB receptors in the hippocampus. J. Neurophysiol. 90, 2690–2701. doi: 10.1152/jn.00240.2003

Jia, F., Chandra, D., Homanics, G. E., and Harrison, N. L. (2008). Ethanol modulates synaptic and extrasynaptic GABAA receptors in the thalamus. J. Pharmacol. Exp. Therap. 326, 475–482. doi: 10.1124/jpet.108.139303

Jin, Z., Bazov, I., Kononenko, O., Korpi, E. R., Bakalkin, G., and Birnir, B. (2012). Selective Changes of GABA(A) Channel Subunit mRNAs in the Hippocampus and Orbitofrontal Cortex but not in Prefrontal Cortex of Human Alcoholics. Front. Cell. Neurosci. 5:30. doi: 10.3389/fncel.2011.00030

Kaupmann, K., Cryan, J. F., Wellendorph, P., Mombereau, C., Sansig, G., Klebs, K., et al. (2003). Specific gamma-hydroxybutyrate-binding sites but loss of pharmacological effects of gamma-hydroxybutyrate in GABA(B)(1)-deficient mice. Eur. J. Neurosci. 18, 2722–2730. doi: 10.1111/j.1460-9568.2003.03013.x

Khatri, S. N., Wu, W. C., Yang, Y., and Pugh, J. R. (2019). Mechanisms of GABAB receptor enhancement of extrasynaptic GABAA receptor currents in cerebellar granule cells. Sci. Rep. 9:16683. doi: 10.1038/s41598-019-53087-4

Khisti, R. T., VanDoren, M. J., O’Buckley, T., and Morrow, A. L. (2003). Neuroactive steroid 3 alpha-hydroxy-5 alpha-pregnan-20-one modulates ethanol-induced loss of righting reflex in rats. Brain Res. 980, 255–265. doi: 10.1016/s0006-8993(03)02978-0

Koob, G. F., and Volkow, N. D. (2010). Neurocircuitry of addiction. Neuropsychopharmacology 35, 217–238. doi: 10.1038/npp.2009.110

Kumar, S., Porcu, P., Werner, D. F., Matthews, D. B., Diaz-Granados, J. L., Helfand, R. S., et al. (2009). The role of GABA(A) receptors in the acute and chronic effects of ethanol: a decade of progress. Psychopharmacology 205, 529–564. doi: 10.1007/s00213-009-1562-z

Kutlu, M. G., and Gould, T. J. (2016). Effects of drugs of abuse on hippocampal plasticity and hippocampus-dependent learning and memory: contributions to development and maintenance of addiction. Learn. Memory 23, 515–533. doi: 10.1101/lm.042192.116

Lagrange, A. H., Botzolakis, E. J., and Macdonald, R. L. (2007). Enhanced macroscopic desensitization shapes the response of alpha4 subtype-containing GABAA receptors to synaptic and extrasynaptic GABA. J. Physiol. 578(Pt 3), 655–676. doi: 10.1113/jphysiol.2006.122135

Lee, C., Mayfield, R. D., and Harris, R. A. (2014). Altered gamma-aminobutyric acid type B receptor subunit 1 splicing in alcoholics. Biol. Psychiatr. 75, 765–773. doi: 10.1016/j.biopsych.2013.08.028

Liang, J., Suryanarayanan, A., Abriam, A., Snyder, B., Olsen, R. W., and Spigelman, I. (2007). Mechanisms of reversible GABAA receptor plasticity after ethanol intoxication. J. Neurosci. 27, 12367–12377. doi: 10.1523/JNEUROSCI.2786-07.2007

Liang, J., Zhang, N., Cagetti, E., Houser, C. R., Olsen, R. W., and Spigelman, I. (2006). Chronic intermittent ethanol-induced switch of ethanol actions from extrasynaptic to synaptic hippocampal GABAA receptors. J. Neurosci. 26, 1749–1758. doi: 10.1523/JNEUROSCI.4702-05.2006

Ma, T., Huang, Z., Xie, X., Cheng, Y., Zhuang, X., Childs, M. J., et al. (2022). Chronic alcohol drinking persistently suppresses thalamostriatal excitation of cholinergic neurons to impair cognitive flexibility. J. Clin. Invest. 132:e154969. doi: 10.1172/JCI154969

Martenson, J. S., Yamasaki, T., Chaudhury, N. H., Albrecht, D., and Tomita, S. (2017). Assembly rules for GABAA receptor complexes in the brain. eLife 6:e27443. doi: 10.7554/eLife.27443

Melón, L. C., Nasman, J. T., John, A. S., Mbonu, K., and Maguire, J. L. (2019). Interneuronal δ-GABAA receptors regulate binge drinking and are necessary for the behavioral effects of early withdrawal. Neuropsychopharmacology 44, 425–434. doi: 10.1038/s41386-018-0164-z

Mihalek, R. M., Bowers, B. J., Wehner, J. M., Kralic, J. E., VanDoren, M. J., Morrow, A. L., et al. (2001). GABA(A)-receptor delta subunit knockout mice have multiple defects in behavioral responses to ethanol. Alcohol. Clin. Exp. Res. 25, 1708–1718.

Mombereau, C., Kaupmann, K., van der Putten, H., and Cryan, J. F. (2004). Altered response to benzodiazepine anxiolytics in mice lacking GABA B(1) receptors. Eur. J. Pharmacol. 497, 119–120. doi: 10.1016/j.ejphar.2004.06.036

Morón, J. A., Abul-Husn, N. S., Rozenfeld, R., Dolios, G., Wang, R., and Devi, L. A. (2007). Morphine administration alters the profile of hippocampal postsynaptic density-associated proteins: a proteomics study focusing on endocytic proteins. Mol. Cell. Proteom. 6, 29–42. doi: 10.1074/mcp.M600184-MCP200

Morrow, A. L., Porcu, P., Boyd, K. N., and Grant, K. A. (2006). Hypothalamic-pituitary-adrenal axis modulation of GABAergic neuroactive steroids influences ethanol sensitivity and drinking behavior. Dialog. Clin. Neurosci. 8, 463–477. doi: 10.31887/DCNS.2006.8.4/amorrow

Morrow, A. L., VanDoren, M. J., Penland, S. N., and Matthews, D. B. (2001). The role of GABAergic neuroactive steroids in ethanol action, tolerance and dependence. Brain Res. 37, 98–109. doi: 10.1016/s0165-0173(01)00127-8

Mortensen, M., and Smart, T. G. (2006). Extrasynaptic alphabeta subunit GABAA receptors on rat hippocampal pyramidal neurons. J. Physiol. 577(Pt 3), 841–856. doi: 10.1113/jphysiol.2006.117952

Mueller, T. I., Pagano, M. E., Rodriguez, B. F., Bruce, S. E., Stout, R. L., and Keller, M. B. (2005). Long-term use of benzodiazepines in participants with comorbid anxiety and alcohol use disorders. Alcohol. Clin. Exp. Res. 29, 1411–1418. doi: 10.1097/01.alc.0000175016.01790.f1

Nie, H., Rewal, M., Gill, T. M., Ron, D., and Janak, P. H. (2011). Extrasynaptic delta-containing GABAA receptors in the nucleus accumbens dorsomedial shell contribute to alcohol intake. Proc. Natl. Acad. Sci. U S A 108, 4459–4464. doi: 10.1073/pnas.1016156108

Nusser, Z., and Mody, I. (2002). Selective modulation of tonic and phasic inhibitions in dentate gyrus granule cells. J. Neurophysiol. 87, 2624–2628. doi: 10.1152/jn.2002.87.5.2624

Olsen, R. W., and Liang, J. (2017). Role of GABAA receptors in alcohol use disorders suggested by chronic intermittent ethanol (CIE) rodent model. Mol. Brain 10:45. doi: 10.1186/s13041-017-0325-8

Olsen, R. W., and Sieghart, W. (2008). International Union of Pharmacology. LXX. Subtypes of gamma-aminobutyric acid(A) receptors: classification on the basis of subunit composition, pharmacology, and function. Update. Pharmacol. Rev. 60, 243–260. doi: 10.1124/pr.108.00505

Peng, Z., Huang, C. S., Stell, B. M., Mody, I., and Houser, C. R. (2004). Altered expression of the delta subunit of the GABAA receptor in a mouse model of temporal lobe epilepsy. J. Neurosci. 24, 8629–8639. doi: 10.1523/JNEUROSCI.2877-04.2004

Pinna, G. (2020). Allopregnanolone (1938-2019): a trajectory of 80 years of outstanding scientific achievements. Neurobiol. Stress 13:100246. doi: 10.1016/j.ynstr.2020.100246

Porcu, P., and Morrow, A. L. (2014). Divergent neuroactive steroid responses to stress and ethanol in rat and mouse strains: relevance for human studies. Psychopharmacology 231, 3257–3272. doi: 10.1007/s00213-014-3564-8

Porcu, P., O’Buckley, T. K., Alward, S. E., Song, S. C., Grant, K. A., de Wit, H., et al. (2010). Differential effects of ethanol on serum GABAergic 3alpha,5alpha/3alpha,5beta neuroactive steroids in mice, rats, cynomolgus monkeys, and humans. Alcohol. Clin. Exp. Res. 34, 432–442. doi: 10.1111/j.1530-0277.2009.01123.x

Purdy, R. H., Moore, P. H. Jr., Rao, P. N., Hagino, N., Yamaguchi, T., Schmidt, P., et al. (1990). Radioimmunoassay of 3 alpha-hydroxy-5 alpha-pregnan-20-one in rat and human plasma. Steroids 55, 290–296. doi: 10.1016/0039-128x(90)90031-6

Rajasekaran, K., Joshi, S., Sun, C., Mtchedlishvilli, Z., and Kapur, J. (2010). Receptors with low affinity for neurosteroids and GABA contribute to tonic inhibition of granule cells in epileptic animals. Neurobiol. Dis. 40, 490–501. doi: 10.1016/j.nbd.2010.07.016

Ramaker, M. J., Ford, M. M., Fretwell, A. M., and Finn, D. A. (2011). Alteration of ethanol drinking in mice via modulation of the GABA(A) receptor with ganaxolone, finasteride, and gaboxadol. Alcohol. Clin. Exp. Res. 35, 1994–2007. doi: 10.1111/j.1530-0277.2011.01551.x

Reddy, D. S. (2010). Neurosteroids: endogenous role in the human brain and therapeutic potentials. Progr. Brain Res. 186, 113–137. doi: 10.1016/B978-0-444-53630-3.00008-7

Roselli, C. E., and Snipes, C. A. (1984). Progesterone 5 alpha-reductase in mouse brain. Brain Res. 305, 197–202. doi: 10.1016/0006-8993(84)90425-6

Rosenwasser, A. M., Fixaris, M. C., Crabbe, J. C., Brooks, P. C., and Ascheid, S. (2013). Escalation of intake under intermittent ethanol access in diverse mouse genotypes. Addict. Biol. 18, 496–507. doi: 10.1111/j.1369-1600.2012.00481.x

Sanna, E., Talani, G., Obili, N., Mascia, M. P., Mostallino, M. C., Secci, P. P., et al. (2011). Voluntary Ethanol Consumption Induced by Social Isolation Reverses the Increase of α(4)/δ GABA(A) Receptor Gene Expression and Function in the Hippocampus of C57BL/6J Mice. Front. Neurosci. 5:15. doi: 10.3389/fnins.2011.00015

Schuler, V., Lüscher, C., Blanchet, C., Klix, N., Sansig, G., Klebs, K., et al. (2001). Epilepsy, hyperalgesia, impaired memory, and loss of pre- and postsynaptic GABA(B) responses in mice lacking GABA(B(1)). Neuron 31, 47–58. doi: 10.1016/s0896-6273(01)00345-2

Serra, M., Mostallino, M. C., Talani, G., Pisu, M. G., Carta, M., Mura, M. L., et al. (2006). Social isolation-induced increase in alpha and delta subunit gene expression is associated with a greater efficacy of ethanol on steroidogenesis and GABA receptor function. J. Neurochem. 98, 122–133. doi: 10.1111/j.1471-4159.2006.03850.x

Serra, M., Pisu, M. G., Littera, M., Papi, G., Sanna, E., Tuveri, F., et al. (2000). Social isolation-induced decreases in both the abundance of neuroactive steroids and GABA(A) receptor function in rat brain. J. Neurochem. 75, 732–740. doi: 10.1046/j.1471-4159.2000.0750732.x

Shen, Y., Lindemeyer, A. K., Spigelman, I., Sieghart, W., Olsen, R. W., and Liang, J. (2011). Plasticity of GABAA receptors after ethanol pre-exposure in cultured hippocampal neurons. Mol. Pharmacol. 79, 432–442. doi: 10.1124/mol.110.068650

Shivers, B. D., Killisch, I., Sprengel, R., Sontheimer, H., Köhler, M., Schofield, P. R., et al. (1989). Two novel GABAA receptor subunits exist in distinct neuronal subpopulations. Neuron 3, 327–337. doi: 10.1016/0896-6273(89)90257-2

Stell, B. M., and Mody, I. (2002). Receptors with different affinities mediate phasic and tonic GABA(A) conductances in hippocampal neurons. J. Neurosci. 22:RC223. doi: 10.1523/JNEUROSCI.22-10-j0003.2002

Stell, B. M., Brickley, S. G., Tang, C. Y., Farrant, M., and Mody, I. (2003). Neuroactive steroids reduce neuronal excitability by selectively enhancing tonic inhibition mediated by delta subunit-containing GABAA receptors. Proc. Natl. Acad. Sci. U S A 100, 14439–14444. doi: 10.1073/pnas.2435457100

Sun, C., Mtchedlishvili, Z., Erisir, A., and Kapur, J. (2007). Diminished neurosteroid sensitivity of synaptic inhibition and altered location of the alpha4 subunit of GABA(A) receptors in an animal model of epilepsy. J. Neurosci. 27, 12641–12650. doi: 10.1523/JNEUROSCI.4141-07.2007

Sundstrom-Poromaa, I., Smith, D. H., Gong, Q. H., Sabado, T. N., Li, X., Light, A., et al. (2002). Hormonally regulated alpha(4)beta(2)delta GABA(A) receptors are a target for alcohol. Nat. Neurosci. 5, 721–722. doi: 10.1038/nn888

Sur, C., Farrar, S. J., Kerby, J., Whiting, P. J., Atack, J. R., and McKernan, R. M. (1999). Preferential coassembly of alpha4 and delta subunits of the gamma-aminobutyric acidA receptor in rat thalamus. Mol. Pharmacol. 56, 110–115. doi: 10.1124/mol.56.1.110

Tao, W., Higgs, M. H., Spain, W. J., and Ransom, C. B. (2013). Postsynaptic GABAB receptors enhance extrasynaptic GABAA receptor function in dentate gyrus granule cells. J. Neurosci. 33, 3738–3743. doi: 10.1523/JNEUROSCI.4829-12.2013

VanDoren, M. J., Matthews, D. B., Janis, G. C., Grobin, A. C., Devaud, L. L., and Morrow, A. L. (2000). Neuroactive steroid 3alpha-hydroxy-5alpha-pregnan-20-one modulates electrophysiological and behavioral actions of ethanol. J. Neurosci. 20, 1982–1989. doi: 10.1523/JNEUROSCI.20-05-01982.2000

Waldmeier, P. C., Kaupmann, K., and Urwyler, S. (2008). Roles of GABAB receptor subtypes in presynaptic auto- and heteroreceptor function regulating GABA and glutamate release. J. Neural Transmiss. 115, 1401–1411. doi: 10.1007/s00702-008-0095-7

Wallner, M., Hanchar, H. J., and Olsen, R. W. (2003). Ethanol enhances alpha 4 beta 3 delta and alpha 6 beta 3 delta gamma-aminobutyric acid type A receptors at low concentrations known to affect humans. Proc. Natl. Acad. Sci. U S A 100, 15218–15223. doi: 10.1073/pnas.2435171100

Wei, W., Faria, L. C., and Mody, I. (2004). Low ethanol concentrations selectively augment the tonic inhibition mediated by delta subunit-containing GABAA receptors in hippocampal neurons. J. Neurosci. 24, 8379–8382. doi: 10.1523/JNEUROSCI.2040-04.2004

Werner, C. T., Mitra, S., Auerbach, B. D., Wang, Z. J., Martin, J. A., Stewart, A. F., et al. (2020). Neuroadaptations in the dorsal hippocampus underlie cocaine seeking during prolonged abstinence. Proc. Natl. Acad. Sci. U S A 117, 26460–26469. doi: 10.1073/pnas.2006133117

Yoneyama, N., Crabbe, J. C., Ford, M. M., Murillo, A., and Finn, D. A. (2008). Voluntary ethanol consumption in 22 inbred mouse strains. Alcohol 42, 149–160. doi: 10.1016/j.alcohol.2007.12.006

Zhang, N., Wei, W., Mody, I., and Houser, C. R. (2007). Altered localization of GABA(A) receptor subunits on dentate granule cell dendrites influences tonic and phasic inhibition in a mouse model of epilepsy. J. Neurosci. 27, 7520–7531. doi: 10.1523/JNEUROSCI.1555-07.2007


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Floris, Asuni, Talani, Biggio, Pisu, Zanda, Contu, Maciocco, Serra and Follesa. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnbeh-16-893835-g001.jpg
>

Alcohol intake (g/Kg/2h)

(@)

Total fluids consumption (ml/2h)

* *
— * *
2.5+ - * % 80—
— - WT - & It It = W
_l B 3 KO < - _| _] 2 KO
2.0- — % S
3 60+
o
>
1.5= o
3
£ 40+
1.0- 8
4
;.
0.5 22
O
<
0.0- "
! . S 4 2 3 4
Time (weeks) Time (weeks)
D
Ly 15+ s
. - WT | - WT
1 KO [ KO
. HZ - HZ
S 10
(=)}
E
O
<
om
5
0.0~ 0-1— I
1 2 3 4
Time (weeks)
GABAA receptor
subunit gPCR
Acclimation Habituation 2BC 2BC 2BC 2BC Collect
tissue
7 days 8 days 7 days 7 days 7 days 7 days " Blood alcohol

concentration assay





OPS/images/fnbeh-16-893835-g002.jpg
HZ

KO

Ea GHB

1 Saline

5000
4000+
3000
2000+
1000

m (YlL/wd) paianod asuejsip |ejo]

-

%k % %k %k

. om
TT_Im
TAIT.

Em GHB

-

=

1 Saline
% %

I I I I
o w o wn o

[
» : : . . :
N N v «~ © o
(

yz/6y/6) ayejul joyoay





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Increased Voluntary Alcohol Consumption in Mice Lacking GABAB(1) Is Associated With Functional Changes in Hippocampal GABAA Receptors



		INTRODUCTION



		MATERIALS AND METHODS



		Subjects



		Drugs



		Limited Access 2-Bottle Choice Drinking Paradigm



		Limited Access 2-Bottle Choice Drinking Paradigm and GHB Treatment



		Spontaneous Locomotor Activity



		Blood Alcohol Concentration Assay



		Measurement of GABAAR Subunit mRNA Level by qRT-PCR



		Electrophysiology



		Extraction and Assay of Neuroactive Steroids



		Statistical Analysis







		RESULTS



		Increased Alcohol Consumption, Preference, and BAC in GABAB(1) KO Mice



		

ɣ-Hydroxybutyric Acid Decreases Voluntary Alcohol Consumption in GABAB(1) HZ and WT but Not in KO Mice



		Lack of GABAB(1) Produces Molecular Changes in GABAAR Subunit Gene Expression in the Hippocampus



		Lack of GABAB(1) Produces Changes in Phasic but Not Tonic GABAergic Currents in Dentate Gyrus Granule Cells



		Voluntary Alcohol Consumption Differently Affects GABAAR Subunits Gene Expression in the Hippocampus of GABAB(1) KO and HZ Mice



		Lack of Steroidogenic Activity Following Alcohol Administration in GABAB(1) KO Mice







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/fnbeh-16-893835-g003.jpg
il
8y
]

-
o
|

Fold change

&=
o
]

X Xk

Delta subunit

Xk %k %

e WT
® KO
e H

-
[

Fold change

N
(=)
]

-
(8))
|

-
o
1

=
o
I

Alpha4 subunit

oy

&
o

e WT
® KO
® HZ





OPS/images/fnbeh-16-893835-g004.jpg
O

sIPSC basal values

® THIP A Dbicuculline
2 20+
o AAA
b= A
52 o . T
=
o @ PY ° @
g’-; -20- q A
S £
T+ 40 ® o
.%
%]
-60
WT KO
E
1009 e WT
| ® KO
804 ® O
&
60 §
40 ®*
- ‘ .
8 ® ;”& KO
20
c-

amplitude
(pA)

decay time
(ms)

frequency
(Hz)

C ® THIP A Bicuculline
300-
@ = N
£ £ g ==
© o 2001 &
=T D o @
S S —&- &
3 ¢ :
0 o 4 -— - - —= = |- — .-
S é 100 N
‘F A A
0
WT KO
F .
Gamma?2 subunit
2.0- %
|
1.5- ——E =
~ KO i
@

“,‘ \5\0pA
| 10s

Fold change
T

=
3]
I

=
o





OPS/images/fnbeh-16-893835-g005.jpg
Alpha4 subunit

Delta subunit

O H,0

O H20

% %k

* %k

A Alcohol

3

HZ

0=

A Alcohol

% %k %k %k

| L L
w 9o 9
1
9

- o
Bueys pjo4

!
o

5
0
0.5+

abueyo pjo4






OPS/images/fnbeh-16-893835-g006.jpg
)
T

ng/g of tissue

-
o
|

Progesterone

% % % %
I
0]
Co

O Saline
O Alcohol

o

WT

af s
KO

B AP C
# )
20 O Saline 20-
-
* O Alcohol
. N
2187 : O o 21
0 | 2
5 00 S
2107 % %_.ﬁ_s o
£ o |p° e
5_
0 , |
WT

N
|

o
1

a
|

THDOC

O Saline
O Alcohol

o0 O 00
- (o)
o
1 i
WT KO





OPS/images/fnbeh-16-893835-g007.jpg
Knock Out






OPS/images/cover.jpg
& frontiers | Frontiers in Behavioral Neuroscience

Increased Voluntary Alcohol
Consumption in Mice Lacking
GABAg(1) Is Associated With
Functional Changes
in Hippocampal GABA
Receptors









OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Behavioral Neuroscience





