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Abstract

Background.—The basolateral amygdala (BLA) regulates mood and associative learning and 

has been linked to the development and persistence of alcohol use disorder (AUD). The GABAB 

receptor (GABABR) is a promising therapeutic target for AUD, and previous work suggests that 

exposure to ethanol and other drugs can alter neuronal GABABR-dependent signaling. The effect 

of ethanol on GABABR-dependent signaling in the BLA is unknown.

Methods.—GABABR-dependent signaling in the mouse BLA was examined using 

slice electrophysiology following repeated ethanol exposure. Neuron-specific viral genetic 

manipulations were then used to understand the relevance of ethanol-induced neuroadaptations 

in the BA to mood-related behavior.

Results.—The somatodendritic inhibitory effect of GABABR activation on principal neurons in 

the basal (BA) but not lateral (LA) sub-region of the BLA was diminished following ethanol 

exposure. This adaptation was attributable to the suppression of G protein-gated inwardly 

rectifying K+ (GIRK) channel activity and was mirrored by a re-distribution of GABABR 

and GIRK channels from the surface membrane to internal sites. While GIRK1 and GIRK2 

subunits are critical for GIRK channel formation in BA principal neurons, GIRK3 is necessary 

for the ethanol-induced neuroadaptation. Viral suppression of GIRK channel activity in BA 

principal neurons from ethanol-naïve mice recapitulated some mood-related behaviors observed in 

C57BL/6J mice during ethanol withdrawal.
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Conclusions.—The ethanol-induced suppression of GIRK-dependent signaling in BA principal 

neurons contributes to some of the mood-related behaviors associated with ethanol withdrawal 

in mice. Approaches designed to prevent this neuroadaptation and/or strengthen GIRK-dependent 

signaling may prove useful for treatment of AUD.
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INTRODUCTION

Repeated cycles of exposure to and withdrawal from drugs of abuse such as alcohol 

foster neuroadaptations in brain regions that regulate mood, learning, and goal-directed 

behavior (1, 2). These adaptations likely drive hallmarks of alcohol use disorder (AUD) 

including heightened anxiety, cognitive deficits, craving, and compulsive drug-seeking (3). 

Collectively, these changes increase relapse susceptibility, while impeding the development 

of adaptive behaviors that could support abstinence (4). Thus, identifying neuroadaptations 

linked to ethanol exposure and withdrawal may suggest novel interventions for AUD.

The amygdala has been implicated in key aspects of AUD, including craving and relapse 

(2). A smaller amygdala volume is positively correlated with risk for developing AUD (5) 

and relapse (6). Studies in rodents suggest that the basolateral amygdala (BLA) is a key 

substrate for the development and persistence of AUD. For example, BLA neurons increase 

firing in response to drug-associated cues, and this activity has been linked to cue-induced 

relapse/reinstatement (7, 8). Furthermore, pharmacological inhibition of the BLA suppresses 

ethanol self-administration and cue-induced reinstatement of ethanol-seeking behavior (9–

13). Moreover, acute and chronic ethanol exposure impacts BLA neurotransmission and 

neurophysiology (e.g., (14–19)).

The GABAB receptor (GABABR) is an intriguing target for treatment of AUD (20, 

21). GABABR mediates the G protein-dependent presynaptic and somatodendritic 

inhibitory influence of GABA throughout the central nervous system (22). While acute 

ethanol exposure can enhance GABA release from presynaptic terminals and potentiate 

somatodendritic GABABR-dependent signaling (23, 24), the GABABR-selective agonist 

baclofen can suppress binge-like drinking, alcohol withdrawal sign severity, cue-induced 

reinstatement of alcohol-seeking behavior, and the reinforcing and motivational properties 

of alcohol in rodent models (25). In individuals with AUD, baclofen can suppress alcohol 

intake and craving, and it is used off-label for AUD treatment (21, 26).

Prior work from our lab and others has shown that psychostimulant exposure in mice 

weakens somatodendritic GABABR-dependent signaling in the mesocorticolimbic circuitry, 

including the ventral tegmental area (VTA) (27–30) and medial prefrontal cortex (31, 

32). The goal of this study was to test whether ethanol impacts somatodendritic GABABR-

dependent signaling in the BLA and, if it does, to understand the relevance of this ethanol-

induced neuroadaptation to mood-related behaviors observed during ethanol withdrawal.
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METHODS AND MATERIALS

Expanded methods and details are included in Supplemental Material.

Animals.

Experiments were approved by the University of Minnesota Institutional Animal Care and 

Use Committee. Generation of Girk1−/− (33), Girk2−/− (34), and Girk3−/− (35) mice, as well 

as conditional Girk1fl/fl mice (36), was described previously. Lines were backcrossed for at 

least 10 generations against the C57BL/6J strain before initiating this study. C57BL/6J mice 

were purchased from The Jackson Laboratory (Bar Harbor, ME) for some studies. Unless 

otherwise noted, males and females were used in all experiments and groups were balanced 

by sex. Mice were maintained on a 14:10 h light/dark cycle and were provided ad libitum 
access to food and water.

Reagents.

Baclofen and barium chloride were purchased from Sigma (St. Louis, MO), and CGP54626 

was purchased from Tocris (Bristol, UK).

Ethanol exposure.

For ethanol injection studies, C57BL/6J mice (8–10 wk) were given 4 daily injections 

(1000, 1200, 1400, and 1600 h) of saline or ethanol (2 g/Kg IP) over a 5-d period. Vapor 

chambers for chronic intermittent exposure (CIE) studies were constructed as described (37). 

Volatilized ethanol was produced by submerging an aeration stone in 100% ethanol and 

mixed with room air. Mice in the ethanol treatment group were injected with a priming 

dose of ethanol (1.5 g/Kg; 20% v/v) and the alcohol dehydrogenase inhibitor pyrazole (68.1 

mg/Kg IP) prior to placement in the chamber. Delivery rate was titrated to yield BECs 

of 150–200 mg/dL, as assessed using trunk blood samples from age- and strain-matched 

sentinels and the EnzyChrom™ ethanol assay kit (BioAssay Systems, USA; Hayward, CA). 

Controls were similarly handled but administered saline and pyrazole before placement in a 

chamber where they were exposed to air. Mice were exposed to ethanol vapor or air for 16 

h/d (in at 1700 h, out at 0900 h), followed by an 8-h withdrawal period for 4 d. At the end of 

day 4, mice began a 72-h period of abstinence. This protocol was conducted for 1 (CIE/1) or 

4 (CIE/4) weeks.

Electrophysiology.

Somatodendritic currents, rheobase, and resting membrane potentials (RMP) were measured 

in principal neurons from acutely isolated coronal slices of the mouse BLA, as described 

(38).

In situ hybridization.

Multiplex fluorescent in situ hybridization for CaMKIIα, GIRK1, GIRK2, and GIRK3 was 

performed using RNAscope (39), using sections (16 μm) of the BLA from adult mice (8 

wk), according to manufacturer specifications (Advanced Cell Diagnostics; Newark, CA). 

Fluorescence images of the BLA were acquired using a BZ-X810 Keyence fluorescence 
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microscope with 10x/40x objectives (Keyence: Itasca, IL) and overlaid using ImageJ 

software (National Institute of Health; Bethesda, MD).

Behavioral testing.

Two testing batteries were used to evaluate the impact of ethanol or viral genetic 

manipulations on behavioral performance. The first battery began with an assessment 

of physical dependence by evaluating handling-induced convulsions (HIC). For studies 

involving mice subjected to the CIE/4 treatment protocol, HIC assessments were made 

7-h after the final ethanol (or air) exposure session (Day 1). Subsequently, subjects were 

assessed in the light-dark box (Day 2), marble burying test (Day 4), and bottle brush 

test (Days 6 and 7). The second test battery involved elevated plus maze and delay fear 

conditioning tests, conducted on Day 2 and Days 3–5 after the ethanol (or air) exposure 

session (Day 1).

Intracranial viral manipulations.

Viral titers and volumes, as well as stereotaxic coordinates, were optimized previously 

to achieve maximal targeting of the BA along the rostro-caudal axis, while minimizing 

infection of neurons in adjacent structures (38).

Immunoelectron microscopy.

The subcellular distribution of GIRK2 and GABABR1 was assessed using pre-embedding 

immunoelectron microscopy, as described (40).

Statistical analysis.

Data are presented as mean ± SEM. Analyses were performed using Prism v. 8 (GraphPad 

Software, Inc.; La Jolla, CA). Unless otherwise noted, studies included male and female 

subjects. The impact of sex on experimental outcomes was assessed first. If no impact of sex 

was detected, then data from male and female subjects were pooled. For all comparisons, 

differences were considered significant if P<0.05.

RESULTS

Ethanol suppresses GABABR-dependent signaling in BA principal neurons

We used a 5-d injection protocol – with 4 ethanol injections (2 g/Kg IP) given daily – to 

examine the impact of ethanol exposure on somatodendritic GABABR-dependent signaling 

in the BLA of C57BL/6J mice (Fig. 1A). As a single injection of 2 g/Kg ethanol yields 

blood ethanol concentrations (BECs) of ~180 mg/dL (40 mM, 0.18%) in C57BL/6J mice 

(41), this protocol produces high intoxicating levels of ethanol for at least 7–8 h/d for 5 

consecutive days.

Whole-cell recordings of BLA neurons were obtained 3–4 d after the final ethanol or saline 

injection. Most (85%) BLA neurons are glutamatergic principal neurons distinguishable 

from GABA neurons based on morphology, larger apparent capacitance, and longer action 

potential half-width (38). As the basal (BA) and lateral (LA) sub-regions of the BLA exhibit 

distinct connectivities and differentially contribute to behavior (42, 43), we evaluated BA 
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and LA neurons separately (Fig. 1B). The GABABR agonist baclofen evoked outward 

somatodendritic currents (Ibaclofen) in BA (Fig. 1C) and LA (not shown) principal neurons; 

Ibaclofen in LA neurons was smaller than Ibaclofen in BA neurons (Fig. 1D). Ibaclofen was also 

smaller in BA principal neurons from ethanol-treated mice relative to saline-treated controls 

(Fig. 1C,D). In contrast, ethanol had no impact on Ibaclofen in LA principal neurons (Fig. 

1D). Neither rheobase (Fig. 1E) nor resting membrane potential (RMP; Fig. 1F), measures 

of baseline neuronal excitability, were significantly impacted by repeated ethanol injection 

in BA or LA neurons.

We also used chronic intermittent exposure (CIE) to ethanol vapor, employing 1 wk (CIE/1) 

and 4 wk (CIE/4) protocols (Fig. 2A). Each week consisted of 4 d of 16-h vapor exposure 

sessions, followed by 3 d of abstinence. BECs reached 150–200 mg/dL during the sessions. 

Electrophysiological recordings were made 3–4 d after the final ethanol (or air control) 

exposure session. No impact of ethanol was observed on Ibaclofen in BA principal neurons 

from subjects in the CIE/1 group (Fig. 2C). In the CIE/4 cohort, however, Ibaclofen from 

ethanol-treated subjects was smaller than in air-exposed controls (Fig. 2B,C). Apparent 

capacitance values for BA principal neurons in the ethanol (192 ± 5 pF) and air (208 ± 

9 pF) treatment groups were not different (t29.94=1.61; P=0.12), suggesting that Ibaclofen 

suppression is not linked to reduced cell size. Thus, repeated injection and CIE/4 vapor 

exposure protocols evoked comparable suppression of Ibaclofen in BA principal neurons. 

Consistent with a recent report (44), rheobase was also lower in the CIE/4 ethanol treatment 

group (Fig. 2D), whereas RMP was not affected by either treatment (Fig. 2E).

GIRK channel activation contributes to Ibaclofen in BA principal neurons

Ibaclofen is mediated primarily by G protein-gated inwardly rectifying K+ (GIRK) channel 

activation in neurons evaluated to date (32, 35, 45–47). Neuronal GIRK channels are 

homo- and heterotetrameric complexes formed primarily by 3 subunits (GIRK1, GIRK2, 

GIRK3) expressed in overlapping patterns in the CNS (48). We probed for GIRK subunit 

expression in the mouse BLA using multiplex fluorescence in situ hybridization. GIRK1, 

GIRK2, and GIRK3 were detected throughout the BLA, including the BA and LA, of adult 

C57BL/6J mice (Fig. 3A). All 3 subunits overlapped completely with the glutamatergic 

marker CaMKIIα in the BA (Fig. 3B).

We next measured Ibaclofen in BA principal neurons from wild-type and Girk−/− mice. 

Ibaclofen was ~50% smaller in neurons from Girk1−/− or Girk2−/− mice as compared to 

controls (Fig. 3C,D). There was no impact of genotype on apparent capacitance values 

(F3,25=0.53, P=0.16; one-way ANOVA), suggesting that genotype differences in Ibaclofen do 

not reflect differences in neuron size. GIRK channel ablation did not significantly impact 

the rheobase of BA principal neurons (Fig. 3E), nor did it impact RMP (Fig. 3F). Despite 

the presence of GIRK3 mRNA in BA principal neurons, Girk3 ablation had no impact on 

Ibaclofen or excitability measures (Fig. 3D–F). Thus, Ibaclofen in BA principal neurons is 

mediated largely by activation of GIRK channels containing GIRK1 and GIRK2.
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Ethanol suppresses the GIRK component of Ibaclofen

Extracellular Ba2+ (0.1–0.3 mM) blocks outward current mediated by some inwardly 

rectifying K+ channels, including GIRK channels. Ibaclofen in BA principal neurons from 

C57BL/6J mice was ~50% lower when measured in the presence of 0.3 mM extracellular 

Ba2+ (Fig. 4A), consistent with results from Girk1−/− and Girk2−/− mice (Fig. 3). To 

determine whether ethanol suppresses the GIRK and/or non-GIRK component of the 

GABABR-dependent response, we measured Ibaclofen in BA principal neurons from ethanol-

treated and control subjects in the presence of extracellular Ba2+. The Ba2+-insensitive 

component of Ibaclofen was not impacted by the CIE/4 protocol (Fig. 4B,C), suggesting that 

the ethanol-induced suppression of somatodendritic GABABR-dependent current involves 

the selective suppression of GIRK channel activity.

While GIRK3 ablation has little-or-no impact on GIRK current amplitude in neurons (32, 

47), GIRK3 has been implicated in neuroadaptations involving GIRK channels (30, 49, 50). 

Thus, we asked whether the ethanol-induced suppression of Ibaclofen in BA principal neurons 

required GIRK3. Consistent with a key role for GIRK3 in this neuroadaptation, the CIE/4 

treatment protocol did not impact Ibaclofen in BA principal neurons from Girk3−/− mice (Fig. 

4D,E). Rheobase (Fig. 4F) and RMP (Fig. 4G) were similarly unaffected.

Ethanol triggers the subcellular redistribution of GABABR and GIRK channels

Psychostimulants can alter the subcellular distribution of GIRK channels and GABABR (27, 

28, 32). As such, we performed quantitative immunoelectron microscopy on BLA sections 

from mice that underwent the CIE/4 protocol. Consistent with our electrophysiological data, 

the number of GIRK2 (Fig. 5A,E1–4) and GABABR1 (Fig. 5B,E5–8) immunoparticles 

in the plasma membrane was lower in BA principal neurons from ethanol-exposed mice 

relative to air-exposed controls. Immunoparticle density changes were observed in both 

dendrites and spines (Fig. 5C,D). The reduction in surface membrane-associated GIRK2 

and GABABR1 in ethanol-exposed mice correlated with an increase in the number of 

intracellular immunoparticles. Notably, total and surface membrane GIRK2 and GABABR1 

immunoparticle counts were lower in principal neurons of the LA relative to BA (Fig. 

S1A,B) in air-exposed controls, which aligns with the smaller Ibaclofen in LA neurons 

(Fig. 1D). Furthermore, ethanol did not provoke a subcellular redistribution of GIRK2 or 

GABABR1 immunoparticles in LA principal neurons (Fig. S1C–G), consistent with the lack 

of impact of ethanol on Ibaclofen in these neurons (Fig. 1D). Given that ethanol had no impact 

on Ibaclofen in LA principal neurons and it selectively suppressed the GIRK-dependent 

component of Ibaclofen in BA principal neurons (Fig. 4B,C), these ultrastructural data suggest 

that the ethanol-induced suppression of Ibaclofen in BA principal neurons is mediated by 

internalization of GABABR and/or GIRK channels.

Ethanol alters mood-related behavior in C57BL6/J mice

To understand the impact of ethanol exposure and withdrawal on behaviors linked to the 

BLA, we evaluated C57BL/6J mice in light-dark box, marble burying, and bottle brush 

tests following completion of the CIE/4 treatment protocol. Subjects were first assessed 

for handling-induced convulsions (HIC) 7 h after the last ethanol (or air) session. Ethanol-

treated mice exhibited elevated HIC scores (Fig. 6A), indicating that the CIE/4 protocol 
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induced physical dependence. In the light-dark box test (Day 2), ethanol-treated mice spent 

less time in the light side of the box (Fig. 6B). In the marble burying test (Day 4), ethanol 

exposure correlated with increased number of marbles buried (Fig. 6C). Ethanol-treated 

mice also exhibited elevated irritability, as assessed by the number of aggressive and 

defensive responses in the bottle-brush test (Fig. 6D).

A separate cohort of ethanol- and air-exposed control mice was evaluated in elevated plus 

maze (EPM) and fear conditioning tests. Ethanol treatment did not impact time spent in open 

(Fig. S2A) or closed (Fig. S2B) arms of the EPM, or on total distance traveled (Fig. S2C). 

Similarly, no differences between ethanol and control groups were found in context or cue 

fear learning (Fig. S2D). Thus, CIE/4 treatment provoked aberrant behavior in a subset of 

mood-related behavioral tests.

Ethanol-induced alterations in mood-related behavior require GIRK3

Given that GIRK3 is required for the ethanol-induced suppression of GABABR-GIRK 

signaling in BA principal neurons (Fig. 4), we evaluated behavioral performance in Girk3−/

− mice following CIE/4 treatment. Consistent with published observations (51), CIE/4 

treatment failed to produce signs of physical dependence in Girk3−/− mice as assessed by 

HIC severity (Fig. 6E). Similarly, ethanol treatment had no impact on the performance of 

Girk3−/− mice in light-dark box (Fig. 6F), marble burying (Fig. 6G), or bottle brush (Fig. 

6H) tests. Thus, GIRK3 is required for the change in mood-related behaviors seen during 

withdrawal following CIE/4 treatment.

Suppression of GIRK channel activity recapitulates some withdrawal-related behaviors

To probe the behavioral implications of the ethanol-induced suppression of GABABR-GIRK 

signaling in BA principal neurons, we used conditional Girk1 knockout (Girk1fl/fl) mice 

and a viral Cre approach to suppress GIRK channel activity in BA principal neurons in 

ethanol-naïve mice. CaMKIIα promoter-based AAV vectors have been used extensively to 

drive transgene expression in principal neurons of the BLA, including BA principal neurons 

(38). We delivered AAV8-CaMKIIα-Cre(mCherry) or control vector to the BA of Girk1fl/fl 

mice (Fig. 7A). After 4–6 wks, viral Cre-treated BA principal neurons from Girk1fl/fl mice 

exhibited smaller Ibaclofen relative to controls (Fig. 7B,C). Viral Cre suppression of GIRK 

channel activity also decreased rheobase (Fig. 7D) but had no impact on RMP (Fig. 7E).

Cre- and control-treated Girk1fl/fl mice were next run through behavioral testing. As 

expected, ethanol-naïve viral Cre-treated Girk1fl/fl mice exhibited no evidence of ethanol 

dependence as measured by HIC (Fig. 7F). Similarly, suppression of GIRK channel activity 

in BA principal neurons did not impact performance in the light-dark box test (Fig. 7G). 

In the marble burying test, suppression of GIRK channel activity in BA principal neurons 

correlated with increased marbles buried by female but not male mice (Fig. 7H). Irritability-

like behavior was also higher in viral Cre-treated mice (Fig. 7I). Thus, suppression of GIRK 

channel activity in BA principal neurons from ethanol-naive mice recapitulates some of the 

mood-related behaviors observed in C57BL/6J mice during ethanol withdrawal.
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DISCUSSION

Of the many ion channels and receptors implicated in the cellular and behavioral effects of 

ethanol (52, 53), GIRK channels have emerged as an intriguing target. While the canonical 

pathway for GIRK channel activation involves the direct binding of the G protein Gβγ 
subunit (48), GIRK channels are also activated by ethanol in a Gβγ-independent manner 

(54). Several ethanol-related behaviors, including consumption, reward, preference, and 

acute withdrawal are altered or absent in mice lacking GIRK subunits (51, 55–57). Girk2−/− 

mice, for example, consumed more ethanol than wild-type counterparts but failed to develop 

ethanol conditioned place preference (55). Moreover, genetic variation in the GIRK2/KCNJ6 
gene is associated with vulnerability to alcohol dependence in humans (58).

GIRK-dependent signaling is also subject to plasticity evoked by drugs of abuse, experience, 

and neuronal activity (48). For example, psychostimulant exposure suppressed GIRK-

dependent signaling in the VTA (27–30) and prelimbic cortex (32), and aversive experience 

suppressed GIRK-dependent signaling in the lateral habenula (59). A repeated ethanol 

injection protocol comparable to that used in this study enhanced the D2 dopamine receptor-

dependent activation of GIRK channels in mouse VTA dopamine neurons (60). In addition, 

withdrawal following ethanol vapor exposure, as well as voluntary ethanol consumption, 

correlated with reduced inhibitory influence of dopamine, norepinephrine, and serotonin 

on neuronal excitability in the lateral orbitofrontal cortex; suppression of GIRK channel 

activity was implicated in this effect, at least in female subjects (61, 62). Here, we 

show that GIRK-dependent signaling in mouse BA principal neurons was weakened by 

repeated ethanol exposure. Using either a repeated injection or CIE ethanol vapor exposure 

protocol, we found that GABABR-GIRK currents in BA (but not LA) principal neurons were 

suppressed during early withdrawal. Thus, ethanol exposure and/or withdrawal provoke 

neuron-specific adaptations (enhancement or suppression) of GIRK-dependent signaling in 

addiction-relevant neuron populations.

GIRK1 and GIRK2 subunits play an essential role in the formation of neuronal GIRK 

channels (48), including the GIRK channel in BA principal neurons. Ethanol treatment 

correlated with decreased surface labeling (and increased intracellular labeling) of GIRK2 

in BA principal neurons. This, together with the lack of impact of ethanol on the GIRK-

independent (Ba2+-insensitive) component of Ibaclofen, suggests that the ethanol-induced 

suppression of GIRK-dependent signaling involves a reduction in GIRK channel number on 

the cell surface. Ethanol could impact other Ibaclofen signaling pathway elements, however, 

including inhibitory G proteins or GABABR itself. Indeed, ethanol also led to a reduction in 

the surface level of GABABR in BA principal neurons. Given the lack of impact of ethanol 

on the GIRK-independent component of Ibaclofen, this suggests the intriguing possibility that 

ethanol selectively impacts discrete intracellular branches of GABABR-dependent signaling 

in BA principal neurons. To address this issue, it will be important to complement the 

assessment of ethanol effects on Ibaclofen reported herein with investigations of synaptic 

GABABR-dependent inhibitory postsynaptic currents and presynaptic GABABR-dependent 

inhibition. Relatedly, it will be important to determine whether signaling pathways involving 

other inhibitory receptors that may couple to GIRK channels in BA principal neurons are 

similarly impacted by ethanol.
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Despite the widespread distribution of GIRK3 in the rodent brain (63), functional roles 

for this subunit are less apparent. GIRK3 ablation, for example, has little impact on the 

amplitude of GIRK-dependent currents in most neurons (32, 47, 64, 65), as we show here 

in BA principal neurons. Nevertheless, the ethanol-induced suppression of GABABR-GIRK 

signaling in BA principal neurons requires GIRK3. While GIRK3 may function within BA 

principal neurons to mediate this neuroadaptation, it is also possible that the adaptation is 

driven by ethanol withdrawal, which is diminished in Girk3−/− mice (51). Thus, GIRK3 

may exert its influence on GABABR-GIRK signaling in BA principal neurons and related 

behaviors indirectly, from outside the BA.

GIRK3 is also required for the psychostimulant-induced suppression of GIRK-dependent 

signaling (30) and the bi-directional influence of firing rate on GIRK channel activity (50) in 

VTA dopamine neurons. The influence of GIRK3 in these settings likely relates to its ability 

to negatively regulate the surface trafficking of neuronal GIRK channels (66). This is an 

intriguing mechanism given that ethanol exposure triggers the subcellular re-distribution of 

GIRK channels and GABABR in BA principal neurons. Increased internalization of GIRK 

channels and GABABR has been implicated in other neuroadaptations involving Ibaclofen 

(28, 32, 59). The influence of GIRK3 on the subcellular trafficking of GIRK channels 

appears to involve an interaction between GIRK3 and sorting nexin 27, which promotes the 

endosomal trafficking of GIRK channels (67).

Genetic studies in mice have identified GIRK3 as a key regulator of behavioral sensitivity 

to several classes of drugs. Differential expression of GIRK3 has been implicated in 

mouse strain differences in analgesic sensitivity to morphine, clonidine, and WIN55,212, 

and Girk3−/− mice are less sensitive to the analgesic effects of these drugs (68). 

GIRK3 was identified as a candidate gene exerting influence on withdrawal severity for 

ethanol, pentobarbital, and zolpidem (51), and Girk3−/− mice exhibit little-or-no withdrawal 

symptoms in following exposure to these drugs. While these findings suggest that GIRK3 

confers increased sensitivity to the behavioral effects of ethanol and other drugs, Girk3−/− 

mice also exhibit enhanced ethanol conditioned place preference (57) and increased ethanol 

consumption under binge conditions (69). Moreover, the acute ethanol-induced increase 

in firing rate of VTA dopamine neurons is lower in Girk3−/− mice than in control (69). 

Collectively, evidence suggests that GIRK3 exerts neuron-specific influence on ethanol 

sensitivity and related behaviors.

The relationships between ethanol exposure, Ibaclofen, neuronal excitability (rheobase and 

RMP), and behavioral outcomes in this study warrant discussion. For example, the repeated 

injection approach suppressed Ibaclofen in BA principal neurons (Fig. 1D), while the similar 

duration CIE/1 exposure protocol did not (Fig. 2C). This may relate to differences in 

routes or timing of exposure, and/or cumulative ethanol exposure levels. It could also 

reflect significant within-group variability in Ibaclofen and related electrophysiological 

measures, combined with moderate effect sizes. Indeed, CIE/1 and CIE/4 treatments exerted 

qualitatively similar influence on Ibaclofen and rheobase in BA principal neurons (Fig. 2C,D), 

but only the larger CIE/4 study showed significant differences in these measures between 

ethanol- and air-treated subjects.
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Decreased GIRK-dependent signaling in neurons generally correlates with increased 

excitability (32, 45, 47). However, we show here that ablation of Girk1 or Girk2 eliminated 

most or all of the GIRK component of Ibaclofen in BA principal neurons (Fig. 3C,D & 

4A), yet neither rheobase (Fig. 4E) nor RMP (Fig. 4F) were significantly impacted. In 

contrast, viral Cre ablation of GIRK1 in BA principal neurons suppressed Ibaclofen and 

decreased rheobase (Fig. 7B–D). This discrepancy might reflect the contribution of another 

factor(s) that regulates BA principal neuron excitability and compensates for the loss of 

GIRK channel activity throughout development. Relatedly, the ethanol-induced suppression 

of Ibaclofen in BA principal neurons correlated with decreased rheobase in the CIE/4 model 

(Fig. 2D), but not the repeated injection approach (Fig. 1E). This suggests that other 

influences on BA principal neuron excitability may be altered by ethanol in manners that 

depend on route, duration, timing, and/or cumulative level of exposure.

Suppression of GIRK-dependent signaling in BA principal neurons was sufficient to 

recapitulate some but not all behaviors observed in C57BL/6J mice during withdrawal from 

ethanol exposure. The lack of perfect alignment in this case suggests that other adaptations 

and neuron populations contribute to withdrawal-related behaviors. The selective impact of 

viral Cre suppression of GIRK channel activity in BA principal neurons on marble burying 

behavior in female subjects is particularly intriguing. This finding is reminiscent of sex 

differences in the behavioral impact of viral Cre ablation of GIRK-dependent signaling in 

prelimbic pyramidal neurons (70), and is consistent with evidence that addiction-related 

behaviors can be regulated by different molecular and cellular mechanisms in males and 

females (71).

In sum, this study highlights a neuroadaptation in the BA associated with repeated ethanol 

exposure in mice. Interventions targeting GABABR-GIRK signaling, particularly those 

designed to enhance GIRK channel activity and selectively tailored toward GIRK3, warrant 

further investigation as therapeutic approaches in AUD. Identification and elucidation 

of alcohol-induced neuroadaptations may reveal opportunities to disrupt the cycle of 

intoxication, withdrawal, and craving that complicate the treatment of AUD.

Supplementary Material
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Figure 1. Repeated ethanol injection suppresses somatodendritic GABABR-dependent signaling 
in BA principal neurons
A. Depiction of the repeated ethanol injection protocol. C57BL/6J mice (34–41 d) were 

given 4 daily injections (1000, 1200, 1400, and 1600 h) of saline or ethanol (2 g/kg IP) 

over a consecutive 5-d period; injections are denoted by vertical lines. Electrophysiological 

analysis occurred on days 8 and 9.

B. Depiction of a coronal section containing the BLA, with BA and LA sub-regions 

highlighted.

C. Somatodendritic currents (Vhold = −60 mV) evoked by baclofen (200 μM) and reversed 

by the GABABR-selective antagonist CGP54626 (2 μM) in BA principal neurons, recorded 

3 d after the last saline or ethanol injection.

D. Ibaclofen in principal neurons of the BA (t23=2.356, *P=0.0274; N=12–13/group; unpaired 

Student’s t-test) and LA (t26.81=0.375, P=0.711; N=17–18/group; unpaired Student’s t-test 

with Welch’s correction) from C57BL/6J mice treated with repeated saline (sal) or ethanol. 

Small squares and circles represent individual data points from male and female subjects, 

respectively.

E. Rheobase of principal neurons of the BA (t23=0.956, P=0.349; N=12–13/group; unpaired 

Student’s t-test) and LA (t33=1.527, P=0.136; N=17–18/group; unpaired Student’s t-test) 

from repeated saline- or ethanol-treated mice.

F. Resting membrane potential (RMP) of principal neurons of the BA (t23=1.823, P=0.0814; 

N=12–13/group unpaired Student’s t-test) and LA (t33=0.436, P=0.666; N=17–18/group; 

unpaired Student’s t-test) from repeated saline- or ethanol-treated mice.
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Figure 2. Chronic intermittent exposure to ethanol vapor suppresses somatodendritic GABABR-
dependent signaling in BA principal neurons
A. Depiction of chronic intermittent ethanol vapor exposure protocols. C57BL/6J mice 

(8 wk) were placed in ethanol vapor or air control chambers for 16 h sessions over 4 

consecutive days, followed by 3 d of home cage housing. Prior to each session, mice 

were administered sodium pyrazole (68.1 mg/Kg IP; arrowheads) and either a priming dose 

of ethanol (1.5 g/Kg; 20% v/v) or saline (for air-treated controls). Separate cohorts of 

mice were run through 1-wk (CIE/1) and 4-wk (CIE/4) protocols, with electrophysiological 

assessments made 3–4 d after the final air or ethanol vapor exposure session.

B. Somatodendritic currents (Vhold = −60 mV) evoked by baclofen (200 μM) and reversed 

by CGP54626 (2 μM) in BA principal neurons from air- or ethanol-treated subjects 

following the CIE/4 protocol.

C. Ibaclofen in BA principal neurons from air- and ethanol-treated mice, 3–4 d after 

completing CIE/1 (t22=1.102, P=0.282; N=12/group; unpaired Student’s t-test) or CIE/4 

(t58=5.072, ****P<0.001; N=30/group; unpaired Student’s t-test) protocols. Small squares 

and circles represent individual data points from male and female subjects, respectively.

D. Rheobase of BA principal neurons from air- and ethanol-treated mice, 3–4 d after 

completing CIE/1 (t25=1.523, P=0.140; N=13–14/group; unpaired Student’s t-test) or CIE/4 

(t62=3.849, ***P=0.0003; N=32/group; unpaired Student’s t-test) protocols.

E. RMP of BA principal neurons from air- and ethanol-treated mice, 3–4 d after 

completing CIE/1 (t25=0.552, P=0.586; N=13–14/group; unpaired Student’s t-test) or CIE/4 

(t65=0.0113, P=0.991; N=32–35/group; unpaired Student’s t-test) protocols.
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Figure 3. GIRK channel activation mediates GABABR-dependent somatodendritic currents in 
BA principal neurons
A. Expression of GIRK1, GIRK2, and GIRK3 subunit mRNAs (red) in the adult mouse 

BLA. Anterior/posterior coordinates are provided in the lower right-hand corner of the 

images. White rectangles in the upper panels are expanded in panel B. Scale bar = 100 μm.

B. Co-localization of GIRK subunit (red) and CaMKIIα (green) expression in the BA. White 

circles highlight representative CaMKIIα-positive cell bodies containing GIRK subunit 

mRNAs. Scale bar = 25 μm.

C. Somatodendritic currents (Vhold = −60 mV) evoked by baclofen (200 μM) and reversed 

by CGP54626 (2 μM) in BA principal neurons from wild-type (white, upper trace) and 

Girk1−/− (grey, lower trace) mice.

D. Currents evoked by baclofen (200 μM) in BA principal neurons from wild-type 

and Girk−/− mice (F3,48=33.63, P<0.0001; one-way ANOVA) (N=11–16/group). Symbols: 

***P<0.001 vs. wild-type. Small squares and circles represent individual data points from 

male and female subjects, respectively.

E. Rheobase (F3,47=1.856, P=0.150; one-way ANOVA) of BA principal neurons from wild-

type and Girk−/− mice (N=11–16/group).

F. RMP (F3,48=0.298, P=0.833; one-way ANOVA) of BA principal neurons from wild-type, 

and Girk−/− mice (N=11–16/group).
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Figure 4. Ethanol induces a GIRK3-dependent suppression of Ibaclofen in BA principal neurons
A. Ibaclofen in BA principal neurons from C57BL/6J mice, measured in the absence or 

presence of 0.3 mM extracellular Ba2+ (t12.43=5.218, ***P=0.0002, Student’s t-test with 

Welch’s correction; N=9–11/group). Small squares and circles represent individual data 

points from male and female subjects, respectively.

B. Somatodendritic currents (Vhold = −60 mV) evoked by baclofen (200 μM) and reversed 

by CGP54626 (2 μM) in BA principal neurons from C57BL/6J mice, measured in the 

presence of 0.3 mM extracellular Ba2+, 3 d after completion of the CIE/4 protocol.

C. Ibaclofen in BA principal neurons from C57BL/6J mice, 3–4 d after completing the CIE/4 

protocol, measured in the presence of 0.1 mM (t10=0.617, P=0.551; N=6/group; unpaired 

Student’s t-test) or 0.3 mM (t22=0.236, P=0.816; N=12/group; unpaired Student’s t-test) 

extracellular Ba2+.

D. Somatodendritic currents (Vhold = −60 mV) evoked by baclofen (200 μM) and reversed 

by CGP54626 (2 μM) in BA principal neurons, measured in slices from air- and ethanol 

vapor-treated Girk3−/− mice (70–90 d), 3 d after completing the CIE/4 protocol.

E. Ibaclofen in BA principal neurons from Girk3−/− mice, 3–4 d after completing the CIE/

vapor exposure (t42=0.317, P=0.753, N=22/group; unpaired Student’s t test).

F. Rheobase of BA principal neurons from Girk3−/− mice 3–4 d after completing the CIE/

vapor exposure (t42=1.191, P=0.240, N=22/group; unpaired Student’s t test).

G. RMP of BA principal neurons from Girk3−/− mice 3–4 d after completing the CIE/vapor 

exposure (t42=0.923, P=0.361, N=22/group; unpaired Student’s t test).
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Figure 5. Ethanol triggers internalization of GIRK channels and GABABR
A. Distribution of GIRK2 immunoparticles at the plasma membrane (PM; t6=14.19, 

****P<0.0001; N=4/group; unpaired Student’s t-test) and intracellular sites (intra; t6=5.221, 

**P=0.002; N=4/group; unpaired Student’s t-test) in BA principal neurons from air- and 

ethanol-exposed mice. Small squares and circles represent individual data points from male 

and female subjects, respectively.

B. Distribution of GABABR1 immunoparticles at the plasma membrane (PM; t6=8.078, 

***P=0.0002; N=4/group; unpaired Student’s t-test) and intracellular sites (intra; t6=12.74, 
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****P<0.0001; N=4/group; unpaired Student’s t-test) in BA principal neurons from air- and 

ethanol-exposed mice.

C. Plasma membrane-associated immunoparticle density for GIRK2 in spines (t6=7.566, 

***P=0.0003; N=4/group; unpaired Student’s t-test) and dendrites (t6=2.892, *P=0.0276; 

N=4/group; unpaired Student’s t-test) from BA principal neurons from air- and ethanol-

exposed mice.

D. Plasma membrane-associated immunoparticle density for GABABR1 in spines (t6=2.529, 

*P=0.0447; N=4/group; unpaired Student’s t-test) and dendrites (t6=3.916, **P=0.0078; 

N=4/group; unpaired Student’s t-test) from BA principal neurons from air- and ethanol-

exposed mice.

E. Electron micrographs showing immunoparticles for GIRK2 (panels 1&2) and GABABR1 

(panels 5&6) in the BA of air-exposed mice, and for GIRK2 (panels 3&4) and 

GABABR1 (panels 7&8) in ethanol-exposed mice. In sections from air-exposed mice, most 

immunoparticles for GIRK2 and GABABR1 were located along the extrasynaptic plasma 

membrane (arrows) of dendritic shafts (Den) and spines (s) of BA principal neurons. 

GIRK2 and GABABR1 immunoparticles were also detected at intracellular sites (crossed 

arrows). In sections from ethanol-exposed mice, GIRK2 and GABABR1 immunoparticles 

were commonly located at intracellular sites (crossed arrows), and less frequently along the 

extrasynaptic plasma membrane (arrows) of dendritic shafts (Den) and spines (s) of BA 

principal neurons. at, axon terminal. Scale bars: 500 nm.
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Figure 6. Ethanol triggers a GIRK3-dependent disruption of mood-related behavior
A. Handling-induced convulsion (HIC) scores of C57BL/6J mice, measured 7 h after the 

final ethanol (or air control) exposure session (t16.12=4.989, ***P=0.0001, N=12/group; 

unpaired Student’s t-test with Welch’s correction). Small squares and circles represent 

individual data points from male and female subjects, respectively.

B. Percentage of time spent in the light side of the light-dark box by air-treated and 

ethanol-treated C57BL/6J mice (t22=3.208, **P=0.0041, N=12/group; unpaired Student’s 

t-test), measured on Day 2.

C. Number of marbles buried by air-treated and ethanol-treated C57BL/6J mice (t22=3.174, 

**P=0.0044, N=12/group; unpaired Student’s t-test), measured on Day 4.

D. Total irritability-like responses of C57BL/6J mice (t22=12.19, ****P=<0.0001, N=12/

group; unpaired Student’s t test), measured on Days 6 and 7.

E. HIC scores of air-treated and ethanol-treated Girk3−/− mice, measured 7 h after 

completing the CIE/4 ethanol vapor (or air control) treatment protocol (t16=0.0590, P=0.954, 

N=8–10/group; unpaired Student’s t test).

F. Percentage of time spent in the light side of the light-dark box by air-treated and 

ethanol-treated Girk3−/− mice (t16=1.719, P=0.105, N=8–10/group; unpaired Student’s t 

test), measured on Day 2.

G. Number of marbles buried by air-treated and ethanol-treated Girk3−/− mice (t16=0.233, 

P=0.819, N=8–10/group; unpaired Student’s t test), measured on Day 4.

H. Total irritability-like responses observed by air-treated and ethanol-treated Girk3−/− mice, 

(t16=0.822, P=0.423, N=8–10/group; unpaired Student’s t test), measured on Days 6 and 7.
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Figure 7. GIRK channel ablation in BA principal neurons recapitulates some ethanol-induced 
mood-related behavioral deficits
A. Depiction of viral targeting of the BA of Girk1fl/fl mice using AAV8-CaMKIIα-

Cre(mCherry) or control (AAV8-CaMKIIα-mCherry) vector; the image below shows 

selective targeting of the BA in a mouse treated with the control vector.

B. Somatodendritic currents (Vhold=−60 mV) evoked by baclofen (200 μM) and reversed 

by CGP54626 (2 μM) in BA principal neurons from Girk1fl/fl mice, measured 5 wk 

after treatment with intra-BA AAV8-CaMKIIα-Cre(mCherry) or control (AAV8-CaMKIIα-

mCherry) vector.

C. Ibaclofen in BA principal neurons from male Girk1fl/fl mice, measured 4–6 wk after intra-

BA treatment with AAV8-CaMKIIα-Cre(mCherry) or AAV8-CaMKIIα-mCherry vector 

(t14=5.551, ****P<0.0001; N=8/group; unpaired Student’s t test).

D. Rheobase in BA principal neurons from male Girk1fl/fl mice treated with AAV8-

CaMKIIα-Cre(mCherry) or AAV8-CaMKIIα-mCherry vector (t15=2.503, *P=0.0243; N=7–

10/group; unpaired Student’s t test).

E. RMP in BA principal neurons from male Girk1fl/fl mice treated with AAV8-CaMKIIα-

Cre(mCherry) or AAV8-CaMKIIα-mCherry vector (t6.771=0.792, P=0.455; N=7–10/group; 

unpaired Student’s t-test with Welch’s correction).

F. Handling-induced convulsion (HIC) scores of ethanol-naïve Girkfl/fl mice, assessed 5–

6 wk after intra-BA treatment with AAV8-CaMKIIα-Cre(mCherry) or AAV8-CaMKIIα-

mCherry vector (t29=1.397, P=0.173, N=12–19/group; unpaired Student’s t test), measured 

on Day 1.

G. Percentage of time spent in the light side of the light-dark box by Girkfl/fl mice 

treated with AAV8-CaMKIIα-Cre(mCherry) or control (AAV8-CaMKIIα-mCherry) vector 

(t26=0.841, P=0.408, N=11–17mice/group; unpaired Student’s t test), measured on Day 2.

H. Number of marbles buried by Girkfl/fl mice treated with AAV8-CaMKIIα-Cre(mCherry) 

or control (AAV8-CaMKIIα-mCherry) vector, measured on Day 4. A significant interaction 

was observed between sex and viral treatment (F(1,26)=6.377, P=0.0180; 2-way ANOVA); 
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Sidak’s post hoc test revealed a viral treatment effect in females (**P=0.0071, N=6–8 mice/

group) but not males (P=0.9453, N=6–10 mice/group).

I. Total irritability-like responses of Girkfl/fl mice treated with AAV8-CaMKIIα-

Cre(mCherry) or control (AAV8-CaMKIIα-mCherry) vector (t29=6.319, ****P<0.0001, 

N=12–19 mice/group; unpaired Student’s t test), measured on Days 6 and 7.
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