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Abstract

Background—The long-term consequences of adolescent alcohol abuse that persist into 

adulthood are poorly understood and have not been widely investigated. We have shown that 

intermittent exposure to alcohol during adolescence decreased the amplitude of GABAA receptor-

mediated tonic currents in hippocampal dentate granule cells in adulthood. The aim of the present 

study was to investigate the enduring effects of chronic intermittent alcohol exposure during 

adolescence or adulthood on the expression of hippocampal GABAA receptors (GABAARs).

Methods—We used a previously characterized tissue fractionation method to isolate detergent 

resistant membranes and soluble fractions, followed by western blots to measure GABAAR 

protein expression. We also measured mRNA levels of GABAAR subunits using quantitative real-

time PCR.

Results—Although the protein levels of α1-, α4- and δ-GABAAR subunits remained stable 

between postnatal day (PD) 30 (early adolescence) and PD71 (adulthood), the α5-GABAAR 

subunit was reduced across that period. In rats that were subjected to adolescent intermittent 

ethanol (AIE) exposure between PD30–46, there was a significant reduction in the protein levels 

of the δ-GABAAR, in the absence of any changes in mRNA levels, at 48 hours and 26 days after 

the last ethanol exposure. Protein levels of the α4-GABAAR subunit were significantly reduced, 

but mRNA levels were increased, 26 days (but not 48 hours) after the last AIE exposure. Protein 

levels of α5-GABAAR were not changed by AIE, but mRNA levels were reduced at 48hrs but 

normalized 26 days after AIE. In contrast to the effects of AIE, chronic intermittent exposure to 

ethanol during adulthood (CIE) had no effect on expression of any of the GABAAR subunits 

examined.

Correspondence should be addressed to: Scott Swartzwelder, Building 15, VA Medical Center, Durham, N.C., 27705, 
hss@duke.edu, 919-971-0964. 

NIH Public Access
Author Manuscript
Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 November 01.

Published in final edited form as:
Alcohol Clin Exp Res. 2014 November ; 38(11): 2800–2808. doi:10.1111/acer.12562.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Conclusions—AIE produced both short- and long-term alterations of GABAAR subunits 

mRNA and protein expression in the hippocampus, whereas CIE produced no long lasting effects 

on those measures. The observed reduction of protein levels of the δ-GABAAR, specifically, is 

consistent with previously reported altered hippocampal GABAAR-mediated electrophysiological 

responses after AIE. The absence of effects of CIE underscores the emerging view of adolescence 

as a time of distinctive vulnerability to the enduring effects of repeated ethanol exposure.

Introduction

Alcohol abuse and alcohol related problems represent a major health and social problem 

worldwide. The probability of developing alcohol dependence is strongly correlated with the 

age at which experimentation with alcohol consumption begins. According to a nationwide 

survey (NIAAA 2004), binge drinking --- defined by 5 or more drinks per occasion for 

males, four or more for females --- increases markedly across adolescence from 1.6% at 

ages 12–13, 17% at ages 16–17, and 34.7% at ages 18–20. This prevalence of binge drinking 

occurs at a developmental period when the brain is undergoing rapid changes in structure 

and function that make it vulnerable to negative consequences of alcohol exposure (Monti et 

al. 2005). Although it is clear that alcohol abuse at any age can have enduring effects on 

brain function (see Brown et al 2009), the question of whether adolescence is a period of 

distinctive vulnerability associated with long-term effects on brain and behavior has only 

recently begun to be more rigorously investigated.

Several lines of evidence indicate that adolescent rats are more sensitive than adult rats to 

the memory impairing effects of acute alcohol exposure (for reviews, see Land and Spear 

2004; White and Swartzwelder 2004). For example, adolescent rats show greater alcohol-

induced memory deficits in the Morris water maze and in a discrimination task than do adult 

rats (Land and Spear 2004; Markwiese et al. 1998). Moreover, in humans, individuals in 

their early 20’s are more sensitive to alcohol’s effects on a verbal and figural memory tasks 

than those in their late 20’s (Acheson et al. 1998). These findings are underscored by studies 

indicating that acute alcohol impairs the induction of long-term potentiation (LTP) 

(Swartzwelder et al, 1995a), and diminishes n-methyl-d-aspartate (NMDA) receptor-

mediated neurotransmission (Swartzwelder et al, 1995b) more potently in hippocampal 

slices from adolescent rats compared to those from adults. The convergence of these 

findings indicates that both memory formation and memory-related hippocampal function 

are more sensitive to the effects of acute ethanol during adolescence than during adulthood, 

and supports the hypothesis that the adolescent hippocampal formation may also be 

particularly vulnerable to long-term impairment after repeated ethanol exposure.

Early studies of chronic ethanol exposure in adulthood revealed long lasting (presumably 

permanent) decreases in hippocampal dendritic spines (Riley and Walker, 1978) and 

neurons (Walker et al, 1980), and in the capacity for the induction of LTP (Durand and 

Carlen, 1984). Subsequently, chronic ethanol exposure during prenatal development was 

shown to reduce the capacity for LTP induction (Swartzwelder et al, 1988), and diminish 

NMDA receptor-mediated neurotransmission (Morrisett et al, 1989) in the hippocampal 

formation in adulthood. However, despite the long-standing awareness that human 

adolescents and young adults consume high amounts of ethanol, studies of the long-term 
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consequences of chronic ethanol exposure during adolescent development on hippocampal 

function have only now begun to emerge. For example, we have recently shown that 

adolescent intermittent ethanol (AIE) reduces tonic γ-aminobutyric acidA receptor 

(GABAAR)-mediated inhibition in the hippocampal formation in adulthood (Fleming et al, 

2012; 2013), and reduces the density of the A-type K+ current (IA) in GABAergic 

hippocampal interneurons (Li et al, 2013). Importantly, such long-term alterations were not 

observed after comparable CIE exposure during adulthood (CIE), suggesting that 

adolescence is a distinctively vulnerable period for such effects.

It is well known that currents carried by GABAARs modulate memory-related hippocampal 

synaptic plasticity and learning (Collinson et al. 2002; Crestani et al. 2002; Fritschy and 

Brunig 2003). Furthermore, drugs that promote GABAAR function shift the balance of 

excitation and inhibition in hippocampal circuits toward inhibition, thus making it less likely 

that incoming excitatory synaptic drive will be sufficient to induce LTP (Semyanov et al, 

2004), and have been shown to inhibit hippocampally-mediated memory formation (Farr et 

al, 2000). Thus, it may be that repeated ethanol exposure during adolescence results in 

alterations of hippocampal GABAAR function that could compromise the excitability of 

memory-related circuits within that structure and compromise learning in adulthood. 

Therefore, the present study was designed to uncover the GABAAR subunit alterations that 

may underlie recently reported deficits in tonic GABAA currents following AIE exposure, 

and to determine if such changes are also observed after CIE in adulthood.

Methods

Animals and intermittent ethanol exposure

The animal research reported in this study was conducted according to the protocols that 

were approved by the Durham VAMC and Duke University Institutional Animal Care and 

Use Committees. Male Sprague-Dawley rats were obtained from Charles River (Raleigh, 

NC). The rats arrived at the Durham VAMC vivarium 5 or 6 days before the beginning of 

EtOH exposure and were acclimated to handling for 3 days. They were housed 2 animals per 

cage with a 12-hour on 12-hour off reversed light/dark cycle and provided with ad libitum 

access to food and water for the duration of the study. In the first experiment, hippocampus 

was extracted from EtOH naïve rats and the samples were prepared for western blotting at 

PD30, PD46, and PD71 to characterize the developmental expression patterns of the 

GABAA receptor subunits. For adolescent and adult alcohol exposure, two age groups of 

rats were exposed to an intermittent ethanol exposure regimen: adolescent rats that began the 

regimen at 30 days of age, and adult rats that began the regimen at 70 days of age. The 

intermittent ethanol exposure regimen consisted of 10 doses of 5 g/kg EtOH (35% v/v in 

0.9% saline) by intragastric gavage in a 2-day on, 1-day off, 2 days on, 2 days off sequence 

such that the animals received single gavage exposures on days 1 and 2, 4 and 5, 8 and 9, 11 

and 12, and 15 and 16 of the regimen (Acheson et al., 2013). Control rats received 18.12 

ml/kg saline by intragastric gavage. After the last EtOH exposure, the adolescent rats were 

housed in the vivarium for either 2 or 26 days until the brain was extracted and the tissue 

was prepared for western blotting. The hippocampi of the adult rats exposed to intermittent 

ethanol were extracted 26 days following the last EtOH exposure. The EtOH naïve rats from 
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which tissue was extracted on PD46 also served as saline controls in the subsequent study of 

adolescent ethanol exposure. A recent study from this laboratory using identical EtOH 

exposure protocols have generated average BECs (in mg/dl ± sem) of 199.7 ± 19.9 60 min 

after the first dose, and 172.8 ± 13.3 60min after the last dose (Risher et al, 2013a). Those 

blood ethanol concentrations are consistent with BECs achieved in our previous studies 

(Acheson et al., 2013), and by adolescent humans during binge drinking episodes serving as 

part of the binge drinking criteria (NIAAA, 2004).

Animals were sacrificed and hippocampal tissue harvested at 48 hours or 26 days after the 

last ethanol exposure. The 48-hour interval was chosen to reflect short-term effects of the 

ethanol exposure, but after any acute withdrawal signs would presumably have passed. The 

26-day interval was chosen to reflect long-term (possibly permanent) effects of the ethanol 

exposure. Based on the initial findings 26 days after CIE exposure during adulthood, effects 

at the 48-hour interval were only assessed after AIE during adolescence.

Western Blotting

Following previously reported methods (Mulholland et al., 2011; Kroener et al., 2012), 

Triton X-100 detergent resistant membranes (DRM) and soluble fractions were prepared 

from hippocampus extracted from rats at the time points described in the previous section. 

As shown in Figure 1A, a Dounce homogenate was prepared from hippocampus and 

centrifuged at 23,000 × g for 30 min. The supernatant (crude cytosolic fraction) was 

removed and the pellet (crude membrane fraction) was gently re-suspended in lysis buffer 

containing 0.5% Triton X-100 and was rotated at 4°C for 15 min. This fraction was then 

centrifuged at 12,000 × g for 20 min to yield DRM and soluble fractions. The DRM fraction 

was then solubilized into 2% LDS and probe sonicated for ~ 5 sec. An aliquot of each 

fraction was taken for determination of protein concentration by the bicinchoninic acid assay 

(Pierce Biotechnology, Inc., Rockford, IL). The remaining samples were stored at −80°C 

until immunoblot analysis. An aliquot of each sample was diluted with NuPAGE 4× LDS 

sample loading buffer (Invitrogen Corp., Carlsbad, CA; pH 8.5) containing 50 mM 

dithiothreitol, and samples were denatured for 10 min at 70° C. Five µg of each sample was 

separated using the Bis-Tris (375 mM resolving buffer and 125 mM stacking buffer, pH 6.4; 

7.5% acrylamide) discontinuous buffer system with MOPS electrophoresis buffer (50 mM 

MOPS, 50 mM Tris, 0.1% SDS, 1 mM EDTA, pH 7.7). Protein was then transferred to 

Immobilon-P PVDF membranes (Millipore, Bedford, MA) using a semi-dry transfer 

apparatus (Bio-Rad Laboratories, Hercules, CA). After transfer, blots were washed with 

phosphate-buffered saline containing 0.1% Tween 20 (PBST) and then blocked with PBST 

containing 5% nonfat dried milk (NFDM) for 1 hr at room temperature with agitation. The 

membranes were then incubated overnight at 4°C with primary antibodies diluted in PBST 

containing 0.5% NFDM and washed in PBST prior to 1-hr incubation at room temperature 

with horseradish peroxidase conjugated secondary antibodies diluted 1:2000 in PBST. 

Membranes received a final wash in PBST and the antigen-antibody complex was detected 

by enhanced chemiluminescence using a ChemiDoc MP Imaging system (Bio-Rad 

Laboratories, Hercules, CA). The bands were quantified by mean optical density using 

computer-assisted densitometry with ImageJ v1.41 (National Institutes of Health, USA). 

PSD-95 (1:5000) was purchased from NeuroMab (Antibodies, Inc. & UC Davis, Davis, CA; 
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Catalog # 75-028). Transmembrane AMPA receptor regulatory protein (TARP) γ-4 was 

purchased from Millipore Corporation (Billerica, MA; Catalog # AB5795) Antibodies 

targeting the GABA-A receptor subunits that were used in these studies were α1 (1:2000; 

NeuroMab, Antibodies, Inc. & UC Davis, Davis, CA; Catalog # 75–136), α4 (1:1000; 

Millipore Corp., Billerica, MA; Catalog # AB5457), α5 (1:1000; PhosphoSolutions, Aurora, 

CO; Catalog # 846-GA5C), and δ (1:1000; PhosphoSolutions, Aurora, CO; Catalog # 868-

GDN).

Real-Time quantitative Polymerase Chain Reaction

Total RNA was extracted from hippocampal tissue from control or ethanol exposed animals 

using the Qiagen RNAeasy Mini protocol & DNase Kit according to the manufacturer's 

instructions. Briefly, frozen tissue was homogenized on ice using phenol, guanidine 

isothiocyanate and chloroform and then treated with RNase-free DNase. RNA pellets were 

then washed with a series of ethanol rinses and dissolved in 50 µL of RNAase free water. 

Sixty micrograms of total RNA per sample was reverse transcribed in duplicate at 37°C for 

two hours using the High capacity cDNA RT kit (Life Technologies). The reaction was 

stopped by a 5-minute incubation at 85°C.

GABAA receptor subunit expression was quantified using cDNA aliquots from reverse 

transcribed sample preparations and amplified in triplicate by Real-time PCR using Maxima 

SYBR Green (ThermoScientific). The starting concentration of cDNA to be amplified for 

each gene was determined by plotting a standard curve to test the primer efficiency at five 

different template cDNA concentrations. Hypoxanthine phosphoribosyltransferase 1 (Hprt1) 

was used as the internal control and PCR conditions for all primers were: 3min at 95°C 

followed by 30s at 95°C, 30s at 58°C and 30s 72°C for 40 cycles. The sequences for each 

primer have been provided in Table 1. Quantitative PCR was performed using the Mx3000P 

qPCR system (Agilent Technologies) and analyzed with MxPro software. The c(t) value of 

the gene of interest was corrected with the c(t) value of the respective Hprt1 internal 

standard gene. The ΔΔc(t) values were calculated for each sample by subtracting the mean 

of Δc(t) values of control groups and the respective fold changes were calculated as 2−ΔΔc(t) 

(Schmittgen & Livak, 2008). Data is presented as average fold change per experimental 

condition.

Statistical analysis

Western blot data obtained as raw arbitrary optical units were analyzed by two-way analysis 

of variance (ANOVA) with Student-Newman-Keuls post-hoc tests when appropriate. The 

mRNA data were analyzed with Student’s t-tests. All data are reported as mean ± SEM and 

statistical significance was established with p < 0.05.

Results

Characterization of the GABAA Receptor Subunit Membrane Localization in the 
Hippocampus

Using a modified subcellular fractionation protocol (Figure 1A), we examined the 

subcellular localization of several functionally critical GABAAR subunits in the 
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hippocampus. As expected, the postsynaptic density protein PSD-95 was enriched in the 

DRM fraction with minor PSD-95 expression levels observed in the soluble membrane 

fraction (Mulholland et al., 2011, 2012; El-Husseini et al., 2000). In contrast, TARP γ-4 was 

highly enriched in the soluble fraction, consistent with its known abundance in extrasynaptic 

membranes (Ferrario et al., 2011a,b). We identified α1-, α4- and α5-GABAAR as being 

primarily expressed in the DRM fraction with a small amount of protein expression in the 

soluble fraction. In contrast, δ-GABAAR protein was more highly expressed in the soluble 

fraction while a small proportion of the protein was observed in the DRM fraction (Figure 

1B). This pattern of expression remained evident throughout all of the experiments 

presented in this study. The main subunit of interest was the δ-GABAAR protein because of 

its association with extrasynaptic GABA receptor function and our previous 

electrophysiological findings related to the effects of AIE on GABAA receptor-mediated 

tonic current in adulthood (Fleming et al, 2012; 2013). We chose to assess the α4 and α5 

GABAAR proteins because they are associated with tonic GABAAR-mediated neuronal 

inhibition in the hippocampal formation (see Belelli et al, 2009). The α1 GABAAR protein 

was included for comparison, as a synaptic subunit not associated with the generation of 

tonic current.

Developmental Changes in Protein Expression of Hippocampal GABAA Receptor Subunits

As a follow-up to the recent reports that AIE exposure attenuates tonic GABAAR-mediated 

currents in adulthood (Fleming et al; 2012; 2013), we examined the effect of AIE or CIE on 

developmental changes in the expression of GABAAR subunits that are linked to mediation 

of tonic and synaptic currents. However, before assessing the effects of AIE or CIE, we 

measured the expression of α1-, α4-, α5- and δ-GABAAR in the DRM and membrane 

soluble fraction isolated from the hippocampus of control (i.e. ethanol-naïve) rats at PD30 

(early adolescence), PD46 (late adolescence) and PD71 (adult). As shown in Figure 2, there 

were no significant changes in the relative protein levels of α1-, α4- and δ-GABAAR 

subunits measured across the three developmental periods. In contrast, α5-GABAAR protein 

expression exhibited a significant age-dependent reduction during the transition from 

adolescence to adulthood that was observed in both the soluble and the DRM fractions [F(1, 

35) = 4.343, p=0.022]. Also as shown in Figure 2 there were no changes in the relative 

distribution of any of the subunits between the DRM and soluble membrane fractions across 

the developmental time frame assessed.

Effect of AIE Exposure on Protein Levels of Hippocampal GABAAR subunits

The next experiment examined the effect of AIE exposure on GABAAR protein expression 

in the hippocampus at 48 hours after the last ethanol exposure and 26 days after the last day 

of ethanol exposure (i.e. in adulthood). As Figure 3 illustrates, western blot analysis revealed 

that protein levels of δ-GABAAR in both the DRM and soluble fractions in the adolescent 

hippocampus was significantly reduced relative to controls 48 hours after the last ethanol 

dose [F(1,35)=5.186; p=0.03]. In contrast, AIE had no effect on the protein expression of 

α1-, α4- and α5-GABAAR in either the DRM or soluble fraction measured 48 hours after 

the last AIE exposure.
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The next experiment examined protein levels of GABAAR subunits in adulthood, 26 days 

after the last AIE-exposure. As shown in Figure 4, expression of the δ-GABAAR subunit 

remained significantly reduced in the membrane soluble fraction [F(1,28)=4.649; p=0.041] 

but not in the DRM fraction. In contrast to a lack of effect of AIE on expression of the α4-

GABAAR subunit 48 hours after AIE, it was significantly reduced in the DRM fraction in 

adulthood [F(1,26)=7.145; p=0.014]. Neither α1- nor α5-GABAAR protein levels were 

altered in adulthood by AIE exposure, in either the DRM fraction or the soluble membrane 

fraction.

Effect of AIE Exposure on mRNA Levels of Hippocampal GABAAR subunits

We examined whether changes in GABAAR subunit protein levels are related to alterations 

in respective subunit mRNA expression within the hippocampus after AIE. For this purpose, 

the effect of AIE exposure on GABAAR subunit mRNA levels in the hippocampus was 

investigated at 48 hours and 26 days after the last ethanol exposure. As shown in Figure 5, 

mRNA levels of the α5-GABAAR in the adolescent hippocampus was significantly 

(p=0.044) decreased as compared with controls 48 hours after the last ethanol dose. On the 

other hand, AIE had no significant effect on the expression of α4- and δ-GABAAR in the 

hippocampus measured 48 hours after the last AIE exposure.

The mRNA levels of GABAAR subunits in adulthood (26 days after the last AIE-exposure) 

were also investigated. As shown in Figure 6, mRNA levels of the δ-GABAAR subunit 

remained unchanged in the hippocampus of adult AIE rats compared with controls. In 

contrast to a lack of effect of AIE on the mRNA levels of α4-GABAAR subunit 48 hours 

after AIE, it was significantly (p=0.026) increased in the hippocampus of adult rats (26 days 

after the last AIE exposure). Interestingly, α5-GABAAR mRNA levels in the hippocampus, 

which were decreased in adolescent AIE, were normalized in adulthood.

Effect of CIE Exposure during Adulthood on Protein Expression of Hippocampal GABAAR 
subunits

Using the alcohol exposure paradigm employed in the current study, it has been 

demonstrated that, in contrast to AIE, CIE in adulthood does not alter GABAAR mediated 

tonic currents recorded from dentate granule cells in the acute hippocampal slice preparation 

(Fleming et al 2012; 2013). We therefore examined the effect of CIE exposure during 

adulthood on the expression of GABAAR subunits in the hippocampus. For these studies, 

CIE exposure was initiated on PD70 and hippocampal tissue extracts were obtained 26 days 

after the last ethanol exposure. As shown in Figure 7, CIE exposure did not alter the 

expression of any of the GABAAR subunits examined, in either the soluble membrane or 

DRM fractions.

Discussion

The main finding of this study is that intermittent ethanol exposure during adolescence 

resulted in decreased levels of hippocampal δ-GABAAR subunit protein, without altering 

mRNA levels, when examined 48 hours and 26 days after the last ethanol dose. In addition, 

α4-GABAAR subunit protein levels were decreased, whereas mRNA levels were increased, 
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26 days after the last ethanol dose. Interestingly, protein levels of the α5-GABAAR in the 

hippocampus were not changed, although mRNA levels were decreased 48 hours after last 

ethanol dose. Importantly, intermittent ethanol exposure during adulthood did not alter the 

protein levels of any of the various GABAAR subtypes. The discrepancies between changes 

in the protein levels and mRNA levels of GABAAR subtypes in the hippocampus after AIE 

may be related to post-translational modifications involving changes in signaling mechanism 

and membrane trafficking (Kumar et al., 2012). Nonetheless, AIE-induced reduction in 

protein levels of δ- and α4-GABAAR subtypes that have been associated with tonic GABAA 

receptor-mediated inhibition in hippocampal neurons, is consistent with previous reports 

showing that AIE reduces inhibitory tonic current in hippocampal neurons (Fleming et al, 

2012; 2013), and may reflect at the receptor level events that underlie tonic inhibition. It is 

important to note that the previous electrophysiological studies (Fleming et al, 2012; 2013) 

involved recording from single granule cells in the dentate gyrus, whereas the present data 

were collected using tissue from whole hippocampus. Thus, the parallels between those 

studies and the present study should be considered cautiously. Still, the fact that both the 

previous electrophysiological findings and the present subunit protein expression results 

occurred after AIE, but not after CIE, strongly suggests that adolescence is a developmental 

period during which hippocampal GABAergic systems are especially vulnerable to long-

term disruption by repeated ethanol exposure.

It is notable that AIE produced changes in the mRNA levels of α5-GABAAR subtypes in the 

hippocampus 48 hours after the last dose (while the animals were still adolescents), and α4-

GABAAR subtypes mRNA levels 26 days after the last dose (when the animals were adults). 

These results suggest that AIE produced effects at a transcriptional level on some of the 

GABAAR subtypes in the hippocampus. However, δ-GABAAR subtype mRNA levels were 

not changed by AIE although protein levels of this subunit were decreased for both 48 hours 

and 26 days after the termination of AIE exposure. Several previous studies have examined 

changes in the mRNA levels of various subunits in the hippocampus after ethanol exposure 

in adults. For example, it has been shown that mRNA levels of δ-GABAAR subunits in 

hippocampal neurons are increased during ethanol exposure but normalized during 

withdrawal (Follesa et al., 2005). No change was observed in the mRNA levels of δ-

GABAAR subunit, but increased α4-GABAAR in the hippocampus of human alcoholics (Jin 

et al., 2012). It has also been shown that withdrawal after chronic ethanol exposure in adult 

animals leads to an increase in α4-GABAAR mRNA without any change in α5-GABAAR 

mRNA in the hippocampus (Mahmoudi et al., 1997). These observations are consistent with 

our findings that hippocampal mRNA expression of α5- and δ-GABAAR are unchanged, 

whereas α4-GABAAR mRNA is increased after AIE. The changes that we observed in the 

protein levels of α4-GABAAR and δ−GABAAR subunits in the hippocampus after AIE 

suggest that AIE causes changes in protein levels of GABAAR subunits that are 

physiologically abnormal based on electrophysiological data (Fleming et al., 2012; 2013), 

underscoring the importance of complex mechanisms related to transcription, translation, 

and post-translational modifications of GABAAR subunits.

An enduring (perhaps permanent) down-regulation of GABAergic subunit expression and 

tonic current in the hippocampal formation during adulthood after AIE exposure could have 

untoward effects on hippocampal circuit function, synaptic plasticity, and possibly learning 
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and memory. While a decrease in inhibitory hippocampal function might seem likely to 

enhance memory-related hippocampal function, an increase in the capacity for synaptic 

plasticity is not necessarily beneficial (see Zorumski and Izumi 2012). In fact, the biasing of 

neural circuits toward excitatory synaptic plasticity has been associated with neurotoxic 

liability (Olney, 1969), neuronal death (Cull-Candy et al 2001), and the occlusion of 

memory-related function (Moser et al, 1998). Consistent with this, our recent findings 

indicate a long-lasting up-regulation in the capacity for synaptic plasticity after AIE that is 

accompanied by compromises in spatial learning capacity (Risher et al, 2013b), at the same 

long post-exposure interval at which the present decreases in GABA receptor subunit 

protein expression was observed (Fig. 4).

GABAA receptors containing the α4, α5, and δ subunits are predominantly expressed in 

perisynaptic and/or extrasynaptic membrane, whereas the α1 subunit is enriched in 

postsynaptic GABAergic synapses (for review see Luscher et al., 2011). While our findings 

demonstrate that α1 and δ subunits are predominantly found in the fractions enriched in 

synaptic (e.g., PSD-95) and extrasynaptic (e.g., TARP γ-4) proteins, respectively, the α4 and 

α5 subunits were found predominately in the synaptic fraction. GABAA receptors have been 

reported in non-synaptic lipid raft fractions (Li et al., 2007; Dalskov et al., 2005; 

Nothdurfter et al., 2013), and, importantly, many proteins expressed in non-synaptic lipid 

rafts are also insoluble in Triton X-100 and thus are recovered in the DRM fraction. 

Therefore, our findings do not necessarily reflect a synaptic localization of α4 and α5 

subunits. Importantly, the AIE-induced reduction in α4 subunit expression in the DRM 

fraction does not appear to correspond with a functional change in phasic GABAergic 

synaptic currents (Fleming et al., 2012, 2013). One possibility is that changes in synaptic 

expression of α4 subunits do not translate into reduced current perhaps due to a possible 

compensation from other subunits.

It is notable that all of the changes observed after AIE occurred in the absence of any 

significant changes in baseline receptor subtype protein expression across the developmental 

trajectory from adolescence to adulthood (Fig. 2). The only receptor subtype that changed 

across adolescent development, the α5-GABAAR subtype, showed no sensitivity to the 

effects of AIE. However, since the AIE-induced changes in the δ and α4 subunits were 

decreases, it is possible that a natural developmental decrease in α5-GABAAR protein could 

have masked an AIE-induced decrease. The present study was not designed to assess that 

possibility. The fact that the observed AIE-induced decreases in the δ and α4 subunits 

occurred against the backdrop of a stable developmental baseline raises the possibility that 

the changes could be the result of an alteration of the normal developmental trajectory or a 

cytotoxic effect that may have resulted in fewer of the types of cells that express those 

subtypes. This is actually a core question related to the effects of AIE. That is, do the effects 

of exposure reflect an effect on development, a neurotoxic effect, or both? Since the 

expression of the affected subtypes was stable across adolescence in control animals, it 

seems unlikely that the present effects reflect a change in developmental trajectory. 

Similarly, it seems unlikely that the decreased protein expression we have observed results 

from a decrease in the number of hippocampal neurons that express them, because the 

GABA receptor subunits that mediate tonic and phasic currents are expressed in the same 

neurons (see Belleli et al, 2009) and because we have observed no effect of AIE on phasic 
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GABAAR-mediated currents (Fleming et al, 2012; 2013). In addition, our previous 

observations that tonic current (Fleming et al, 2013) or tonic noise (Fleming et al, 2012) 

decreases after AIE in hippocampal neurons indicates that the AIE-induced changes are the 

result of a cellular process rather than a direct cytotoxic one.

In contrast to the observations in present study that CIE exposure in the adult rat did not 

alter the expression of any of the GABAAR subunits examined, a number of previous 

studies have shown that CIE exposure is associated with differential alteration in the 

expression of GABAAR subunits. For example, older studies involving measurement of total 

protein expression reported that chronic ethanol exposure decreased levels of α5-GABAAR 

in the cerebral cortex (Charlton et al 1997), α1-GABAAR and α4-GABAAR in the amygdala 

(Papadeas et al 2001), as well as increased levels of γ1-GABAAR in the hippocampus 

(Devaud et al 1997). More recent studies assessing changes in membrane trafficking found 

that CIE exposure decreased the surface expression of both α1-GABAAR and δ-GABAAR 

in the nucleus accumbens (Liang et al, 2014), hippocampus (Liang et al, 2007) and 

amygdala (Lindemeyer et al, 2014), as well as increased expression of γ3-GABAAR, α4-

GABAAR and α5-GABAAR in these same studies. Although the reason for the discrepancy 

of these observations with those in the present study are not clear, there are a number of 

methodological differences that are likely to be critically important. For example, while our 

studies focused on examination of the subcellular distribution of subunits by isolating a 

soluble and DRM fraction, we did not distinguish surface from non-surface expression as 

was the case in the above studies. Another important factor may relate to differences in the 

CIE models that were used. We utilized an exposure model that involves 10 intragastric 

doses of ethanol or saline in a 2-day on, 1-day off, 2 days on, 2 days off sequence for both 

adolescent and adult exposure in order to allow direct comparisons of the effects on the two 

age groups of rats. In contrast, studies that observed alterations in GABAAR subunits 

following chronic alcohol have typically examined exposure over much longer periods of 

time that are associated with the induction of physical dependence. Thus, it is likely that 

changes in GABAAR in response to chronic ethanol exposure are a function of not only the 

pattern of exposure (e.g., intermittent versus continuous), but also the length both of the 

exposure and withdrawal periods. With respect to the gavage exposure paradigm, it is 

important to note that we did not include a naïve control group in the present study. That is, 

all animals received gavage treatments. This leaves open the possibility that the stress 

associated with the gavage procedure could have influenced the study outcomes; and, 

therefore, interpretations of the present data must be made with the possibility of stress 

effects in mind. Because all animals in the present study received equal numbers of gavage 

treatments, it is likely that any stress related to those treatments would have been 

experienced by all animals, though we cannot completely rule out an interaction between 

age and/or ethanol exposure condition and possible gavage-related stress.

The present findings support and expand the emerging view that adolescence is a 

developmental period during which the brain is distinctively vulnerable to long lasting 

negative consequences associated with repeated ethanol exposure. More specifically, the 

results indicate that the long-term expression of specific GABA receptor subunits in the 

hippocampal formation is altered by AIE, but not by CIE, and this may help to explain why 

AIE, but not CIE, alters subsequent vulnerability to the effects of acute ethanol on spatial 
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learning (White et al, 2000; Risher et al, 2013a) and why AIE alters the induction of 

hippocampal LTP and spatial learning in adulthood (Risher et al, 2013b). The specific focus 

on GABA receptor subunits regulation at mRNA and protein levels in this report adds a 

mechanistic focus to the important and growing literature on the long-term effects of alcohol 

exposure during adolescence, and the importance of this developmental period for 

subsequent hippocampal function and related phenotypes.
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Figure 1. 
Characterization of GABAAR subunit expression in Triton X-100 soluble membrane and 

detergent resistant membrane (DRM) fractions. (A) Schematic of the subcellular fraction 

protocol coupled with 0.5% Triton X-100 detergent extraction of insoluble membranes. 

Expanded details on the extraction method and detergent extraction are listed in the Methods 

section. (B) Characterization of synaptic and extrasynaptic proteins and GABAAR subunits 

in soluble membrane and DRM fractions prepared from hippocampus of rats. Representative 

western blots of equal amounts of protein from each fraction using antibodies targeting the 

postsynaptic density protein PSD-95, the extrasynaptic membrane-associated protein TARP 

γ-4, and the GABAAR α1, α4, α5, and δ subunits.
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Figure 2. 
Expression patterns of α1-, α4-, α5- and δ-containing GABAAR in the DRM and soluble 

membrane fraction isolated from the hippocampus of control rats at PD30 (early 

adolescence), PD46 (late adolescence), and PD71 (adult). (A) Representative western blots 

of GABAAR α1, α4, α5, and δ subunits in the soluble and DRM fractions. (B) Quantitation 

of western blots of GABAAR α1, α4, α5, and δ subunits at PD30 to PD71 in both fractions 

(n = 5–6/fraction/time point; *p = 0.022).
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Figure 3. 
Intermittent ethanol exposure during adolescence reduces expression of δ-containing 

GABAAR in the DRM and soluble membrane fractions prepared from the hippocampus of 

rats 48 hours after the last ethanol dose. (A) Representative western blots of GABAAR α1, 

α4, α5, and δ subunits in the soluble and DRM fractions in control (CRTL) and adolescent 

intermittent ethanol (AIE) exposed rats. (B) Quantitation of western blots of GABAAR α1, 

α4, α5, and δ subunits in the soluble and DRM fractions from control (open bars) and 

alcohol exposed (shaded bars) rats (n = 9–10/fraction/group; *p = 0.03).
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Figure 4. 
Intermittent ethanol exposure during adolescence reduces expression of α4- and δ-

containing GABAAR in the DRM and soluble membrane fractions prepared from the 

hippocampus of rats 26 days after the last alcohol dose. (A) Representative western blots of 

GABAAR α1, α4, α5, and δ subunits in the soluble and DRM fractions in control (CRTL) 

and alcohol exposed (AIE) rats. (B) Quantitation of western blots of GABAAR α1, α4, α5, 

and δ subunits in the soluble and DRM fractions from control (open bars) and alcohol 

exposed (shaded bars) rats (n = 6–8/fraction/group; *p = 0.014).
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Figure 5. 
The effects of adolescent intermittent ethanol exposure (48 hours after last dose of ethanol) 

on the mRNA expression of α4, α5 and δ-GABAAR subunits in the hippocampus of 

adolescent rats. Values are the mean SEM of 10 rats in each group. *Significantly different 

from the control group (p=0.044; F=18; t=2.16)
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Figure 6. 
The effects of adolescent intermittent ethanol exposure (26 days after last dose of ethanol) 

on the mRNA expression of α4, α5 and δ-GABAAR subunits in the hippocampus of adult 

rats. Values are the mean SEM of 7 rats in each group. *Significantly different from the 

control group (p=0.026; F=12; t= 2.54)
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Figure 7. 
Intermittent ethanol exposure during adulthood (CIE) does not alter expression of GABAAR 

α1, α4, α5, and δ subunits in the soluble and DRM fractions. (A) Representative western 

blots of GABAAR α1, α4, α5, and δ subunits in control (CRTL) and CIE exposed (CIE) 

rats. (B) Quantitation of western blots of GABAAR α1, α4, α5, and δ subunits in the soluble 

and DRM fractions from control (open bars) and alcohol exposed (shaded bars) rats (n = 6–

8/fraction/group).
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Table 1

Primers used in the study of mRNA expression of GABAAR Subunits in the hippocampus

δ-GABAAR Forward: ATC ACC AGT TAC CGC TTC ACC

δ-GABAAR Reverse: AGT GTA AGC TGA GTC GAG GGA

α4-GABAAR Forward: ACC AAA GGC CCT GAG AAG TC

α4-GABAAR Reverse: CCA TCT TCC GTC TGA GGT GA

α5-GABAAR Forward: ACT GGG AAT GGA CAA TGG AA

α5-GABAAR Reverse: CGT CCA AGA TCC TGG TGA AT

Hprt1 Forward: TCC TCA GAC CGC TTT TCC CGC

Hprt1 Reverse: TCA TCA TCA CTA ATC ACG ACG CTG G
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