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Abstract

Alcohol consumption in adolescence causes multiple acute negative changes in neural and 

behavioral function that persist well into adulthood and possibly throughout life. The medial 

prefrontal cortex (mPFC) and dorsal hippocampus are critical for executive function and memory 

and are especially vulnerable to adolescent ethanol exposure. We have reported that astrocytes, 

particularly in the mPFC, change both in morphology and synaptic proximity during adolescence. 

Moreover, adolescent intermittent ethanol (AIE) exposure produces enduring effects on both 

astrocyte function and synaptic proximity in the adult hippocampal formation, and the latter 

effect was reversed by the clinically used agent gabapentin (Neurontin), an anticonvulsant 

and analgesic that is an inhibitor of the VGCC α2δ1 subunit. These findings underscore the 

importance of investigating AIE effects on astrocytes in the mPFC, a region that undergoes 

marked changes in structure and connectivity during adolescence. Using astrocyte-specific 

viral labeling and immunohistochemistry, mPFC astrocytic morphology and colocalization with 

AMPA-(α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) glutamate receptor 1 (GluA1), 

an AMPA receptor subunit and established neuronal marker of excitatory synapses, were assessed 

to quantify the proximity of astrocyte processes with glutamatergic synaptic puncta. AIE exposure 

significantly reduced astrocyte-synaptic proximity in adulthood, an effect that was reversed by 

sub-chronic gabapentin treatment in adulthood. There was no effect of AIE on astrocytic glutamate 

homeostasis machinery or neuronal synaptic proteins in the mPFC. These findings indicate 

a possible glial-neuronal mechanism underlying the effects of AIE on frontal lobe-mediated 

behaviors and suggest a specific therapeutic approach for the amelioration of those effects.
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Introduction

Alcohol consumption during adolescence, approximately age 12-18, is a significant public 

health concern and causes multiple behavioral and neural deficits that persist well into 

adulthood [16]. Adolescence is critical for cognitive, social, and neurological development 

and is a period during which the brain is vulnerable to various insults, including alcohol 

exposure. Alcohol use is often initiated in adolescence and is used in distinct binge 

patterns and at high doses [10]. Binge patterns of alcohol use in adolescence lead to 

negative consequences such as elevated risk of addiction, deficits in memory, and social 

consequences [26,46]. In addition, there are persistent long-term consequences such as 

criminal convictions, homelessness, and cognitive deficits such as poorer verbal and visuo-

spatial memory and elevated perseveration [16,27,28,59]. Further, altered developmental 

trajectories of temporal and frontal lobe structures have been shown across adolescence 

and early adulthood in heavy drinking individuals [48]. These reported deficits indicate 

persistent adolescent alcohol-induced alterations to brain regions such as the hippocampus 

and prefrontal cortex, two interconnected regions that are integral for executive function 

and memory [37]. Adolescence can be modeled in rodent studies, where postnatal day 

(PND) 28-55 correspond with human adolescence 12-18 years [45]. Animal models of 

adolescent binge alcohol consumption (adolescent intermittent ethanol, AIE) show similar 

deficits in prefrontal cortical (PFC) and hippocampal structure and function (for review see 

[9,47]). However, little is known about the cellular mechanisms that underlie these persistent 

alcohol-induced deficits.

Recently, it has become apparent that AIE-induced alterations are not just neuronal 

but also glial. Adult dorsal hippocampal astrocytes, in animals with a history of AIE, 

exhibited reduced proximity with excitatory glutamatergic synapses, but no change in 

astrocyte morphology [20], and elevated expression of astrocytic glutamatergic homeostatic 

machinery [19]. Of note, we previously reported no differences in hippocampal astrocyte 

surface area, volume, or synaptic proximity between pre-adolescence (PND 24), early-

adolescence (PND 30), late-adolescence (PND 44-47) or adulthood (PND 70) [53]. In 

adulthood, after exposure to AIE, expression of voltage-gated calcium channel (VGCC) 

subunit α2δ1 was upregulated in the dorsal hippocampus as was their endogenous ligands, 

astrocyte-released thrombospondins (TSP) [39]. This suggests that, while AIE may reduce 

synaptogenesis during adolescence, the long-term consequence of AIE appears to be 

an aberrant increase in excitatory synaptogenesis, which may account for maladaptive 

augmentation of glutamatergic (NMDA receptor-mediated) neurotransmission [51] and 

synaptic plasticity [38] in adulthood after AIE. Further, AIE caused a significant increase in 

astrocyte reactivity in adulthood as reflected in enhanced GFAP expression in hippocampal 

area CA1 [39]. Additionally, this could reflect an increased number of astrocytes as astrocyte 

morphology in this region is unchanged by AIE [20].
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Although much of the extant literature examining the link between AIE and astrocytes has 

been conducted in the hippocampal formation, the aim of this study is to investigate the 

ways which AIE may alter astrocyte morphology and synaptic proximity in the medial PFC 

(mPFC). Both the mPFC and dorsal hippocampus, and coordinated activity within these 

regions, are critical for executive function and memory, neural functions which have been 

shown to be affected by adolescent alcohol use [5,11,15]. Comparison of AIE-induced 

effects on astrocytes in the hippocampus and mPFC could facilitate an understanding 

of how these distinct, but functionally related, structures respond in parallel to repeated 

ethanol exposure. Our laboratory has previously shown that mPFC astrocytes increase in 

volume, surface area, and synaptic colocalization during adolescent development, whereas 

hippocampal astrocytes do not [53]. This suggests that astrocytes in the mPFC may be 

more vulnerable to enduring AIE-induced alterations than are hippocampal astrocytes, 

underscoring the importance of assessing AIE effects on astrocyte-neuronal interactions in 

the mPFC. Previous studies have shown AIE induces glial alterations in the adult PFC as it 

decreases overall glial number [23], elevates the microglia marker CD11b and primes PFC 

microglia responsivity to stress [60], further implicating the mPFC as a region of interest for 

persistent AIE effects.

AIE causes decreased physical proximity between astrocytes and synapses in area CA1 of 

the dorsal hippocampus, an effect which persists into adulthood [20] and was reversed by 

treatment with gabapentin (Neurontin) [20]. Notably, gabapentin treatment which reversed 

these AIE-induced astrocyte deficits was given in adulthood, long after the exposure to 

ethanol had ceased. Gabapentin is an anti-convulsant and analgesic drug that is also used as 

an adjunct treatment in certain affective disorders. It interacts with the astrocytic glutamate 

transporter, GLT-1, α2δ1 subunits of voltage-gated Ca2+channels, and presynaptic GABAB 

receptors [12,30,49,52]. All of these targets have been found to be altered by AIE in the 

hippocampus by our laboratory [7,19,39],including an AIE elevation of thrombospondins 

(TSPs), which gabapentin is an inhibitor of the VGCC α2δ1 subunit which is activated by 

TSPs [12,30].

These hippocampal findings, along with the connectivity between the dorsal hippocampus 

and mPFC and the marked changes of the mPFC during adolescence, underscore the 

importance of investigating effects of AIE on astrocytes in the mPFC. We hypothesize 

that AIE will cause a decrease in colocalization of astrocyte and glutamatergic synaptic 

markers (AMPA-receptor mediated) in the mPFC and that this effect will be reversed by 

gabapentin. We also predict that AIE may affect astrocyte morphology, and lock-in the 

adolescent phenotype of smaller astrocytes [47,53]. We also investigated the effect of AIE 

on adult mPFC expression of astrocytic glutamatergic homeostasis machinery and neuronal 

synaptic proteins. The results from this experiment will have important mechanistic and 

clinical implications to understand and combat the persistent effects of adolescent alcohol 

use.

Methods

The following techniques used in this experiment were conducted in accordance with the 

guidelines of the American Association for the Accreditation of Laboratory Animal Care 
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and the National Research Council’s Guide for Care and Use of Laboratory Animals and 

were approved by the Duke University Institutional Animal Care and Use Committee. All 

imaging and analyses were performed by investigators blind to the treatment groups of the 

animals or tissue samples.

Experiment 1

Animals, ethanol exposure, and gabapentin injections—Twenty-eight adolescent 

male Sprague Dawley rats (Charles River, Raleigh, NC, USA) were received on postnatal 

day (PND) 25. Animals were pair housed with ad libitum access to water and food (5001 

Rodent Diet; LabDiet, St. Louis, MO, USA). They were given five days to habituate to the 

vivarium on a reversed 12-hour light: 12-hour dark cycle. Intermittent dosing by intragastric 

gavage (i.g.) with either ethanol (5 g/kg, 35% EtOH; Decon Labs, Prussia, PA, USA) 

or isovolumetric water (AIW) was administered during adolescence (PND 30-45) [50]. 

Animals were given a total of 10 doses over 16 days on a 2-day on, 1-day off, 2-day on, 

2-day off schedule. This ethanol dosage was chosen to produce blood ethanol concentrations 

(BECs) similar to those of humans during an episode of “binge drinking”, defined as five or 

more drinks for males or four or more drinks for females [24,61]. It was previously found 

that male rats of the same age and strain as those used in this study that received 5 g/kg 

ethanol (i.g., 35% EtOH) achieved mean BEC of 199.7 mg/dl (± 19.9) 60 minutes after 

the first ethanol dose and 172.8 (± 13.3) 60 minutes after the last ethanol dose [38]. This 

is consistent with human adolescent BECs during binge drinking episodes [24]. To ensure 

proper intoxication levels, BECs and intoxication scores were routinely assessed. However, 

blood for BEC analysis was acquired from sentinel animals dosed concurrently but excluded 

from experimental procedures to avoid the stress of blood sampling as a confounding 

factor. Surgeries were performed approximately one week after the last water or ethanol 

dose (see below). Two weeks after surgeries, animals were treated for 5 consecutive days 

with either gabapentin (100 mg/kg in sterile 0.9% NaCl intraperitoneal, (i.p.); Chem-Impex 

International, Inc., Wood Dale, IL, USA) or its vehicle, isovolumetric saline. AIW = 

Adolescent Intermittent Water (i.g), AIE = Adolescent Intermittent Ethanol (5 g/kg, i.g.), 

VEH = vehicle (0.9% sterile saline, i.p.), GBP = gabapentin (100 mg/kg, i.p.). Animals were 

divided into four treatment groups: AIW+VEH (n = 4), AIE (n = 5), AIW + GBP n = 5), 

AIE + GBP (n = 4). Seven animals were removed due to injection outside of target region 

or lack of viral transfection, and three animals were removed because astrocyte images did 

not meet minimum threshold of florescence. Three days after the final gabapentin or vehicle 

treatment, all animals underwent cardiac perfusion with 4% paraformaldehyde (Fig. 1A).

Viral surgery—One week after the final water or ethanol dose, stereotaxic surgery was 

performed on all animals for viral injection into the left medial prefrontal cortex (+3.3 

mm anterior/posterior; −0.6 mm medial/lateral; −3.5 mm dorsal/ventral) [31]. Animals 

were anaesthetized with ketamine (90 mg/kg, i.p.; Fort Dodge Animal Health, Fort Dodge, 

IA, USA) and xylazine (7 mg/kg, i.p.; Akron, Lake Forest, IL, USA), given meloxicam 

(2 mg/kg, subcutaneous, Putney, Fort Worth, TX, USA) as an analgesic, and secured in 

the stereotaxic instrument. 1μL of rAAV5/GFAP-LCK-GFP (LCK-GFP) (~1×1012 viral 

particles/ml; UNC Vector Core, Chapel Hill, NC, USA) was infused at a rate of 0.1 

μL/minute, using a 33-gauge injector needle, followed by 15 minutes of diffusion time 
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[20,41,42,54]. This virus has an associated green fluorescent protein (GFP) and lymphocyte 

protein tyrosine kinase (LCK) tag. LCK is a tyrosine kinase which aids in the insertion of 

the GFP into the membrane for astrocyte visualization.

Immunohistochemistry—Immediately after cardiac perfusion, brains were harvested and 

post-fixed in 4% paraformaldehyde for two hours and then transferred to a 30% sucrose 

phosphate-buffered saline (PBS) solution. 100-μm coronal slices containing the mPFC were 

collected and then blocked with 2% NGS and 2% Triton-X 100 in 0.1 M PBS (PBST) for 

90 minutes. Sections were then incubated in primary antibodies (Chicken anti-GFP, 1:1000, 

Abcam, Cambridge, MA, USA, Cat#Ab13970; anti-AMPA receptor 1, 1:500, Cell signaling 

Technology, Danvers, MA, USA, Cat#13185) diluted in PBST with shaking overnight at 

4 °C. Sections were then washed three times, for five minutes each, in PBST. This was 

followed by secondary incubation performed at 4 °C with species-appropriate secondary 

antibodies (goat anti-chicken, Alexa-Flour 488, 1:2000; goat anti-rabbit, Alexa-Flour 568, 

1:2000; Life Technologies, Carlsbad, CA, USA, Cat# ab150169) overnight in PBST. Again, 

after incubation, slices were washed three times, five minutes each, in PBST prior to being 

mounted on slides with Pro Long Gold Antifade (Life Technologies, Carlsbad, CA, USA). 

Immunohistochemistry protocols have been established and optimized by the Scofield 

laboratory and ours [41,53].

Imaging—Individual astrocytes unimpacted by competing signal from neighboring labeled 

cells within the region of interest (medial prefrontal cortex, mPFC) were imaged. An 

average of four astrocytes per animal was acquired from either the prelimbic or infralimbic 

medial prefrontal cortex (Paxinos & Watson (1997) (Fig. 1B). The mPFC includes the 

infralimbic and prelimbic regions, and astrocytes exhibited no significant morphometric 

differences between the subregions, as determined by a two-tailed Student’s t-test with alpha 

set at p < 0.05. In addition, synaptic puncta marked by immunofluorescent GluA1 were 

imaged for astrocyte-synaptic proximity analyses. Acquisition of images was performed on a 

Leica DMi8, laser scanning, confocal microscope equipped with HyD detectors and a 100x 

objective (NA 1.3, Wetzlar, Germany). Images were acquired by bidirectional scanning with 

a X phase shift of 30 and a pinhole of 1 Airy unit. Images were acquired at a resolution 

of 2048×2048 and a z-step size of 0.10 μm. These settings produced images with X and Y 

dimensions of 116.5 μm x 116.5 μm. Confocal data sets were deconvolved using Huygens 

Professional software (Scientific Volume Imaging, VB Hilversum, Netherlands). Finally, all 

deconvolved data were imported into Imaris software (Bitplane, Zurich, Switzerland), and 

an experimenter, blinded to treatment groups, isolated the boundary of individual astrocytes 

using the surface function to generate a three-dimensional region of interest (ROI) reflecting 

the dimensions of the imaged astrocyte. Astrocyte volume and surface area were calculated 

from this ROI. In order to control for the possibility that regions of the astrocyte were not 

captured, morphological data were analyzed as the ratio of surface area to volume of the ROI 

to generate a normalized index of astrocyte morphology [8]. The spot detection algorithm 

of the Imaris software was used to digitally identify and mark GluA1 puncta. The density 

of synaptic puncta in the image was measured as the ratio of the total number of spots 

to the volume (μm3) of the image to compare overall synaptic density between treatment 

groups. Finally, astrocyte-synaptic contact was estimated by measuring co-registration of the 
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rendered astrocyte surface with the synaptic puncta (GluA1). The spot detection algorithm 

was used again to identify synaptic puncta for which the center of puncta contacted the 

astrocytic rendered surface [2,21,40]. Astrocyte-synaptic proximity was expressed as the 

ratio of the number of GluA1 spots normalized to the volume of the corresponding astrocyte 

ROI (μm3).

Experiment 2

Animals and ethanol dosing—Sprague Dawley dams with pups (Charles River, 

Raleigh, NC, USA) were received with pups PND 14 and allowed to habituate for 1 

week. Pups were weaned on PND 21 and pair housed with ad libitum access to water 

and food. They were given seven days to habituate to colony room with conditions 

identical to Experiment 1. Intermittent i.g. dosing with either ethanol (5g/kg, 35% EtOH) 

or isovolumetric water (AIW) was administered during adolescence (PND 28-50) [50]. 

Animals were given a total of 14 doses over 22 days on a 2-day on, 1-day off, 2-day on, 2-

day off schedule. After dosing, animals aged into adulthood and, at PND 80, were sacrificed 

by rapid decapitation and brains harvested for medial prefrontal cortex (infralimbic and 

prelimbic regions). These methods differ from Experiment 1 because they are new standards 

set by the NADIA consortium to reduce the stress of animal delivery and to optimize AIE 

procedures to include all of adolescence. We do not expect the additional AIE doses to effect 

outcome as the NADIA has found several different AIE exposure periods to produce robust 

effects [9].

Tissue preparation—Following previously reported methods [19], mPFC tissue was 

Dounce homogenized by hand in a sucrose-HEPES buffer [320 mM sucrose, 10 mM 

HEPES, 1 mM Na Fluoride, 1 mM Na Orthovanadate activated, 1:100 Protease Inhibitors 

(“Complete” PI tablets, cat# 04693159001, Roche, Sigma-Aldrich, St. Louis, MO)]. 

Samples were spun at 23,000 x g and 4 °C for 30 minutes, and the supernatant was removed. 

The resulting pellet was resuspended in 250 μl of lysis buffer (50 mM Tris-HCL, 1 mM 

EGTA, 1 mM EDTA, 1 mM Na Fluoride, 1 mM Na Orthovanadate activated, 1:100 protease 

inhibitors, 0.5% Triton X-100) and rotated for 15 minutes at 4 °C. Next, samples were 

centrifuged at 12,000 x g and 4 °C for 20 minutes, and the supernatant (Triton-soluble extra-

synaptic fraction) was collected. Finally, the remaining pellet (Triton-insoluble synaptic 

fraction) was resuspended in 100 μl of 2% LDS and sonicated.

Immunoblot analysis—Protein concentrations were determined using the Pierce BCA 

Protein Assay Kit (cat#23225, ThermoFisher Scientific, Waltham, MA). Four animals did 

not have sufficient protein concentration to be included in the synaptic fraction immunoblot 

analyses and were removed from those analyses (AIW n=2, AIE n=2). 8 μg of protein 

was resolved by SDS-PAGE (12% Tris-HCL gels, cat# 4561045, Bio-Rad, Hercules, CA) 

and transferred to polyvinylidene fluoride membrane (cat#IPFL00010, Sigma-Aldrich). 

Membranes were then stained with REVERT 700 Total Protein Stain (cat#926-11011, 

LI-COR, Lincoln, NE), imaged in Odyssey FC (700 nm, LI-COR), and blocked in Intercept 

blocking buffer (cat#927-60003, LI-COR) for one hour at room temperature. Membranes 

were next probed with primary antibodies overnight at 4 °C [Guinea Pig anti-GLT1, 1:5000 

(cat#AB1783, Millipore Sigma, St, Louis, MO) and Rabbit anti-EAAT1, 1:3000 (cat#ab416, 
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Abcam, Cambridge, MA)] and followed the next day with IRDye secondary antibodies 

diluted to 1:15,000 [800CW Donkey anti-Guinea Pig (cat#926-32411, LI-COR) and 680RD 

Donkey anti-Rabbit (cat#926-68073, LI-COR)] for 90 minutes at room temperature. Blots 

were imaged using Odyssey Fc (700 and 800 nm, LI-COR). Membranes were then stripped 

using NewBlot IR Stripping Buffer (cat#928-400028, LI-COR), blocked again using 

blocking buffer, and probed with different primary antibodies [Mouse anti-CACNA2D1, 

1:1000 (cat#MA3921, Invitrogen, Grand Island, NY) and Rabbit anti-PSD95, 1:1000 

(cat#ab18258, Abcam)]. This was followed with IRDye secondary antibodies diluted to 

1:15,000 [800CW Donkey anti-Mouse (cat#926-32210, LI-COR) and 680RD Donkey anti-

Rabbit] and again imaged using Odyssey Fc. Optical densities of all bands and total protein 

stain were quantified using Image Studio software (LI-COR) and adjusted to background 

subtraction using the standard LI-COR Image Studio-defined parameters. Bands of interest 

(one lane per independent brain sample) were normalized to REVERT Total Protein Stain 

using the lane normalization factor (LNF) recommended by LI-COR (Signal/LNF).

Data analysis.

Experiment 1.—Data for all immunohistochemistry dependent measures were averaged 

for each animal and analyzed by animal using the two-way analysis for variance (ANOVA) 

functions in Prism (San Diego, CA, USA). Significant interaction effects were followed by 

post-hoc analyses of simple main effects based on a-priori hypotheses, planned comparisons, 

using Fisher’s least significant differences tests. Alpha was set at p < 0.05 for all main effect 

analyses. However, due to the low power of interactions at a given sample size relative to 

main effects, interactions at p < 0.1 were examined as to whether lower-order effects were 

detectable after subdivision of the interactive variables [44]. This criterion for interactions 

was used to identify interactive factors requiring subdivision for lower-order tests of effects 

of AIE and gabapentin [1,4,6,17,36]. There is no widespread agreement in the field on 

controlling for the False Discovery Rate when making planned comparisons or its effects 

on Type I error. Experiment 2: Data for all dependent measures were assessed by two-tailed 

Student’s t statistic with alpha set at p < 0.05.

Results

Astrocyte morphology

After the experimental timeline outlined in Fig. 1A, the LCK-GFP infusions in the mPFC 

produced strong labeling of cortical astrocytes (Fig. 1C) which allowed for analysis of 73 

astrocytes across the infralimbic and prelimbic regions of the mPFC (Fig. 1B). The surface 

area and volume of the analyzed astrocytes as well as the ratio of these measures were not 

significantly different between the infralimbic and prelimbic subregions (Data not shown: 

t(71) = 0.70, p > 0.05, t(71) = 0.28, p > 0.05, t(71) = 1.28, p > 0.05, respectively), allowing 

for analysis of both subregions together. Astrocyte morphology was expressed as the ratio 

of surface area to volume (SA:V). As determined by a simple main effect, AIE exposure 

resulted in a significant reduction in the ratio of SA:V (F(1,14) = 4.87, p = 0.04, Fig. 1D). 

However, AIE exposure had no effect on surface area or volume individually (Data not 

shown: F(1,14) = 0.30, p > 0.05, F(1,14) = 1.56, p > 0.05, respectively). Moreover, gabapentin 

treatment had no effect on the ratio of SA:V (F(1,14) = 1.07, p > 0.05, Fig. 1D), indicating 
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there was no significant alteration of astrocyte morphology by gabapentin alone. Finally, 

there was no interaction of AIE and gabapentin on SA:V (F(1,14) = 0.01, p > 0.05, Fig. 1D).

Density of synaptic punta

Staining for GluA1 as a marker for synaptic puncta resulted in a strong punctate labeling 

throughout the tissue, which was consistent between animals (Fig. 1C). The density of 

GluA1 synaptic puncta was not significantly different between the infralimbic and prelimbic 

subregions allowing for analysis of both subregions together (Data not shown: t(71) = 0.27, 

p > 0.05). To confirm that any effect of treatment group on astrocyte-synaptic proximity 

was not confounded by an overall significant difference in the number of synapses in tissue 

samples, the total density of synapses (GluA1 puncta/image volume) was evaluated and 

compared between groups. As expected, there was no effect of either AIE exposure (F(1,14)) 

= 0.16, p > 0.05,), gabapentin (F(1,14) = 0.32, p > 0.05,), or their interaction (F(1,14)) = 0.30, 

p > 0.05,) on the overall density of synaptic puncta (Fig. 2B).

Astrocyte-synaptic proximity

Consistent with previous findings in the hippocampal formation [20], and with the 

hypotheses that drives this study, AIE exposure and gabapentin treatment during adulthood 

differentially affected proximity of perisynaptic astrocytic processes to glutamatergic 

synapses. There was an interaction between AIE and gabapentin on astrocyte-synapse 

proximity (astrocyte-synaptic contact/astrocyte volume; F(1,14) = 3.57, p = 0.08, Fig. 2A,C) 

that prompted follow-up tests of the effects of AIE and gabapentin. Post-hoc analyses 

revealed that AIE treated animals had significantly reduced astrocyte-synaptic proximity 

compared to AIW treated control animals (p = 0.03). This effect was reversed by treatment 

with gabapentin in adulthood. Specifically, astrocytes from animals treated with AIE + 

gabapentin had significantly increased astrocyte-synaptic proximity compared to animals 

treated with AIE alone (p = 0.02). Additionally, astrocyte-synaptic proximity was not 

significantly different between animals treated with AIE + gabapentin compared to those 

treated with AIW alone or AIW + gabapentin (p > 0.05).

Western blots

Prelimbic and infralimbic prefrontal cortical (mPFC) tissue was harvested and separated 

into synaptic (PSD-95 enriched) and extra-synaptic sub fractions for assessment of protein 

levels of astrocytic [glutamate transporter-1 (GLT-1), excitatory amino acid transporter 1/

Glutamate Aspartate Transporter 1 (GLAST)] and neuronal markers [voltage-gated calcium 

channel subunit α2-δ1, post-synaptic density marker 95 (PSD-95)]. We found no effect of 

AIE on synaptic mPFC protein expression of GLT-1, GLAST, α2-δ1 or PSD-95 (p>0.05, 

Fig. 3A, Supplemental Table 1, Supplemental Fig. 1). Similarly, there was no effect of 

AIE on GLT-1, GLAST, α2-δ1 or PSD-95 extra-synaptic mPFC protein expression (Fig. 

3B, Supplemental Table 1, Supplemental Fig. 2). Student’s t statistics are presented in 

Supplemental Table 1.
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Discussion

The principal findings of this study were the reduction of mPFC astrocyte-synaptic 

proximity in adulthood after AIE exposure and the reversal of that effect by gabapentin 

treatment in adulthood. Specifically, we observed a reduction in colocalization of synaptic 

puncta and astrocyte membrane per unit volume of astrocyte in animals exposed to AIE 

compared to water controls. It is likely that this deficit was due to a reduction in astrocyte-

synaptic proximity rather than a global reduction in the number of synapses because there 

was no AIE-induced change in the overall density of GluA1 synapses within the region 

of interest, nor in the expression of synaptic PSD-95 protein in mPFC tissue generally. 

Importantly, the AIE effect was present in adulthood long after the termination of ethanol 

exposure, indicating that the effects of AIE on mPFC astrocyte-neuronal proximity persist 

into adulthood, as might their behavioral consequences, underscoring the public health 

relevance of these findings.

Astrocytes exhibit a unique morphology, and differences in astrocyte morphometrics have 

been associated with distinct aspects of astrocyte function [29]. We have reported previously 

that mPFC astrocytes are larger, by surface area and volume, in adulthood compared to 

adolescence [53]. Our current finding that adult animals treated with AIE exhibit smaller 

astrocytes than controls, could indicate a lock-in of this adolescent phenotype, comparable 

to other observations of the persistence of adolescent neural and behavioral characteristics 

into adulthood after AIE (see [9,47] for review). Smaller astrocytes can be detrimental in 

the adult brain because adult astrocytic size is closely associated with astrocyte function 

and with several affective and substance abuse disorders [22]. Smaller astrocytes have 

less ensheathment of synapses as well as reduced expression of important astrocytic 

proteins such as glial-fibrillary acid protein (GFAP) and aquaporin receptors (AQP4) [32]. 

Additionally, morphological changes cause deficits in astrocyte functioning such as reduced 

tone of signaling molecules and trophic factors, dysregulation of glutamate metabolism 

and homeostasis, and reduced astrocyte connectivity [32]. Thus, an AIE-induced lock-in of 

adolescent astrocyte morphology could markedly alter adult astrocyte function, particularly 

astrocyte-synaptic interaction. Moreover, changes in astrocyte structure have been linked 

to the effects of several abused drugs [19,41,43,54] as well as other neuropsychiatric 

disorders such as frontotemporal dementia [58] and major depressive disorder [35]. Thus, 

the AIE-induced reduction of the ratio of astrocyte surface area to volume in adulthood, 

which we report here, could indicate a mechanism underlying previously reported changes 

in prefrontal-mediated behaviors after AIE.

The AIE-induced reduction in mPFC astrocyte-synapse proximity in adulthood is consistent 

with both our apriori hypothesis and with previous findings in the dorsal hippocampus [20]. 

As noted, this is likely a true reduction in astrocyte-synaptic proximity and not a change 

in synaptic number, as there was no effect of AIE on overall numbers of GluA1 puncta or 

on PSD-95 protein expression. Supporting this, it has been shown that AIE has no effect 

on glutamatergic proteins in the prelimbic cortex (PrL), however there was an increase in 

the density of immature dendritic spines [56]. This is not inconsistent with our findings, as 

immature spines (long thin) have less GluA1 than mature spines [18], but it does indicate 

an area that needs to be investigated further. Moreover, the observed reduction of astrocyte-
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synaptic proximity is consistent with growing evidence of similar reductions in multiple 

brain regions after exposure to drugs of abuse. For example, it has been found that astrocyte-

synaptic proximity was reduced in the nucleus accum bens core after self-administration of 

methamphetamine [43] and cocaine [41,54] and our own findings of AIE-induced reduction 

in the hippocampus [20]. However, these effects are not consistent across brain regions, 

as cocaine self-administration was found to have no effect on astrocyte-synaptic proximity 

in the PrL and basolateral amygdala [54]. Finally, it is worth emphasizing that the present 

effect was observed in adulthood long after the termination of ethanol exposure, indicating 

that AIE induces persistent alterations on mPFC astrocyte-neuronal proximity, long after 

ethanol exposure has ceased. As previously noted, many behaviors modulated by the PFC 

are altered by adolescent ethanol exposure, including executive functioning and decision 

making such as the evaluation of outcomes and motivations [37], as well as some types of 

risk taking behaviors [34]. The reduction in astrocyte-synaptic proximity in the mPFC and 

resulting dysregulation of mPFC function, may have behavioral consequences that are risk 

factors for developing or sustaining alcohol use disorders, underscoring the public health 

relevance of these findings.

One limitation of the present study is that it used tissue from male animals only. Thus, the 

findings must be interpreted cautiously, particularly with respect to their generalizability. 

Although there have not been extensive studies of the possible sex-mediated effects of 

AIE on the mPFC, per-se, there are some indications that AIE may affect PFC-mediated 

function differentially in males and females. One behavioral domain that is linked strongly 

to PFC function, and is also affected by ethanol, is behavioral flexibility. AIE affects 

behavioral flexibility in both sexes, but there are some sex-differences. For example, [3] 

found that AIE promoted a habit-like strategy in an operant task (considered behavioral 

inflexibility) in female, but not male, rats; and Varlinskaya et al. [57] reported AIE-induced 

deficits in behavioral flexibility on a set-shifting task in male rats but not in females. 

In contrast, although AIE was shown to produce a habitual behavioral strategy (i.e. 

behavioral inflexibility) in an instrumental sensory-specific satiation procedure, that effect 

was observed in both sexes [55]. Similarly, on an operant learning task [13] observed AIE-

induced behavioral flexibility that was not sex-dependent; and Macht et al. [25] observed 

AIE-induced deficits in behavioral flexibility on a battery of spatial and non-spatial learning 

tasks that were not sex-dependent. Although equivocal with respect to the interaction of AIE 

and sex on PFC-mediated function, these studies underscore the need for future studies of 

this type to include sex as an independent variable.

In addition, although sex differences in astrocyte morphology in the mPFC have not 

thoroughly studied, there do appear to be sex differences in astrocyte density and 

morphology in some brain regions. For example, male mice have greater astrocyte density 

and complexity in the amygdala than females [33]. In contrast, astrocytic complexity in 

the hippocampal formation is greater in females than in males [14]. These sex differences 

in astrocyte density and morphology suggest that the present results in male mPFC must 

be expanded to include females in order to extend their translational value and clinical 

implications.
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The reversal of this AIE effect on astrocyte-synaptic proximity by gabapentin is significant 

for two reasons. First, gabapentin treatment was very brief, consisting of only five doses, 

and did not affect astrocyte-synaptic proximity in control animals (i.e. those not exposed 

to AIE). This is consistent with the safety profile of gabapentin (Neurontin) as it is 

used clinically. The fact that gabapentin given in adulthood reversed this enduring effect 

of alcohol exposure during adolescence further supports the translational relevance of 

this finding, as it suggests that an ameliorative treatment could be given outside of the 

developmental window of adolescence. Finally, the common clinical use of gabapentin 

contributes to the translational significance of this project. Although the use of gabapentin, 

or other agents with similar mechanisms, as a treatment to alleviate AIE effects in a clinical 

setting is not immediately justified by the present findings, its efficacy in this animal model 

indicates it is a promising avenue for future clinical research.

The mechanism whereby gabapentin ameliorated the effect of AIE on astrocyte-neuronal 

proximity in this study is unclear, though there are several possibilities. The present 

observed reversal of mPFC AIE effects is consistent with our previous report of gabapentin 

reversal of AIE-induced astrocyte-neuronal proximity effects in the hippocampal formation 

[20]. In addition, it is consistent with previous studies from our laboratory in which 

gabapentin reversed the effects of AIE on NMDA receptor-mediated synaptic currents in 

hippocampal CA1 pyramidal cells [51]. It is possible that the AIE-induced de-coupling 

of astrocytes and neurons in the mPFC that we observe here reflects a compensatory 

thrombospondin-induced increase in excitatory synaptogenesis that leads to an increased 

NMDA current amplitude like that have observed previously [51]. If so, gabapentin 

may have ameliorated that effect due to its known ability to antagonize the excitatory 

synaptogenic effect of thrombospondins at their neuronal α2-δ1 receptor [12] and thereby 

reversed the astrocyte-neuronal decoupling action of AIE. Future studies will address that 

specific mechanism.

Both principal findings regarding astrocyte-synaptic proximity of this study support our 

original hypotheses which were based on similar findings in the hippocampus. These 

results support the conclusion that ethanol reduces astrocyte-synaptic proximity in the 

brain and suggest that other brain regions outside of the frontotemporal system could 

be similarly affected by AIE. Although these findings suggest that AIE-induced changes 

that we have observed in hippocampal astrocytes, such as adaptations in expression of 

astrocytic GFAP, GLT-1, , TSP and neuronal α2D-1 expression [19,39], could also occur 

in the mPFC after AIE, we found no changes in GLT-1, GLAST, or α2d-1 expression 

in the present study. This suggests that enduring effects of AIE on mPFC astrocytes may 

not involve glutamatergic transport through those specific transporters or an alteration of 

TSP-α2d-1 interaction. However, these findings must be interpreted cautiously because 

the measures were made using protein expression assays in whole mPFC tissue rather 

than immunohistochemically in specific regions of interest within the mPFC. Still, they do 

suggest that other mechanisms might be more likely. For example, we have shown elevated 

expression of the cystine/glutamate antiporter, xCT, in the adult ventral hippocampus 

after AIE suggesting that cystine-related mechanisms should be explored in the mPFC. 

Another interesting hippocampal AIE effect that could be investigated in the mPFC is 

the upregulation of TSPs during adulthood. As noted above, TSPs are proteins secreted 
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by astrocytes which act on dendritic spines, through the α2d1 receptor, to promote 

synaptogenesis [12]. Although α2d-1 expression was not altered in whole mPFC tissue 

in this study, if TSP expression were altered it would suggest a shift in the dynamic 

of TSP-α2d1 interaction as a possible mechanism underlying AIE effects on mPFC and 

associated behavioral functions.

In summary, this study identified one way in which adolescent intermittent ethanol exposure 

effects the mPFC astrocyte-neuronal relationship: the reduction of astrocyte-synaptic 

proximity. This is significant because it points toward a specific glial-neuronal mechanism 

that may underlie some of the effects of AIE on frontal lobe-mediated behavior. Brief 

systemic gabapentin treatment in adulthood reversed this effect of AIE, pointing to a specific 

receptor-level mechanism that may mediate AIE effects on neural circuits, and providing a 

possible therapeutic target for the development of ameliorative treatments for the enduring 

sequelae of adolescent ethanol exposure.
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PAP perisynaptic astrocyte process

GBP gabapentin

GluA1 glutamate receptor 1

GLAST glutamate aspartate transporter 1

PSD-95 post-synaptic density marker

xCT cystine/glutamate antiporter

GFAP glial-fibrillary acid protein

AQP4 aquaporin receptors

GFP green fluorescent protein

LCK lymphocyte protein tyrosine kinase
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VGCC voltage-gated calcium channel

TSP thrombospondins
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Fig. 1. AIE + Gabapentin significantly reduced astrocyte surface area to volume.
(A) Experimental Timeline. AIW = Adolescent Intermittent Water (i.g), AIE = Adolescent 

Intermittent Ethanol (5 g/kg, i.g.), VEH = vehicle (0.9% sterile saline, i.p.), GBP = 

gabapentin (100 mg/kg, i.p.). There are four treatment groups: AIW + VEH (n = 4), AIE + 

VEH (n = 5), AIW + GBP (n = 5), AIE + GBP (n = 4). The number of analyzed astrocytes 

are as follows: AIW + VEH (n = 19), AIE + VEH (n = 20), AIW + GBP (n = 17), AIE 

+ GBP (n = 17). (B) Pink dots represent the locations of the 73 astrocytes imaged in the 

mPFC. Illustration from Paxinos & Watson (1997). (C) The signal of the LCK-GFP virus 

(green) and the signal of the GluA1 marked synaptic puncta (red) are both strong and 

clear so that both the surface of the astrocyte and the colocalized synaptic puncta can be 

synthesized. Columns – Treatment groups. Row 1 – Raw z-series of a single slice astrocyte 

(green) and GluA1 synaptic puncta (red). Row 2 - Rendered 3-D structure of astrocyte (pink) 

using surface function of Imaris software. Scale bars are 10 μm. (D) Mean (± SEM) ratio of 

astrocyte surface area to volume was significantly reduced by the exposure to AIE (F (1,14) 

= 4.87, p = 0.04). “#” represents main effect. Dots represent individual astrocytes while bars 

represent data from averaged animals.
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Fig. 2. AIE-induced reduction of astrocyte-synaptic proximity is reversed by gabapentin.
(A) Representation of colocalization methods. Left panel - rendered astrocyte surface outline 

(pink) and raw GluA1 puncta (red), Middle panel – GluA1 puncta (red) and a subset 

that are in contact (white) with astrocyte membrane (pink) (Astrocyte-Synaptic Contact). 

Right panel – raw z-slice of astrocyte (green) and Astrocyte-Synaptic Contact (white), 

GluA1 puncta (red, not colocalized with astrocyte). (B) Rows – Treatment groups: AIW = 

Adolescent Intermittent Water (i.g), AIE = Adolescent Intermittent Ethanol (5 g/kg, i.g.), 

VEH = vehicle (0.9% sterile saline, i.p.), GBP = gabapentin (100 mg/kg, i.p.). Column 1 - 

Rendered surface of astrocyte (pink) with colocalized synaptic puncta (white). Scale bars are 

10 μm. Column 2 – Expanded magnification of inset box in Column 1. Scale bars are 5 μm. 

Column 3 – Expanded magnification of colocalized synaptic puncta (white). Scale bars are 

5 μm. The ROI colocalized density (white) is significantly reduced in AIE exposed animals 

who were not treated with gabapentin compared to all other treatment groups. (C) Mean 

(± SEM) density of GluA1 synaptic puncta was unchanged by AIE exposure or gabapentin 

treatment (p > 0.05). (D) Mean (± SEM) ROI colocalization density was significantly 

reduced in animals exposed to AIE compared to AIW control animals (p < 0.05), and this 

effect was reversed by gabapentin (AIE + GBP vs. AIE, p < 0.05; AIE + GBP vs. AIW + 

GBP, p > 0.05). “*” represents simple main effect. Dots represent individual astrocytes while 

bars represent data from averaged animals.
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Fig. 3. No significant effect of either AIE on protein expression of GLT-1, GLAST, α2-δ1 or 
PSD-95.
(A) Mean (± SEM) protein expression of GLT-1, GLAST, α2-δ1, and PSD-95 was 

unchanged by AIE treatment (blue) in the synaptic fractionation. (B) Mean (± SEM) protein 

expression of GLT-1, GLAST, and α2-δ1 was unchanged by AIE treatment (blue) in the 

extra-synaptic fractionation. Images on the right include representative bands for each 

protein to demonstrate sufficient expression for analysis. See supplemental Figs. for full 

images of PVDF membranes with protein expression. AIW = Adolescent Intermittent Water 

(i.g), AIE = Adolescent Intermittent Ethanol (5 g/kg, i.g.).
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