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Abstract

Background—Adolescent intermittent alcohol exposure (AIE) has profound effects on neuronal 

function. We have previously shown that AIE causes aberrant hippocampal structure and function 

that persists into adulthood. However, the possible contributions of astrocytes and their signaling 

factors remain largely unexplored. We investigated the acute and enduring effects of AIE on 

astrocytic reactivity and signaling on synaptic expression in the hippocampus, including the 

impact of the thrombospondin (TSP) family of astrocyte-secreted synaptogenic factors and their 

neuronal receptor, alpha2delta-1 (α2δ-1). Our hypothesis is that some of the influences of AIE on 

neuronal function may be secondary to direct effects on astrocytes.

Methods—We conducted Western blot analysis on TSPs 1–4 and α2δ-1 from whole 

hippocampal lysates 24hrs after the 4th and 10th dose of AIE, then 24 days after the last dose (in 

adulthood). We used immunohistochemistry to assess astrocyte reactivity (i.e. morphology) and 

synaptogenesis (i.e. co-localization of pre- and post-synaptic puncta).
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Results—AIE reduced α2δ-1 expression, and co-localized pre- and post-synaptic puncta after the 

4th ethanol dose. By the 10th dose, increased TSP2 levels were accompanied by an increase in co-

localized pre- and post-synaptic puncta, while α2δ-1 returned to control levels. 24 days after the 

last ethanol dose (i.e. adulthood), TSP2, TSP4, and α2δ-1 expression were all elevated. Astrocyte 

reactivity, indicated by increased astrocytic volume and area, was also observed at that time.

Conclusions—Repeated ethanol exposure during adolescence results in long-term changes in 

specific astrocyte signaling proteins and their neuronal synaptogenic receptor. Continued signaling 

by these traditionally developmental factors in adulthood may represent a compensatory 

mechanism whereby astrocytes reopen the synaptogenic window and repair lost connectivity, and 

consequently contribute to the enduring maladaptive structural and functional abnormalities 

previously observed in the hippocampus after AIE.
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Introduction

Excessive alcohol use is common among individuals between 18–25 years of age and has 

been associated with an increased risk of developing an alcohol use disorder later in life (De 

Wit et al., 2000). Excessive alcohol use during this developmental period occurs when the 

brain is undergoing the final stages of neuronal maturation. This period is highlighted by the 

pruning of synaptic connections between neurons and the refinement of circuitry crucial for 

higher-order memory processing, planning, and inhibitory control (Williams et al., 1999, 

Casey et al., 2005, Paus, 2005). Given the increasing appreciation of the critical role that 

astrocytes play in synapse formation, connectivity, and function in the developing and 

injured central nervous system (CNS) it has become important to assess the possible direct 

effects of AIE on astrocytes (Ullian et al., 2004, Clarke and Barres, 2013, Sloan and Barres, 

2014).

Growing evidence from studies in humans reveals that alcohol use during late brain 

maturation is associated with deficits across several domains of cognition, including verbal 

and non-verbal skills, attention, visuospatial function, and learning (Brown et al., 2000, Chin 

et al., 2010, Hanson et al., 2011). Furthermore, studies in both humans and rats have shown 

that adolescents and young adults are more vulnerable to acute alcohol-induced memory 

impairment than older subjects (Little et al., 1996, Markwiese et al., 1998). We have 

recently shown that adolescent rats (beginning postnatal day 30 (PND 30)) exposed to AIE 

have an increased number of immature dendritic spines, and an elevated propensity for 

induction of long-term potentiation in hippocampal area CA1 in adulthood (Risher et al., 

2015). Both of those findings are indicative of increased neuronal plasticity consistent with 

our previous observation of greater synaptic plasticity in hippocampal area CA1 in slices 

from adolescent rats compared to those from adults (Swartzwelder et al., 1995). Importantly, 

these changes were observed well after the effects of ethanol withdrawal had dissipated, 

suggesting ongoing and/or persistent alterations of hippocampal neuronal structure and 

function. The onset of high alcohol exposure in this model occurs during late-stage brain 

maturation, highlighted by the end of excessive synaptogenesis, the onset of synaptic 
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pruning, and the refinement of circuitry, all requiring regulation by non-neuronal cells, 

including astrocytes (Stevens et al., 2007, Kucukdereli et al., 2011, Allen, 2013, Chung et 

al., 2013).

Recent studies have shown that a single acute exposure to ethanol can modulate astrocyte 

activity (Gonzalez et al., 2007, Pignataro et al., 2013). However, the long-term impact of 

repeated ethanol exposure on astrocyte reactivity and the release of astrocyte signaling 

factors involved in synaptogenesis are only beginning to be explored (Bray et al., 2013, Bull 

et al., 2015). Long-term alteration of astrocyte function could critically affect neuronal 

circuitry after AIE, not only because astrocytes greatly outnumber neurons and ensheathe 

multiple synaptic contacts, but also because their signaling factors play a critical role in 

synapse formation during development, synapse maintenance in adulthood, and synaptic 

recovery after injury (see Verkhratsky et al., (2015) for review). Well-known factors 

secreted by astrocytes include the thrombospondin (TSP) family. TSPs are found throughout 

the body and are involved in the regulation of cell-cell and cell-matrix interactions (Yang et 

al., 2000), acting through cell surface receptors and other extracellular matrix proteins (see 

Risher and Eroglu (2012) for review). A seminal study by Christopherson and colleagues 

(2005) showed that TSP is the major synaptogenic factor secreted by astrocytes, while 

Eroglu et al. (2009) found that these synaptic processes occur via interactions with the 

neuronal calcium channel subunit α2δ-1. Of the 5 known TSPs (1–5), TSP-1 & -2 

expression peaks around postnatal day (PND)-10 during early rodent (rat and mouse) CNS 

development, when synaptogenesis is at its highest and competition for postsynaptic 

partners is similarly high. By PND-20, TSP-1 and -2 are declining as the synaptogenic 

period gives way to synaptic pruning and refinement of processes (Chamak et al., 1995, 

Ullian et al., 2004, Allen, 2013). Additional bursts of synaptogenesis (involving the release 

of TSPs) that recapitulate certain aspects of developmental synaptogenesis can occur later in 

life in response to disease and/or injury, potentially in an attempt to restore lost synaptic 

circuitry and thereby increase functional recovery (Chamak et al., 1994, Liauw et al., 2008). 

TSP upregulation can also occur in response to neuronal hyperexcitability (Andresen et al., 

2014) and inflammation (Fairaq et al., 2015), events commonly observed during alcohol 

withdrawal. Upregulation of TSPs and increased synapse formation during AIE exposure, at 

a time when synaptic pruning would typically be occurring, may yield detrimental 

consequences to the local neuronal circuitry.

There is emerging evidence of the negative impact that unresolved (i.e. chronic) astrocyte 

reactivity, and unscheduled synaptogenesis, may have on normal neuronal function. For 

example during epileptogenesis a number of acute and chronic, cellular and molecular 

events result in brain remodeling through the formation of aberrant synaptic circuitry 

(Jacobs et al., 2009). Antagonizing the TSP-α2δ-1 interaction has been shown to attenuate 

the development of epileptiform activity (Andresen et al., 2014). Neuropathic pain is another 

condition in which TSPs are upregulated, promoting inappropriate synaptogenesis and 

neuronal hypersensitivity, resulting in chronic pain. (Kim et al., 2012, Crosby et al., 2015).

Given the importance of TSP regulation for the formation and maintenance of synaptic 

networks throughout life, as well as our previous findings that show long-term changes to 

hippocampal neuronal circuitry after AIE (Risher et al., 2015), in this study we investigated 
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the effects of AIE on the release of TSPs. We show that complex and divergent adaptive 

changes occur in TSP and α2δ-1 regulation during and immediately following AIE. 

Intriguingly, protracted dysregulation of α2δ-1 and TSPs are also present in adulthood. This 

inappropriate astrocyte signaling that persists into adulthood is consistent with a maladaptive 

rewiring of hippocampal circuitry, therefore representing a potential mechanism underlying 

the enduring neuronal plasticity-related changes we have previously observed after AIE.

Materials and Methods

All procedures were conducted in accordance with the guidelines of the American 

Association for the Accreditation of Laboratory Animal Care and the National Research 

Council’s Guide for Care and Use of Laboratory Animals, and were approved by the 

Durham VA Medical Center and the Duke University IACUCs.

Male PND-25 Sprague-Dawley rats (Charles River, USA) were double-housed and 

maintained in a temperature- and humidity-controlled room with ad libitum access to food 

and water. Animals were dosed as previously described (Risher et al., 2015). Briefly, 

animals were allowed to acclimatize for 5 days on a reverse 12:12-hr light:dark cycle (lights 

off at 9:00 am) prior to beginning AIE or saline administration. All animals were exposed to 

AIE or saline beginning on PND-30 and consisting of 10 doses of 5 g/kg ethanol (35% v/v 

in saline at 18.12 mL/kg, VWR, Suwanee, GA, USA) or isovolumetric saline administered 

by intragastric gavage (i.g.) using a 2 days on, 1 day off, 2 days on, 2 days off intermittent 

schedule for 16 days. Animals were euthanized 24hr after the 4th dose, 24hr after the 10th/

last dose, or following a 24 day washout period. The last time point was chosen in order to 

allow animals to reach adulthood prior to sacrifice.

Ethanol doses were selected to produce blood ethanol concentrations (BECs) consistent with 

our previous studies and adolescent human BECs that are achieved during binge drinking 

episodes (199.7 ± 19.9 − 172.8 ± 13.3 mg/dl, measured sixty minutes after the first and last 

dose (Risher et al., 2015)). The animals in this study were dosed in parallel with cohorts 

from the Risher et al., (2015) manuscript.

Blood ethanol concentrations (BECs) were determined from a parallel group of animals, 

blood (approximately 300uL) was collected from the lateral saphenous vein 60 minutes after 

the first dose. BECs were determined using the Analox GL5 (Analox Instruments, 

Lunenburg, MA, USA). Doses were selected to produce blood ethanol concentrations 

(BECs) consistent with previous studies and adolescent human BECs that are achieved 

during binge drinking episodes (199.7 ± 19.9 − 172.8 ± 13.3 mg/dl, measured sixty minutes 

after the first and last dose (Livy et al., 2003, Vetreno and Crews, 2012, Risher et al., 2015).

Western Blot

Tissue Preparation—Rats were deeply anesthetized using isoflurane. The brains were 

removed and rinsed very briefly in cooled phosphate buffered solution (PBS, 4°C). The 

hippocampus was placed dorsal side up and the cerebellum was removed, then a second cut 

was made sagittally down the midline. The hippocampus was gently dissected out (see 

Zapala et al., (2005) for more details) and placed in homogenization buffer consisting of 
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25mL ddH2O: 250uL 1M Tris, 25uL 1M CaCl2 1, 50uL 0.5M MgCl2, protease inhibitor 

(Complete EDTA-free, cat#04693132001, Roche, Sigma-Aldrich, Saint Louis, MI, USA) 

and homogenized using a Kontes glass tissue grinder at 4°C. Samples were spun for 5 min. 

at 300g at 4°C, then the supernatant was collected and spun for 20min at 19,000g at 4°C. 

The resulting pellet was resuspended in solubilization buffer from 25mL ddH2O: 625uL 1M 

Tris ; 750uL 5M NaCl; 25uL 1M CaCl2; 50uL 0.5M MgCl2; 2.14g sucrose; 125uL NP-40; 

protease inhibitor (Complete EDTA-free, Roche). Samples were incubated while rotating for 

15min at 4°C, then spun for 10min at 19,0700g at 4°C. The supernatant was collected, 

aliquoted, flash frozen in liquid nitrogen, and stored at −80 °C. Protein concentrations were 

determined using the BCA protein assay kit using the standard 96 well plate microassay 

protocol (cat#353072, Life Technologies, Grand Island, NY, USA).

Immunoblot Analysis—40ug of protein was loaded onto a 4–12% SDS-PAGE gradient 

gel (Bio-Rad, Hercules, CA, USA and Novex, Life Technologies, Grand Island, NY, USA) 

and resolved. Proteins were transferred onto polyvinylidene fluoride (PVDF) membrane 

(Millipore, Billerica, MA, USA), and blocked with Li-cor blocking buffer (Li-cor, Lincoln, 

NE, USA) for 1 hr at room temperature. Membranes were probed with primary antibody 

overnight at 4°C (mouse anti-TSP-1 1:250 (Abcam, Cambridge, MA, USA), mouse anti-

TSP-2 1:250 (BD, San Jose, CA, USA), goat anti-TSP-4 1:500 (R&D Systems, 

Minneapolis, MN, USA), mouse anti-α2δ-1 1:500 (Sigma-Aldrich), and the next day probed 

with secondary antibody 1:20k (Li-cor) for 1 hr at room temperature. Membranes were dried 

for 2 hrs and scanned using Li-cor Odyssey Fc. Membranes were rehydrated in tris buffered 

saline (TBS) (50mM Tris, 150mM NaCl, pH 7.4) for 2 hours at room temperature. 

Membranes were then re-probed with mouse anti-tubulin 1:1000 (Abcam, Cambridge, MA, 

USA). The optical densities of all bands were quantified with Li-cor Image Studio and 

adjusted to within lane background subtraction using the standard Li-cor Image Studio-

defined parameters. Bands of interest (1 lane per independent brain sample) were adjusted to 

the tubulin loading control values. n=6–8/treatment group.

Immunohistochemistry

Immunohistochemistry (IHC) was performed as previously described in Ippolito and Eroglu 

(2010) with modifications. Briefly, rats were deeply anesthetized with isoflurane and 

transcardially perfused with phosphate buffered saline (PBS), pH 7.4, containing 25 U/ml 

heparin, followed by 4% paraformaldehyde in PBS. Brains were removed and post-fixed for 

24 hrs at 4°C in 4% paraformaldehyde in PBS. The brains were rinsed in PBS and placed in 

30% sucrose in PBS. Upon sinking, brains were removed and frozen in tissue freezing 

medium (Electron Microscopy Sciences, Hatfield, PA, USA) and stored at −80°C. Sagittal 

sections (20µm) were cut using the Leica CM 3000 (Leica Microsystems, Buffalo Grove, IL, 

USA) and placed in glycerol:tris buffered saline solution. When necessary, adjacent sections 

were used for the following analyses.

Astrocyte Staining (GFAP)—Staining for glial fibrillary acidic protein (GFAP), an 

intermediate filament within astrocytes, was used to detect changes in astrocyte morphology, 

indicating astrocyte reactivity. Glycerol was removed and slices were blocked with 5% 

BSA, 0.5% triton 100-X in TBS for 1 hr at room temperature. Slices were incubated in goat 
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anti-GFAP, 1:200 (Abcam) prepared in 5% BSA and 0.5% triton 100-X in tris buffered 

saline for 3 days at 4°C. Slices were rinsed and incubated in donkey anti-goat IgG 488 Alexa 

Fluor 1:200 (Life Technologies, Grand Island, NY, USA) prepared in 5% BSA and 0.5% 

triton 100-X in tris buffered saline solution for 2 hrs at room temperature. Sections were 

rinsed and coverslipped with Vectashield mounting media (Vector Laboratories, 

Burlingame, CA, USA).

Synaptic Staining (PSD-95/VGlut1)—Glycerol was removed and slices were blocked 

with 5% normal goat serum, 0.2% triton in tris buffered saline for 1 hr at room temperature. 

Slices were incubated for 3 days at 4°C in guinea pig anti-VGlut1 1:3500 (EMD Millipore, 

Billerica, MA, USA) and post-synaptic density protein-95 1:450 (rabbit anti-PSD-95, 

Invitrogen, Life Technologies, Grand Island, NY, USA) to identify pre- and post-synaptic 

partners, respectively. Slices were then rinsed and incubated in goat anti-guinea pig IgG 488 

and goat anti-rabbit IgG 594 (Alexa Fluor, Life Technologies) prepared in 5% normal goat 

serum, 0.2% triton in tris buffered saline solution for 2 hours at room temperature. Sections 

were rinsed and coverslipped with Vectashield mounting media.

Neuronal Staining (NeuN)—Glycerol was removed and slices were blocked with 5% 

normal donkey serum, 0.2% triton for 1 hour at room temperature. Slices were incubated for 

24 hours at 4°C in mouse anti-neuronal nuclei 1:1000 (NeuN, EMD Millipore). Slices were 

then rinsed and incubated in donkey anti-mouse pig IgG 594 (Alexa Fluor, Life 

Technologies) prepared in 5% normal donkey serum, 0.2% triton in tris buffered saline 

solution for 2 hours at room temperature. Sections were rinsed and coverslipped with 

Vectashield mounting media.

Imaging and Analysis (GFAP)—Confocal z-stacks (5µm thick, optical section depth 

0.33µm, 15 sections/z-stack, 1024×1024 image size) of the synaptic zone in area CA1 were 

imaged at 63× magnification on a Leica SP5 confocal laser-scanning microscope to 

correspond with electrophysiological studies conducted within our laboratory. Individual 

image stacks were imported into Imaris software version 7.6.4 (Bitplane, Concord, MA, 

USA) in order to generate 3-D reconstructed images. Astrocyte volume, area, and branch 

sholl analysis were analyzed using the filament tracer method. Cell body thresholds were 

manually adjusted to capture astrocyte cell bodies within the region of interest. Automatic 

tracing was then conducted using a set seed point selected for use across all images from the 

same data set. All parameters used for the threshold algorithms were automatically 

generated with no input from the operator to limit bias. Measurement accuracy was visually 

confirmed by comparing traces generated by Imaris to actual Z projection images. 

Maximum projections were generated using the snapshot function in Imaris and ImageJ 

(National Institutes of Health, Bethesda, Maryland, USA) to produce high power 

representative images. Low power representative images were collected with 10× 

magnification using the Zeiss Axiomager M1 (20 µm thick, optical section depth 1 µm). 

Three image stacks/animal and n=4 animals/treatment group were used for analyses.

Imaging and Analysis (PSD-95/VGlut1)—Confocal z-stacks (5 µm thick, optical 

section depth 0.33 µm, 15 sections/z-stack, 1024×1024 image size) of the synaptic zone in 
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area CA1 were imaged at 63× magnification on a Leica SP5 confocal laser-scanning 

microscope. Maximum projections of 3 consecutive optical sections (corresponding to 1 µm 

total depth) were generated from the original z-stack. The Puncta Analyzer plugin (available 

upon request from c.eroglu@cellbio.duke.edu) for ImageJ was used to count the number of 

co-localized, pre- and postsynaptic puncta (Ippolito and Eroglu, 2010). Three image stacks/

animal and n=5 animals/treatment group were used for this analysis.

Imaging and Analysis (NeuN)—Confocal z-stacks were collected under the same 

conditions as the synaptic IHC. Maximum z projections were generated for analysis using 

the ImageJ. Cell counts were presented as cell body count/area and cell body count/um. 

Three image stacks/animal and n=4 animals/treatment group were used for analyses.

Statistical Analysis

Comparisons between treatments were made using independent-samples Student’s t-tests for 

Western blot and immunohistochemistry. All analyses were conducted using SPSS (v.21/22; 

Chicago, IL, USA). Statistical significance was assessed using an alpha level of 0.05. All 

data are presented in figures as the mean +/− S.E.M.

Results

AIE induces early reduction of TSPs synaptogenic neuronal receptor and synaptic number

Given the importance of TSPs in the formation and maintenance of synaptic networks, and 

their upregulation in response to a wide range of neuronal insults, we sought to determine 

whether modulation of TSPs and their neuronal synaptogenic receptor (α2δ-1) occurs during 

AIE. We assessed TSPs 1–4, α2δ-1 expression, astrocyte reactivity, and synaptogenesis 24 

hrs after the 4th dose. There was no effect of AIE on TSP-1, -2, or -4 expression at that time 

point during AIE (p=0.22, 0.47, 0.38, respectively, Fig.1a–c); however, α2δ-1 expression 

was significantly reduced (p=0.02, Fig.1d). The reduction in α2δ-1 was accompanied by a 

reduction in pre- and post-synaptic co-localization (p=0.001, Fig.2a&d). The decrease in co-

localized puncta was driven by a reduction in both pre-(VGlut1) and post-(PSD-95) synaptic 

puncta (p=0.044, p=0.031, respectively, Fig.2b–c,d–f), indicative of a reduction in synapses. 

AIE GFAP staining was indistinguishable from saline controls at this time point (all p’s≥ 

0.185, data not shown). These data show that AIE initially leads to loss of TSP-receptor 

α2δ-1 and concurrent reduction in synapses.

AIE promotes selective upregulation of TSPs 24 hours after the last ethanol dose

In order to determine whether modulation of TSP expression occurs late within the AIE 

paradigm, we assessed TSP and α2δ-1 expression 24 hours after the 10th (i.e. last) AIE dose. 

At that time point, TSP-1 and TSP-4 levels in tissue from AIE-exposed animals did not 

differ significantly from control (p=0.21, p=0.38, respectively, Fig 3a,c). However, TSP-2 

expression was significantly increased (p=0.044, Fig.3b). Interestingly, despite the reduction 

in α2δ-1 early in the AIE paradigm, by the end of the paradigm α2δ-1 expression returned to 

control levels (p=0.17).
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Since increases in TSP-1 and -2 are known to promote excitatory synaptogenesis through 

interactions with the neuronal α2δ-1 receptor (Christopherson et al., 2005, Eroglu et al., 

2009), we assessed the co-localization of pre- (VGlut1) and post-synaptic markers (PSD95) 

using IHC. We found that AIE increased the number of co-localized pre- and post-synaptic 

puncta (p=0.05, Fig.4a,d), indicative of increased synapse formation. This was driven by an 

increase in PSD-95 puncta and a trend towards increased VGlut1 puncta (p=0.031, p=0.077, 

respectively, Fig.4b–f). Interestingly, despite the upregulation of TSP-2, astrocyte 

morphology remained comparable to saline-treated controls at this time point. No significant 

change in astrocyte volume, area, branch number or branch length was detected (all p’s≥ 

0.086, data not shown), suggesting that upregulation of astrocyte signaling factors occurs 

without the gross morphological signs of astrocyte reactivity typically observed in more 

aggressive injury models (Kelso et al., 2011). Taken together, these data show that TSP-2 

upregulation is an early feature of AIE that triggers synaptic rewiring 24hrs post last dose of 

AIE.

AIE upregulates TSPs and their synaptogenic neuronal receptor in adulthood

24 days after the last dose of AIE or vehicle (in adulthood) we assessed TSPs 1–4, α2δ-1 

expression, astrocyte reactivity, and synaptogenesis to determine the impact of AIE on TSP 

dysregulation and synaptic rewiring. We found that following AIE, TSP-1 levels were 

indistinguishable from controls (p=0.44) while TSP-2, TSP-4 and TSP’s synaptogenic 

neuronal receptor, α2δ-1, were upregulated (p=0.012, p=0.002, p=0.045, respectively, Fig.

5b–e), showing a differential response to AIE from the various members of the TSP family. 

We then assessed whether TSP upregulation was associated with morphological indicators 

of astrocyte reactivity. The data revealed a significant increase in astrocyte volume and 

astrocyte area in the AIE group (p=0.031 and p=0.017, respectively, Fig.6a–c) with a trend 

toward an increase in branch length (p=0.065, Fig.6d). There was also an increase in the 

mean number of branches at the first branch level (12.5±2.01 vs. 8.4±1.12, p=0.041, data not 

shown), but the overall number of branches collapsed across level was not affected by AIE 

(p=0.12). NeuN positive cell counts revealed a significant decrease in neuronal density in 

the same region of the hippocampus (CA1), i.e, a reduction in the number of NeuN-positive 

neurons/µm2, suggesting AIE-induced cell loss within this region (p=0.019, Fig.7a–b). 

These results show that AIE produces long-term changes in astrocyte morphology, 

indicative of astrocyte reactivity; this is accompanied by TSP dysregulation and neuronal 

loss.

Discussion

We investigated how repeated ethanol exposure alters the regulation of a family of 

synaptogenic astrocyte signaling factors, the TSPs, their neuronal synaptogenic receptor, 

α2δ-1, and the subsequent effect on synapse number in the hippocampus. We also assessed 

whether robust astrocyte reactivity was necessary for the upregulation of these signaling 

factors. We found that AIE decreased α2δ-1 expression and the number of co-localized 

synaptic puncta early in the binge paradigm (24 hours after the 4th dose). This was followed 

by upregulation of TSP-2 and an increase in co-localized pre- and post-synaptic puncta 24 

hours after last dose, while α2δ-1 receptor expression returned to control levels at this same 
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time point. In adulthood (24 days after the last ethanol dose), TSP-2 remained elevated and 

was accompanied by an increase in TSP-4 and α2δ-1 expression. Furthermore, we found 

that the number of neurons within CA1 was decreased at this same time point after AIE, 

correlating with the reduction in co-localized synaptic puncta we previously reported (Risher 

et al., 2015). Astrocyte reactivity was not apparent in AIE animals until adulthood, 

indicating that TSP upregulation precedes robust signs of astrocyte reactivity (these results 

are summarized in Figure 8).

Our observation that AIE reduced the number of co-localized synaptic puncta after the 4th 

dose is consistent with findings from Spiga and colleagues (2014), who showed that 

withdrawal of chronic ethanol exposure reduced synaptic number and the number of 

dendritic spines within the nucleus accumbens shell. These findings suggest that synaptic 

pruning may occur as a compensatory response to the neuronal hyperexcitability of 

intermittent ethanol withdrawal during the binge cycle. Interestingly, at the 4th dose time 

point we also showed a reduction in α2δ-1. Since α2δ-1 is known to drive excitatory 

synaptic formation (Eroglu et al., 2009) and is located in the tips of synaptic terminals 

(Dolphin, 2012), it follows that α2δ-1 would also be decreased. Whether the reduction in 

α2δ-1 is due to the pruning process or as a consequence of an independent event, which 

occurs to systematically limit synapse formation during this period of hyperexcitation, is yet 

to be determined.

TSP-1 is typically the first member of the TSP family to be upregulated in response to a 

wide range of neuronal insults (Liauw et al., 2008). It was therefore surprising to find that 

TSP-1 expression after AIE was indistinguishable from controls 24 hours after the last dose. 

Instead TSP-2, which is usually upregulated a few days after TSP-1 in more aggressive 

injury models, was significantly elevated at this time point, suggesting that repeated ethanol 

exposure produces a unique and selective TSP signaling response. Interestingly, TSP-2 

upregulation was not associated with signs of astrocyte reactivity. One explanation is that 

TSP-1 upregulation is more closely tied to the activation of inflammatory cascades that 

likely precede TSP upregulation. For example, within hours of acute brain injury (e.g., 

stroke, see Liauw et al., 2008), an inflammatory response is mounted and microglia become 

activated. In the days after this response, TSP-1 is upregulated followed by the upregulation 

of TSP-2. These events are assumed to occur after the initiation of astrocyte reactivity. 

However, in the AIE paradigm, TSP-1 upregulation and astrocyte reactivity fail to occur 

acutely. This suggests that TSP-1 upregulation relys on upstream astrocyte activation 

whereas TSP-2 may be regulated by alternative signaling cascades. Such differential 

regulation would be consistent with previous studies in which TSPs, despite the high 

homology between proteins and shared cell surface receptors, show unique responses to the 

various physiological and pathological processes encountered (see Stenina-Adognravi 

(2014) for further discussion).

Given the roles of TSP-2 and α2δ-1 in synaptogenesis, it was not surprising to observe an 

increase in co-localized pre- and post-synaptic puncta coinciding with the recovery of α2δ-1 

expression and the upregulation of TSP-2 after the last dose. This compensatory 

synaptogenesis may represent a compensation to replace the synapses that were pruned 

earlier in the binge cycle, though further work is required to determine the mechanism by 
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which this pruning occurs. Taken together, these results indicate that multiple events occur 

after AIE: an acute response, resulting in the removal of synaptic connections, and a period 

of compensatory synaptogenesis, occurring only after adaptation to the repeated intermittent 

cycling of ethanol.

Despite those interesting findings during, and immediately after AIE exposure, our main 

goal was to determine whether dysregulation of astrocyte signaling molecules contribute to 

the long-term effects of AIE on hippocampal structure and function that we have previously 

reported (see Risher et al., (2015)). At 24 days after the last dose, after animals had reached 

adulthood, we made the unexpected finding that TSP-2 upregulation persisted. It has 

previously been reported that, after neuronal insult, TSP-1 and -2 are upregulated in order to 

restore the synapses and circuitry within the affected area before returning to baseline levels 

(Liauw et al., 2008). In addition to TSP-2 elevation, we also found that TSP-4 and α2δ-1 

were upregulated in adulthood despite being indistinguishable from controls immediately 

following AIE. Of the TSPs, TSP-4 is most often associated with injury or disease in which 

long-term aberrant synaptogenic pathology exists (see Crosby et al., (2015)), so its 

upregulation in adulthood in AIE-exposed rats is consistent with what is known. 

Interestingly, α2δ-1 expression is increased in rats genetically selected for alcohol self-

administration when compared to alcohol avoidant rats, and in nicotine and 

methamphetamine abuse models (Hayashida et al., 2005, Worst et al., 2005, Kurokawa et 

al., 2011). Taken together, these findings implicate α2δ-1 as a candidate therapeutic target 

for the treatment of alcohol use disorders (AUD) as well as addiction to certain other 

substances of abuse.

Previously, we have reported that AIE lowers the induction threshold for long-term 

potentiation (indicative of hyperplasticity) in the CA1 region of the hippocampus in 

adulthood (Risher et al., 2015), which coincides with the upregulation of TSPs and α2δ-1 

found in the present study. Interestingly, recent studies have shown that gabapentin, which 

antagonizes the TSP-α2δ-1 interaction (Eroglu et al., 2009), can actually prevent injury-

induced astrocyte reactivity, excitatory synaptogenesis, and neuronal hyperexcitability (Lo 

et al., 2011, Li et al., 2012, Andresen et al., 2014). These properties of gabapentin, in 

combination with the previously demonstrated role for TSPs and α2δ-1 in synaptogenesis 

(Eroglu et al., 2009), could suggest that this signaling mechanism is involved in the 

hippocampal hyperplasticity previously observed. Whether TSPs are increasing the rate of 

synaptogenesis or are simply driving aberrant synaptic connectivity is yet to be determined. 

Increased synaptogenesis driving hyperplasticity is unlikely, because during adulthood there 

was actually a decrease in the overall number of co-localized synaptic puncta. However, this 

may be explained by the decrease in neuronal number (also see Reynolds et al., (2015)), 

suggesting that the reduction in synaptic puncta in adulthood may be a consequence of cell 

loss. The chronic upregulation of synaptogenic factors (such as TSPs) may represent a failed 

attempt to replenish the synaptic connections lost as a consequence of decreased neuronal 

density. This type of synaptogenic burst is not uncommon and is frequently observed after 

injuries that result in neuronal death (Lin et al., 2003, Zhou et al., 2010, Lo et al., 2011). 

Further work is required to determine whether, as compensation for AIE-induced cell loss, 

synaptic number is actually increased on a per cell basis due to the presence of chronic TSP 

upregulation.

Risher et al. Page 10

Alcohol Clin Exp Res. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We did not observe the classic signs of astrocyte reactivity after the last AIE dose despite 

the upregulation of TSPs. However, whether astrocyte reactivity is required for the release 

of signaling factors under moderate environmental stress is unclear. The level of induced 

astrocyte reactivity is typically a reflection of the severity of the environmental challenge/

insult and presents with a profile that is dependent on the type of insult. Our model of AIE 

results in moderate BECs (173–200 mg/dl) that are not comparable to more severe models 

of ethanol consumption (447 mg/dl, see Collins et al., (1996)), which typically elicit high 

levels of cell death and withdrawal seizures (Collins et al., 1996, Livy et al., 2003) and 

therefore are much more likely to induce astrocyte reactivity. Interestingly, a moderate binge 

paradigm similar to the one used here can result in chronic inflammation in adulthood 

(Vetreno and Crews, 2012, Vetreno and Crews, 2013) although see Kane et al., (2014), and 

can cause the persistence of chronically elevated astrocyte reactivity and glial swelling even 

if the challenge was moderate (Tenorio et al., 2013, Collins et al., 2014). Whether the 

observed astrocyte reactivity in adulthood is simply a sign of astrocytic dysfunction, or 

whether it is driven by the presence of these inflammatory signaling molecules that persist 

into adulthood, remains unexplored. However, the presence of chronic reactivity may not 

only limit the astrocytes ability to respond to further insult but may also promote chronic 

and inappropriate release of signaling factors, as we have observed after AIE. These factors, 

typically expressed during developmental synaptogenesis, may promote neuronal 

remodeling in the injured brain (Kim et al., 2012, Crosby et al., 2015) and therefore 

contribute to the enduring structural and functional abnormalities previously observed in the 

hippocampus (Risher et al., 2015).
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Figure 1. AIE does not upregulate TSPs 24 hours after the 4th ethanol dose
Quantification of Western blot analysis revealed that AIE had no effect on TSP-1 (a), TSP-2 

(b), or TSP-4 (c) levels early in the AIE paradigm. However, α2δ-1 (d) expression was 

significantly reduced in AIE hippocampal lysates. Representative blots including loading 

control (e). n=4 and 5 animals/treatment (control and AIE, respectively), p<0.05*.
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Figure 2. Reduced synapse number 24 hours after the 4th AIE dose
Representative images of merged (a), pre- (VGlut1) (b), and post- (PSD-95) (c) synaptic 

markers 24 hours after the last ethanol dose. Arrows indicate yellow co-localized puncta, i.e. 

synapses (a). Quantitative analysis reveals that AIE significantly decreased the number of 

co-localized pre- and post-synaptic puncta (d); this decrease was driven by a reduction in 

both presynaptic VGlut1 (e) and post-synaptic PSD-95 (f). Three image stacks per animal 

and n=5 animals/treatment, p<0.05*.
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Figure 3. AIE promotes the upregulation of TSP-2 24 hours after the last ethanol dose
Western blot quantification of hippocampal lysates revealed that AIE had no effect on 

TSP-1 (a) levels, while TSP-2 was significantly upregulated (b). TSP-4 (c) and α2δ-1 (d) 

expression remained indistinguishable from saline controls. Representative blots including 

loading control (e). n=4 and 5 animals/treatment (control and AIE, respectively), p<0.05*.
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Figure 4. Excitatory synapse formation 24 hours after AIE
Representative images of merged (a), pre- (VGlut1) (b), and post- (PSD-95) (c) synaptic 

markers 24 hours after the last ethanol dose. Arrows indicate yellow co-localized puncta, i.e. 

synapses (a). Quantitative analysis reveals that AIE significantly increased the number of 

co-localized pre- and post-synaptic puncta (d); this increase was not driven by increases in 

presynaptic VGlut1 (e) but by increased PSD-95 (f). Three image stacks per animal and n=5 

animals/treatment, p<0.05*.
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Figure 5. AIE promotes the upregulation of multiple TSPs and their neuronal receptor in 
adulthood
Western blot quantification of hippocampal lysates revealed that AIE had no effect on 

TSP-1 (a) levels, while TSP-2 (b), TSP-4 (c), and α2δ-1 (d) were significantly upregulated 

in adulthood. Representative blots including loading control (e). n=6 animals/treatment, 

p<0.05*.
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Figure 6. AIE results in protracted upregulation of astrocyte reactivity in adulthood
Representative images of immunohistochemistry for glial fibrillary acidic protein (GFAP) in 

CA1 hippocampus, SO = stratum oriens, SP = stratum pyramidale, SR = stratum radiatum 

(a) and higher magnification image of SR (b). AIE results in delayed upregulation of 

astrocyte reactivity indicated by an increase in astrocyte volume (c), and an increase in 

astrocyte branch area (d), along with a trend towards an increase in branch length (e). The 

overall number of branches remained similar to saline control animals (f). Three image 

stacks per animal and n=4 animals/treatment, p<0.05*, p=0.065$.
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Figure 7. AIE reduces the number of NeuN-positive cells within hippocampal CA1 in adulthood
Immunohistochemistry for the neuronal nuclear antigen (NeuN) within the stratum 

pyramidale (SP) zone, located between the stratum oriens (SO) and the stratum radiatum 

(SR), 24 days after the last ethanol dose. Representative images for saline- and AIE-treated 

animals (a). Quantification revealed a significant decrease in the number of NeuN-positive 

cells (b) in adulthood within the hippocampal CA1 SP layer. Three image stacks per animal 

and n=4 animals/treatment, p<0.05*.
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Figure 8. Summary of Results
TSP expression, α2δ-1 expression, and associated changes in co-localized synaptic puncta in 

the hippocampus at all three time points. ⇩ Indicates a decrease, ⇧ indicates an increase, ⇔ 

indicates no change at that particular time point for each measure when compared to control. 

* indicates one previously published data point from Risher et al., (2015).
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