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Abstract

Background: Activation of the innate immune system may play a role in the development of 

alcohol use disorders (AUDs), which often originate with adolescent alcohol abuse. A key player 

in the innate immune system is microglia, the activation of which occurs along a spectrum from 

pro-inflammatory, or M1-like, to anti-inflammatory, or M2-like, phenotypes.

Methods: Adolescent, male rats were gavaged with ethanol or isocaloric control diet every 8 

hours for 4 days, then sacrificed at 0, 2, 7, and 14 days later. Microglia were isolated from the 

entorhinal cortex and hippocampus by Percoll gradient centrifugation, labeled with surface 

antigens for activation and analyzed by flow cytometry. Polarization states of microglia, defined as 

CD11b+CD45low cells, were determined by the expression of M1 surface markers, major 

histocompatibility complex (MHC) II, CD32, and CD86, and M2 surface marker, CD206 

(mannose receptor). Cytokine gene expression was measured by reverse transcriptase polymerase 

chain reaction.

Results: Isolated cells were a highly enriched population (>95% pure) of microglia/macrophages 

according to CD11b immunoreactivity. Ethanol rats showed the most dramatic increases in 

microglia activation markers CD11b and CD45, and M1 (MHC-II) and M2 (CD206) markers at 

T2, when additional M1 markers CD86 and CD32 were also increased. Surprisingly, pro-

inflammatory gene expression of CCL2, IL-1ß, IL-6 and TNF-α, generally was decreased at all 

time points in ethanol rats except for IL-6 which was increased at T0 and TNF-α which was not 

changed at T0 in either region. Simultaneously, BDNF expression was increased at T2 and T7 

while IGF1 and TGF-ß gene expression were decreased. Arginase was also increased at T0 in 

hippocampus, but not changed by alcohol otherwise.

Conclusions: Altogether, these data support that microglia phenotype after alcohol dependence 

is not a simple M1 or M2 phenotype, though more indicators of an anti-inflammatory phenotype 

were observed. Determining microglia phenotype is critical for understanding their role in the 

development of AUDs.
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Introduction

Excessive alcohol consumption ranks as the #5 disease burden in 15-19-year-old adolescents 

(Gore et al., 2011). Drinking in adolescence remains unacceptably widespread: 10-40% of 

adolescents report frequent binge drinking defined as 4 or 5 drinks consumed across 2 h for 

women and men respectively that result in blood ethanol concentrations (BECs) greater than 

80 mg/dl (SAMHSA, 2019). Adolescents, however, may drink much more than that with 

growing reports of extreme binge drinking, high blood ethanol concentrations, and rates of 

alcohol use disorders (AUDs) around 6% (Clark et al., 2002; Patrick and Terry-McElrath, 

2019; van Hoof et al., 2011). Adolescent misuse of alcohol can lead to a greater likelihood 

of developing an AUD in adulthood and is more likely to result in brain damage than if 

drinking onset is delayed to adulthood (Grant, 1998; Crews et al., 2000).

The period of adolescence is a dynamic time in brain development that includes changes in 

gene expression, synaptic structure, myelination and neurotransmission in brain circuits that 

are critical for cognition, memory, emotion, and behavior (Spear, 2018). Adolescent alcohol 

exposure causes numerous changes in neuroimmune pathways, which may manifest as a 

range of consequences from altered neurogenesis and synaptic remodeling to volume loss in 

brain regions that are thought to drive the development of addiction behavior (reviewed in 

Crews et al., 2016; Guerri and Pascual, 2019; Spear, 2018). Microglia, acting as the brain’s 

resident immune cells, play critical roles in synaptic pruning and remodeling, especially 

during development (Tremblay et al., 2011). As the neuroimmune effects of alcohol are 

implicated in AUD pathogenesis in adolescence (Chastain and Sarkar, 2014; Crews et al., 

2016), and some phenotypes of “activated” microglia drive neuroinflammation (Ransohoff 

and Perry, 2009), understanding the effect of alcohol on microglia phenotype is critical for 

elucidating their specific role in adolescent susceptibility to alcohol-induced neuropathology 

and development of AUDs.

A host of approaches across human and animal model studies show that microglia are 

activated by alcohol (Barton et al., 2017; He and Crews, 2008; Marshall et al., 2013; 

McClain et al., 2011; see also reviews by Chastain and Sarkar, 2014; Crews et al., 2016; 

Melbourne et al., 2019). Microglia acquire an activated morphology during alcohol 

exposure, indicated by process shortening and thickening in microglia in alcohol-treated 

rodents, as well as in tissues from humans with AUDs (Barton et al., 2017; He and Crews, 

2008; Marshall et al., 2013; McClain et al., 2011). However, the activated state of microglial 

cells is far from a single phenotype. Similar to that described in macrophages in other 

organs, microglia activation occurs on a spectrum of activation states or phenotypes; the two 

most extreme phenotypes being the M1 proinflammatory/classically activated versus M2 

anti-inflammatory/alternatively activated (Beynon and Walker, 2012; Cherry et al., 2014). 

The proinflammatory M1 phenotypes are thought to be detrimental to the brain through 
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secondary neuronal toxicity via secretion of proinflammatory cytokines and chemokines as 

well as production of reactive oxygen species. The M2 phenotypes, however, likely promote 

tissue repair/remodeling and phagocytosis of cell debris through the secretion of anti-

inflammatory cytokines and growth factors (Beynon and Walker, 2012; Cherry et al., 2014; 

Ransohoff and Perry, 2009).

While neuroimmune activation clearly plays a role in excessive alcohol consumption in 

animal models (Agrawal et al., 2011; Blednov et al., 2012; see also Mayfield and Harris, 

2017, for review), the role of microglia specifically is not clear. Microglia have merely been 

implicated due to their role as the primary effector of the neuroimmune system coupled with 

the upregulation of proinflammatory gene expression; microglia are rarely examined 

specifically (Marshall et al., 2013; McClain et al., 2011; Melbourne et al., 2019; Peng et al., 

2017). Indeed, the morphology of microglia in brains from AUD patients is ramified, not 

amoeboid as would be expected of fully pro-inflammatory microglia (Beynon and Walker, 

2012; He and Crews, 2008). Across several groups, multiple animal models, and 

interdisciplinary approaches, the collective patterns of cytokine and growth factor protein 

expression, microglia surface marker expression, and hyper-ramified morphology support 

that alcohol exposure results in microglia that are more aligned with the M2-like 

“beneficial” end of the spectrum, at least in adult rats (Bell-Temin et al., 2013; Marshall et 

al., 2013; Peng et al., 2017; Zahr et al., 2010). However, how alcohol affects microglia 

phenotype in adolescent rats considering their enhanced susceptibility to alcohol-induced 

neurodegeneration (Crews et al., 2000) and potentially different neuroimmune reactivity 

than adult rats, is not known (Brenhouse and Schwarz, 2016; Crews et al., 2013; Doremus-

Fitzwater et al., 2015; Pascual et al., 2007; Sharma et al., 2018). Therefore, in order to 

determine microglia phenotype and expression profiles in a model of an AUD in adolescent 

rats, we used Percoll gradient centrifugation followed by flow cytometry to assess microglia 

activation states, i.e. phenotypes, in the hippocampus and entorhinal cortices at 0, 2, 4, 7 and 

14 days after a four-day alcohol binge in adolescent rats. Cytokine and regulatory molecular 

profiles in isolated microglia were then determined by real time RT-PCR.

Materials and Methods

Binge ethanol model:

All procedures were in accordance with the Guide for the Care and Use of Laboratory 

Animals and were approved by the University of Kentucky Institutional Animal Care and 

Use Committee prior to the start of experimentation. Forty-eight (n=24 control, n=24 

ethanol) male, Sprague Dawley adolescent rats (P30 at arrival, Charles River Laboratories, 

Raleigh, NC) were run as a part of three cohorts where ~4% mortality due to gavage error 

occurred. Rats were pair-housed under a 12h light:dark cycle in an AALAC-accredited 

vivarium at the University of Kentucky. While no model perfectly mimics every aspect of 

AUDs, the Majchrowicz (1975) model of alcohol dependence was chosen for its oral/gastric 

route of exposure identical to the human condition, the production of high BECs 

characteristic of binge consumption, and most specifically to compare to past work in adult 

rats (Peng & Nixon, 2017). Rats had ad libitum food and water access except during the four 

days of binge treatment. Following two days of undisturbed acclimation, rats were handled 
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for three days prior to experimentation. For the binge treatment, rats were intragastrically 

gavaged with ethanol diet (25% w/v ethanol in Vanilla Ensure Plus®, Abbott Laboratories, 

Abbott Park, IL; n=24) or an isocaloric control diet (42.75% w/v dextrose; n=24) every 8 

hours for 4 days. Initially, ethanol rats were administered 5g/kg ethanol diet and subsequent 

doses were titrated based on the rat’s intoxication behavior which was scored using a 

behavioral scale modified from Majchrowicz as described (Morris et al., 2010, supplemental 

Table 1). For each dosing session, control rats received the average volume of diet that all 

ethanol rats received. Ninety minutes following the 6th dose of ethanol, tail bloods were 

taken for blood ethanol concentration (BEC) determination, measured on an AM1 Alcohol 

Analyzer (Analox, London, UK). At 10-26 hours after their last dose, ethanol rats were 

observed for 30 minutes of each hour and withdrawal behaviors scored as in previous studies 

(Morris et al., 2010; supplement Table 2). Tissue was obtained immediately after their last 

dose of ethanol or 2, 7, or 14 days later (e.g. T0, T2, etc.). One portion of cells were stained 

for flow cytometry as described below. Extra cells were pooled for RNA extraction and real-

time RT-PCR were run in triplicate.

Isolation of microglia

As described previously (Peng et al., 2017) according to the original method of Frank (Frank 

et al., 2006), microglia were isolated from brain tissue via Percoll density gradient 

centrifugation. At one of four time points, rats were overdosed with sodium pentobarbital 

(Fatal-Plus®; Vortech Pharmaceuticals, Dearborn, MI), and perfused transcardially with 

0.9% NaCl. Brains were excised and bilateral entorhinal cortices and hippocampi were 

dissected on ice. These regions were chosen as they are targets of alcohol neurotoxicity in 

the human condition and consistently damaged in this model (Crews et al., 2000; Kelso et 

al., 2011). For each region homogenates were prepared by finely mincing tissue with a 

scalpel, homogenizing in Dulbecco’s phosphate buffered saline (PBS), pH 7.4 with a 

Wheaton Tissue grinder (Thomas Scientific, Swedesboro, NJ), and further passing the 

homogenate through a 40 μm nylon cell strainer (VWR, Batavia, IL). Homogenates were 

then centrifuged for 6 min at 400 × g and cell pellets were resuspended in 2 ml 50% isotonic 

Percoll (GE Healthcare, Piscataway, NJ). Cells were gently applied to the top of a 70% 

Percoll layer with phosphate buffered saline (PBS) layered atop of the 50% Percoll layer. 

The cells/density gradient were centrifuged for 45 min at 1200 × g (minimum acceleration 

and brake) at 20°C. Microglia were collected from the intersection of the 50% and 70% 

Percoll phases as described (Frank et al., 2006; Peng et al., 2017).

Microglia staining and flow cytometry

Isolated microglia were suspended in an incubation buffer (50 μl; 1 × PBS + 0.1%BSA) for 

30 min on ice then Fc receptors blocked with anti-CD32 (BD Bioscience, San Jose, CA). 

Fluorescent conjugated antibodies were applied on ice for 30 min in the dark to assess 

microglia purity (mouse anti-rat CD11b-FITC, BD Pharmingen, San Jose, CA; mouse anti-

rat-CD45-APC, eBioscience, San Diego, CA) and state of activation (mouse anti-rat: MHC-

II-PE, CD32-PE, CD86-PE; BD Bioscience, San Jose, CA). For CD206, cells were 

incubated in rabbit anti-rat CD206 then donkey anti-rabbit-PE secondary antibody (BD 

Bioscience, San Jose, CA). Following washes in PBS, cells were analyzed on an Attune 

Acoustic Focusing Cytometer (ABI, Carlsbad, CA) calibrated with commercially available 

Peng and Nixon Page 4

Alcohol Clin Exp Res. Author manuscript; available in PMC 2022 January 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



beads prior to each run. Fluorescence spillover compensation values were generated from 

non-stained cell populations and single-color staining controls. Isotype controls were used to 

exclude the non-specific binding of antibodies. For each staining condition, 1 × 104 events 

were collected.

RNA isolation and real-time PCR.

Total RNA was extracted from isolated microglia/macrophages with TRIZOL Reagent (Life 

Technologies, Carlsbad, CA) and mirVana miRNA Isolation Kit (Life Technologies) 

following the manufacturer’s protocols. Real-time RT-PCR was conducted with Assays-on-

Demand primers (Applied Biosystems Inc.), using a one-step quantitative Real-time RT-PCR 

system (Applied Biosystems Inc.). mRNA levels were standardized by comparison to 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). GAPDH was chosen as it is 

commonly used in alcohol-microglia studies for its stability across multiple alcohol models 

(e.g. Doremus-Fitzwater et al. 2015) and is unchanged in a 2-day binge model according to 

RNA-seq studies in isolated microglia (transcripts per million, unpublished observations). 

As with previous (Lan et al., 2012), data were analyzed utilizing the comparative threshold 

cycle method. Results were expressed as fold difference.

Statistical analyses

Data were compiled into excel and analyzed in Prism (v7, GraphPad Software, San Diego, 

CA). All data are reported as mean ± SEM. Alcohol model subject data, i.e. mean dose per 

day, mean withdrawal score, peak withdrawal score and BEC, were analyzed by one-way 

ANOVA. Data from flow cytometry and RT-PCR were compared using planned comparisons 

via T-test. Statistical significance was accepted at a p value <0.05.

Results

Binge data

Subject data for the various binge parameters are shown for each time point in Table 1. All 

binge parameters except one were statistically similar between groups and all values were 

similar to our previous report comparing withdrawal severity in adults versus adolescents in 

this model (Morris et al., 2010). Across the four day alcohol binge exposure, rats received a 

mean dose of 11.8 ± 1.1 g/kg/day ethanol. Peak blood ethanol concentrations were also 

similar between time points and averaged 404.4 ± 81.7 mg/dl, as measured on the third day 

of exposure. While BEC appeared higher than what we have observed in this model 

historically, the mean dose per day and range of BEC values were statistically similar to our 

previous reports (Marshall et al., 2013; Morris et al., 2010). Mean withdrawal in the T14 

group was significantly less than the other time point groups. Withdrawal severity, however, 

has not correlated to microglia measures in our past work, reducing our concern about the 

impact of this one value (Marshall et al., 2013; McClain et al., 2011).

Increased expression of activation markers on the surface of microglia after 4-day binge 
alcohol exposure.

Myeloid cells were isolated from bilateral hippocampi and entorhinal cortices at 0, 2, 7 and 

14 days after alcohol exposure. Time points were chosen accordance with our previous 
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report of microglial activation in the four-day binge model in adult rats (Peng et al., 2017). 

As with prior reports using this method, isolated cells were highly enriched for microglia 

and macrophages and were suitable for immediate characterization ex vivo (Frank et al., 

2006): isolated cells were >95% according to CD11b+ immunoreactivity, a microglia and 

macrophage antigen (Figure 1).

CD11b+ cells were divided into subpopulations of CD11b+CD45low “microglia” and a small 

subpopulation of CD11b+CD45high cells, which indicates fully activated CNS microglia/

macrophages, infiltrating monocytes/macrophages, or neutrophils (Bedi et al., 2013). CD11b 

and CD45 are constitutively expressed by microglia though expression increases with 

activation (Marshall et al., 2013; Morioka et al., 1992). The frequency of CD11b+CD45high 

cells increased slightly but significantly in alcohol groups (3.56% ± 2.35 at T2) versus 

controls (0.92% ± 0.32 at T2) in hippocampus (Figure 1C) and entorhinal cortex in alcohol 

rats (1.95% ± 0.61 at T0, 2.32% ± 1.49 at T2) versus control rats (1.13% ± 0.17 at T0, 

1.08% ± 0.23 at T2) (Figure 1D). Four-day binge alcohol exposure increased CD11b 

expression on microglia significantly in both hippocampus (Figure 1E) and entorhinal cortex 

at T2 (Figure 1F). Alcohol exposure also increased the expression of CD45 on CD11b
+CD45low microglia in hippocampus (Figure 1G) at T0 and T2 and entorhinal cortex (Figure 

1H) at T0, T2, and T7, all of which resolved to levels observed in controls by T14.

MHC II expression has been used to identify activated macrophage/microglia especially M1-

polarized cells (David and Kroner, 2011). Therefore, to characterize the activation state of 

microglia after ethanol exposure, we analyzed the surface expression of MHC-II on the 

CD11b+CD45low population of microglia/macrophages isolated from the hippocampus or 

entorhinal cortex at 0, 2, 7 and 14 days after alcohol exposure. The majority of CD11b
+CD45low microglia were negative for MHC-II expression. However, after 4-day binge 

alcohol exposure, the frequency of the MHC-II+ cells increased in both hippocampus and 

entorhinal cortex at T2 (from 3.04% in controls to 10.0% in EtOH, p=0.009 in hippocampus; 

from 1.87% to 6.39%, p=0.017 in entorhinal cortex; Figure 2A&B), all of which returned to 

control levels by T7 in hippocampus and by T14 in entorhinal cortex. The overall expression 

of MHC-II in CD11b+CD45high cells (activated microglia/macrophages) was much higher 

than CD11b+CD45low microglia and ethanol exposure did not affect the expression of MHC-

II in the CD11b+CD45high cell population (data not shown). We also examined two other 

M1 markers, CD86 and CD32, on CD11b+CD45low microglia isolated from the 

hippocampus and entorhinal cortex at the T2 time point. The majority of CD11b+CD45low 

microglia were negative for CD86 expression though increased expression of CD86+ cells 

was observed in hippocampus (3.96% in controls to 8.31% in EtOH, p=0.062; Figure 2C) 

and entorhinal cortex of alcohol-exposed rats (3.07% in controls to 7.53% in EtOH, 

p=0.015; Figure 2E). We also observed increased expression of CD32+ cells in hippocampus 

(17.96% in controls to 46.89% in EtOH, p=0.008; Figure 2D); and in entorhinal cortex in 

alcohol animals (15.90% in controls to 51.58% in EtOH, p=0.007; Figure 2F).

To identify M2 microglia, the prototypical anti-inflammatory surface marker CD206 

(macrophage mannose receptor 1), was used (Bedi et al., 2013; Beynon and Walker, 2012; 

Cherry et al., 2014). After alcohol exposure, the frequency of the CD206+ cells in CD11b
+CD45low microglia increased at the T2 time point in hippocampus (3.72% in controls vs. 
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9.7% in EtOH, p=0.015; Figure 3A) and in entorhinal cortex of alcohol-exposed rats (3.09% 

in controls vs. 7.25% in EtOH, p=0.042; Figure 3B). The expression frequency of CD206+ 

cells in CD11b+CD45low microglia resolved to control levels by T7 in hippocampus. 

However, we still observed a slight increase in CD206+ cells in CD11b+CD45low microglia 

isolated from entorhinal cortex of alcohol rats at T7 (2.52% in controls to 4.63% in EtOH, 

p=0.014; Figure 3B) which resolved to control levels at T14. The overall expression of 

CD206 on CD11b+CD45high activated microglia/macrophages is much higher than CD11b
+CD45low microglia although four day binge alcohol exposure did not affect CD206 

expression on the CD11b+CD45high cell population (data not shown).

Cytokine and growth factor profile in isolated microglia after four-day binge exposure

Activated microglia have been shown to release pro-inflammatory or anti-inflammatory 

cytokines, chemokines and growth factors, and several studies have demonstrated that 

alcohol exposure induces an inflammatory response based on the assessment of pro-

inflammatory factors both in situ and in cell culture models. However, anti-inflammatory 

factors are rarely examined. Therefore, in this study, we examined gene expression of a 

broader array of immune molecules important for determining microglia function in fresh 

Percoll-enriched microglia. The levels of mRNA encoding pro-inflammatory cytokine/

chemokines TNF-α, CCL2, IL-1β, and IL-6, growth factors BDNF, IGF-1 and TGF-β and 

M2-like marker, arginase, were quantified by real-time RT-PCR. After binge exposure 

overall expression of pro-inflammatory genes (TNF-α, CCL2, IL-1β, and IL-6) was 

decreased significantly in microglia isolated from both hippocampus (Figure 4A-D) and 

entorhinal cortex (Figure 4 E-H) at both T2, T7, and T14 compared to control. Exceptions 

include a slight but not statistically significant decrease in IL-1ß and IL-6 in the 

hippocampus at T14. Strikingly, immediately after the last dose (T0) and notably while the 

animals were still intoxicated, IL-6 was increased over 3-fold in both hippocampus (Figure 

4A) and entorhinal cortex (Figure 4G) while TNF-α was unchanged versus controls in both 

regions (Figure 4D, 4H). Interestingly, ethanol also decreased expression of anti-

inflammatory cytokine TGF-β in microglia isolated from both hippocampus (Figure 5C) and 

entorhinal cortex (Figure 5G) at all time points examined. Simultaneously, BDNF expression 

was initially unchanged at T0 then increased significantly in microglia isolated from 

hippocampus (2.75 ± 0.06-fold compared to control microglia, p<0.01; Figure 5A) and 

entorhinal cortex (1.89 ± 0.63-fold compared to control microglia, p<0.01; Figure 5E) of 

alcohol rats at T2. Microglia isolated at T7 also showed increased BDNF expression after 

alcohol exposure (1.53 ± 0.06-fold, p<0.01 for hippocampus, 1.60 ± 0.03 folds, p<0.01 for 

entorhinal cortex) though the fold change was not as high as at T2, values which returned to 

control levels at T14. In contrast, a decrease in IGF1 expression was detected in microglia 

from both hippocampus (Figure 5B) and entorhinal cortex (Figure 5F) of alcohol-exposed 

rats at T2, T7 and T14, but only hippocampus at T0. Finally, arginase was increased over 4-

fold (p<0.01) in microglia from hippocampus at T0 only (Figure 5D).

Discussion

Excessive alcohol consumption, the hallmark of an AUD, damages the brain (Crews and 

Nixon, 2009), however, the specific cellular mechanisms that drive these pathologies remain 
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poorly understood. Neuroimmune activation, and specifically microglia activation, a central 

figure in the neuroimmune response under alcohol exposure and in secondary neurotoxic 

cascades in other neurodegenerative disorders, has logically been implicated in AUD 

pathogenesis (Chastain and Sarkar, 2014; Crews and Nixon, 2009; Mayfield and Harris, 

2017). In this study, we evaluated the effects of 4-day binge alcohol exposure in adolescent 

rats on macrophage/microglia polarization by flow cytometry and real-time RT-PCR. 

Utilizing Percoll gradient centrifugation, microglia/macrophages were isolated and their 

polarization state was characterized by examining the expression of MHC-II, CD32, and 

CD86 as M1 surface markers versus CD206 as an M2 surface marker. We found that four-

day binge alcohol exposure activated microglia according to significant increases in both M1 

and M2 markers on microglia isolated from the hippocampus and entorhinal cortex, with the 

most dramatic effects observed at T2. While the timing of these major effects was generally 

similar to our previous report in adult male rats (Peng et al., 2017), some effects such as 

increased CD45 expression (as indicated by mean fluorescent intensity; MFI) and increased 

CD206+ microglia in entorhinal cortex persisted longer in adolescents, which may suggest 

an enduring activation state in adolescents versus adults although this study did not directly 

compare ages. Alcohol exposure in the four-day binge paradigm, significantly increased 

CD11b (complement receptor 3) expression on microglia isolated from both hippocampus 

and entorhinal cortex (Figure 1E-F), which aligns with our previous report of increased 

CD11b immunoreactivity in adult rats using immunohistochemistry (Marshall et al., 2016; 

Marshall et al., 2013). Data here support a transient upregulation of complement receptor 3, 

a common early step in neuroimmune activation, which we have observed to be persistently 

increased for months using immunohistochemistry (Marshall et al., 2016; Marshall et al., 

2013). These data also align with reports of other microglial markers that are upregulated 

due to alcohol activating microglia (Barton et al., 2017; He and Crews, 2008; McClain et al., 

2011; Sanchez-Alavez et al., 2019).

A variety of changes and interesting lack of effect of alcohol were observed for gene 

expression. During intoxication at T0, IL-6 gene expression is initially increased in 

microglia of both hippocampus and entorhinal cortices before dropping to below controls at 

almost all other timepoints. The alternative activation marker, arginase, was also only 

increased at T0 in hippocampal microglia and no other time point or regions. Intriguingly, 

four-day binge alcohol exposure decreased gene expression of pro-inflammatory cytokines 

TNF-α, CCL2, IL-1β, and IL-6 but also growth factors IGF-1 and TGF-β in microglia 

isolated from hippocampus and entorhinal cortex at 2- and 7-days post binge compared to 

controls. Simultaneously, increased BDNF gene expression was observed in microglia 

isolated at T2 and T7 compared to controls. Some changes in gene expression are consistent 

with our previous reports including no change in TNF-α protein expression in the 

hippocampus of adolescent rats at T2 (McClain et al., 2011) or at any time point in adult rats 

(Marshall et al., 2013), and a decreased in IL6 was observed at T2 for hippocampus only 

(Marshall et al., 2013). As gene expression does not always predict protein, BDNF protein 

expression was not changed in this same adolescent AUD model, though increased BDNF 

has been observed in adult alcohol models and correlates to microglia number (McClain et 

al., 2011; McClain et al., 2014; Marshall et al., 2016). Altogether, these effects on gene 

expression coupled with phenotypic surface marker expression support that four-day binge 

Peng and Nixon Page 8

Alcohol Clin Exp Res. Author manuscript; available in PMC 2022 January 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



alcohol exposure does not polarize microglia towards purely M1-like or M2-like states, but 

along a spectrum, as has been suggested in other fields (Ransohoff, 2016). Microglia 

phenotypes may be more of a disease specific signature (Butovsky and Weiner, 2018), and 

as such these data support more of an anti-inflammatory state, which is consistent with a 

number of past reports in rat models (Barton et al., 2017; Bell-Temin et al., 2013; Marshall 

et al., 2013; Zahr et al., 2010). While these data support neuroimmune activating effects of 

alcohol, they do not necessarily support a role of microglia in pro-inflammatory effects in 

AUD models. Further, determining microglia phenotype is critical for understanding the 

specific role of these cells in adolescence, a critical window in innate immune system 

activation driven effects on adult behavior, such as the development of AUDs.

These data provide evidence that alcohol activates the neuroimmune system in rodent 

adolescent models of an AUD. Many groups equivocate alcohol activating microglia with 

“neuroinflammation,” but without examining the phenotype or phenotypic signature of 

microglia in AUD models, it is not clear what role microglia play as either cause or 

consequence of alcohol neurotoxicity (Melbourne et al., 2019). Many of the above results 

indicate a reparative or anti-inflammatory state, not a pro-inflammatory state of microglia 

after alcohol dependence. An over two-fold increase in the number of microglia expressing 

the M2-marker CD206 (mannose receptor), coupled with decreases in pro-inflammatory 

cytokine gene expression but increases in growth factor gene expression were observed in 

microglia isolated from the hippocampus and entorhinal cortex at 2 and 7 days after the last 

dose of alcohol (Fig 3-5). Considering the severity of this model, including past observations 

of degeneration (e.g. Crews et al., 2000), it is striking that limited pro-inflammatory indices 

are observed. Collectively, these measures support that microglia and/or their activation are 

driving a more reparative state during the first week after alcohol exposure. Alternatively, 

the lack of pro-inflammatory state could also reflect a blunted neuroimmune response, 

which has been suggested by rapid gene expression changes after an acute dose of alcohol 

(Doremus-Fitzwater et al., 2015). Acutely, it is well-accepted that alcohol blunts peripheral 

immune responses (e.g. Nelson et al., 1989). However, the four-day binge model, though the 

first ethanol experience, is a characterized by repeated binge-like exposure with intervals 

where BEC approaches zero, not a single acute exposure. Furthermore, the model results in 

cell death in corticolimbic regions that causes the release of the damage-associated 

molecular pattern (DAMP), High Mobility Group-Box 1 (HMGB1), which is thought to be 

secreted by degenerating neurons to elicit neuroimmune activation (Crews et al., 2016; 

Vetreno and Crews, 2012; Wang et al., 2015). Considering the HMGB1 release in this model 

and data presented above, a blunting of the immune response is not consistent with the 

neuroimmune activating events evident in this more chronic four-day exposure.

Several reports support a strong, causal tie between neuroimmune activation and excessive 

alcohol drinking (Agrawal et al., 2011; Blednov et al., 2012; Warden et al., 2020); see also 

for review (Mayfield and Harris, 2017), however, the role of microglia specifically in 

mediating alcohol-induced neurodegeneration in AUDs has been less clear (Melbourne et 

al., 2019; Walter and Crews, 2017). Most compelling, in human brain tissue, the morphology 

of microglia is not amoeboid, but ramified, which suggests that microglia are not cytotoxic 

M1-like or fully activated to a pro-inflammatory state (He and Crews, 2008). Furthermore, 

the time course of alcohol-induced cell death versus microglia activation does not support a 
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causal role of microglia driving alcohol-induced neuronal toxicity in rat models (Crews et 

al., 2000; Kelso et al., 2011; Marshall et al., 2013). In this model, neurons die via necrosis 

(Obernier et al., 2002), which releases DAMPs such as HMGB1 (Wang et al., 2015) and 

likely ATP that activate microglia and neuroimmune signaling (Asatryan et al., 2018; 

Coleman et al., 2018; Crews et al., 2013; Gofman et al., 2014; Zou and Crews, 2014). ATP 

activated purinergic P2X4 or P2X7 receptors are endogenously expressed in microglia and 

known to modulate microglia activity (e.g. Monif et al., 2009). ATP activates P2X4Rs with 

lower (0.1 mM) concentrations, but is sufficient to trigger BDNF release (Ullman et al., 

2008). P2X7 receptors are activated at higher (>1.0 mM) ATP concentrations, which triggers 

microglia migration, proliferation and modulates the release of pro-inflammatory cytokines 

such as IL-1ß and TNF-α (Suzuki et al., 2004; Monif et al., 2009; Clark et al., 2010). P2X4 

or P2X7 receptors have been shown to regulate alcohol-induced responses in microglia 

(Gofman et al., 2014; Asatryan et al., 2018), which leads to the speculation that 4-day binge 

alcohol exposure may activate P2X4 receptors but not P2X7Rs, and thus increase BDNF but 

decrease proinflammatory cytokine IL-1ß, TNF-α expression. ATP release or purinergic 

receptors have not been examined in the binge model of an AUD, but these make for 

intriguing future directions for how alcohol activates microglia. Some groups have shown 

that alcohol acts directly on microglia through toll-like receptor 4 (TLR4; Alfonso-Loeches 

et al., 2010). However, astrocytes also have TLR4 receptors through which they become 

activated by alcohol (Blanco et al., 2005). Besides astrocytes and microglia, endothelial 

cells, oligodendrocytes, and neurons also secrete immune effectors in the brain. Indeed, 

astrocytes are highly activated in the hippocampus and entorhinal cortex of the current AUD 

model used (Kelso et al., 2011), therefore astrocytes may play a primary role in the pro-

inflammatory actions of alcohol (Blanco et al., 2005). This point is why Percoll gradient 

centrifugation was used to isolate the entire microglia/macrophage population from regions 

of interest (hippocampus and entorhinal cortex), in order to provide cell-specific analysis of 

microglia phenotypic markers and function.

Percoll density gradient centrifugation allowed for rapid isolation of myeloid cells from 

brain tissue, which include microglia and may include brain parenchymal macrophages, as 

well as myeloid cells from circulating blood. While the initial saline perfusion excluded the 

majority of circulating myeloid cells in the brain vessels, a slight increase in the frequency 

of CD11b+CD45high cells in ethanol group versus control animals was observed (Figure 

1C&D). CD11b+CD45high cells are thought to be endogenous CNS macrophages. 

According to studies of various brain injury models, post insult, CD11b+CD45high cells 

appear to be a mixed population of pro-inflammatory myeloid cell types, including 

infiltrating monocytes/macrophages, activated CNS parenchymal microglia/macrophages 

and potentially a few neutrophils and dendritic cells (Bedi et al., 2013). In this case, these 

CD11b+CD45high cells are likely activated CNS microglia/macrophages though there is no 

evidence of blood brain barrier compromise in the four-day binge model used (Marshall et 

al., 2013). In conditions with an established neuroinflammatory state, e.g. stroke, traumatic 

brain injury, viral, bacterial, or autoimmune diseases, activated immune cells in the blood are 

capable of crossing a compromised blood brain barrier (BBB) into the parenchyma. 

Although some evidence suggests that alcohol consumption may compromise the BBB 

(Haorah et al., 2005), little immune cell extravagation was observed under alcohol exposure 
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(Peng et al., 2017) and no increases in IgG immunoreactivity have been reported (Marshall 

et al., 2013).

Alcohol has greater damaging effects on the adolescent brain (Crews et al., 2000) and the 

neuroimmune response is thought to play a role in adolescent alcohol drinking leading to 

greater severity of adult alcohol-related problems (Crews et al., 2013). This point 

immediately leads one to question whether there are developmental differences in microglia 

between adults and adolescents. Although direct comparisons are few, some groups have 

shown PND 28 to be very similar to adults while others describe subtle differences between 

mid-adolescence (PND 28-42) and adulthood (>PND 60; Brenhouse and Schwarz, 2016; 

Crews et al., 2019; Dubbelaar et al., 2018). Microglia number and distribution across the 

hippocampus peak during the second or third postnatal week, declining rapidly during the 

third and fourth week (Kim et al., 2015; Nikodemova et al., 2015), the latter of which 

corresponds to the early adolescence. Between PND 35-39 when we exposed rats to ethanol, 

there is only a modest decrease in microglia number versus adulthood (Kim et al., 2015). 

While microglia number in the hippocampus correlated to sensitivity to seizure triggers 

across the first postnatal weeks (Kim et al., 2015), several other relevant signaling factors 

and receptors also peak around adolescence which may better explain the sensitivity 

(reviewed in Spear, 2018). Importantly, withdrawal severity is remarkably similar in 

adolescents and adults in the Majchrowicz model and the timing of peak cell death at T0, 

prior to withdrawal, rules out alterations in microglia number driving differences through 

seizure severity (Morris et al., 2010). Further, microglia loss occurs across the 4-days in both 

adults and adolescents (Marshall, McClain et al., 2020). The Majchrowicz model in 

adolescent rats, however, has limitations as it models a more restricted population of 

adolescents, those with an AUD. This model was chosen to compare to past work in adult 

rats as the Majchrowicz model overcomes slight pharmacokinetic differences between adult 

and adolescent rats (Morris et al., 2010; Peng & Nixon, 2017).

Microglia in the adolescent brain may react more strongly than in adults (e.g. Figure 3, 

Brenhouse and Schwarz, 2016). Cytokine expression peaks in early adolescence at PND25 

and drops across maturation to PND55, the pattern of which mirrors reports of increased 

reactivity of microglia in adolescents versus adults (Brenhouse and Schwarz, 2016). 

Adolescents may have increased neuroimmune activation, depending on the marker 

examined though effects vary by brain region, sex, and time examined (Sharma et al., 2018). 

In one of the few direct comparisons, CCL2 mRNA was increased more in adolescent rats 

versus adults, but the effect correlated to BEC which was higher in adolescents as they drank 

more ethanol (Harper et al., 2015). Ethanol pharmacokinetics differ slightly between adults 

versus adolescents which requires a model that can overcome these differences to produce 

similar BEC, one of the reasons why the Majchrowicz 4-day binge model was employed in 

the current study (Morris et al., 2010). It is of note that during development, microglia are 

much more likely to be “primed,” or become hyper-sensitive to subsequent insult (Ransohoff 

and Perry, 2009). Developmental susceptibility to priming is evident after early life stress, 

fetal infection, pain and opiate exposure but it is unclear the point at which adult reactivity is 

reached (Bilbo and Schwarz, 2009). Direct evidence of microglia priming shows that it 

continues through adolescence for drugs of abuse (Schwarz and Bilbo, 2013), and evidence 

of priming – the heightened response to subsequent insult - is clear in adult alcohol exposure 
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(Marshall et al., 2016). Although demonstrating the increased reaction of microglia to a 

second insult is necessary to truly support that they are primed (as in Marshall et al., 2016 in 

adults), changes consistent with a low level of activation such as upregulation of 

complement receptor 3 (OX42), Iba-1 densitometry, and/or hyper-ramified morphology have 

been used to identify microglia that are likely primed (Ransohoff and Perry, 2009; Barton et 

al., 2017). To date, adolescent susceptibility to alcohol priming microglia has only been 

reported in preliminary form (Peng & Nixon, unpublished observations). It is of note that 

our observations of long-term, low levels of activation in microglia that are not fully M1 or 

pro-inflammatory, predict that microglia are primed by excessive alcohol exposure in 

adolescent models (McClain et al., 2011; Marshall et al., 2016; Peng et al., 2017). The 

implications of alcohol priming microglia in adolescence are concerning. Priming of 

microglia alters developmental trajectories for brain, behavior, and immune function (Bilbo 

and Schwarz, 2009; Ganguly and Brenhouse, 2015; Mouihate et al., 2010). Thus, microglia, 

even while merely in a primed state, can have a long-term impact on development, plasticity 

and behavior (Brenhouse and Schwarz, 2016).

In sum, alcohol exposure in the Majchrowicz four-day binge model has neuroimmune 

activating effects specifically on microglia, but not to a fully pro-inflammatory or M1-like 

phenotype even in regions known to be damaged by alcohol in adolescent male rats. 

Definitions of microglia phenotype and their relationship to function as well as dysfunction 

in disease are evolving (Ransohoff & Perry, 2009; Ransohoff, 2016; Butovsky and Weiner, 

2018; Melbourne et al., 2019). While potential phenotypes are discussed according to the 

macrophage terminology of M1-like to the M2-like spectrum, alcohol - and perhaps the 

different phases of alcoholism - likely has its own disease signature (Butovsky and Weiner, 

2018; Warden et al., 2020). These data highlight the complexity of microglia reactivity in 

disease: multiple phenotypes of microglia were observed and across the spectrum of M1 to 

M2-like markers. While these neuroimmune effects appear to produce a phenotype that is 

more M2-like and perhaps reparative microglia, these descriptors coincide with the 

definition of microglia being primed (Ransohoff and Perry, 2009). Priming microglia in the 

adolescent brain can have long term-detrimental effects on adult brain and behavior 

(Brenhouse and Schwarz, 2016). Alcohol activating or priming microglia may result in the 

derangement of neuroimmune signaling on neuronal activity, alter the trajectory of 

adolescent brain development or remove microglia from their homeostatic roles and impair 

plasticity (Melbourne et al., 2019; Tremblay et al., 2011). Thus, despite their putative 

reparative phenotype, much remains to be understood about the impact of primed microglia 

during adolescence on adult brain and behavior.
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Figure 1. Flow cytometry analysis of Percoll-isolated microglia from 4-day binge alcohol 
exposure adolescent rats.
Male adolescent rats were gavaged with 25% (w/v) ethanol or isocaloric control diet every 8 

hours for 4 days following a modified Majchrowicz protocol. Rats were sacrificed 2 days 

later and microglia were isolated from hippocampal and entorhinal cortex (E-Cortex) 

homogenates through Percoll density gradient centrifugation. Cells were labeled with 

microglia surface antigens and analyzed by flow cytometry. A. Isolated microglia exhibited 

highly uniform light scattering properties. Gate R1 circumscribes the cell population and 

excludes any remaining myelin debris or aggregates based on scatter characteristics. B. Both 

CD11b+CD45lo microglia (R5) and CD11b+CD45hi (R3) were evident after excluding 
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debris, aggregates, and CD11b− cells from the analysis (R2 and R4). C-D. The relative 

frequencies of the CD11b+CD45hi cell populations varied between control and ethanol in 

hippocampus (C) and entorhinal cortex (D) after 4-day binge exposure. E-H. Mean 

fluorescent intensity (MFI) of CD11b and CD45 expression on CD11b+CD45lo microglia. 

Data presented show MFI of CD11b (E&F) and CD45 (G&H) on CD11b+CD45lo microglia 

isolated from control and alcohol rat hippocampus (E&G) and entorhinal cortex (F&H) as a 

percent of control. *p<0.05 versus respective control.
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Figure 2. Increased expression of MHC II, CD86, CD32 on CD11b+CD45lo cells after a four-day 
binge alcohol exposure.
A-B. The percentage of MHC II+ cells within CD11b+CD45lo microglia varied significantly 

between control and alcohol-exposed rat hippocampus (A; left panels) and entorhinal cortex 

(B; right panels). C, E. The percentage of CD86+ cells within CD11b+CD45lo microglia at 

T2 varied significantly between control and alcohol-exposed rat hippocampus (C) and 

entorhinal cortex (D). D, F. The percentage of CD32+ cells within CD11b+CD45lo microglia 

at T2 varied significantly between control and alcohol-exposed rat hippocampus (D) and 

entorhinal cortex (F). * p<0.05 versus respective control.
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Figure 3. Increased expression of CD206 on CD11b+CD45lo cells after four-day binge alcohol 
exposure.
A-D. The percentage of CD206+ cells within CD11b+CD45lo microglia varied significantly 

between control and alcohol-exposed rat hippocampus (A) and entorhinal cortex (B). * 

p<0.05 versus respective control.
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Figure 4. Expression profiles of proinflammatory cytokines in isolated microglia.
A-H. Total RNA was extracted from Percoll-enriched microglia from hippocampus (A-D) or 

entorhinal cortex (E-H) of control (n=8 pooled) and alcohol (n=8 pooled) group rats. mRNA 

expression was determined for CCL2 (A, E), IL-1β (B, F), IL-6 (C, G), TNF-α (D, H) by 

real-time RT-PCR. The results are expressed as folds of control rats. *p<0.05 versus 

respective control.
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Figure 5. Expression profiles of growth factors in isolated microglia.
A-H. Total RNA was extracted from Percoll-enriched microglia from hippocampus (A-D) or 

entorhinal cortex (E-H) of control (n=8 pooled) and alcohol (n=8 pooled) group rats. mRNA 

expression was determined for BDNF (A, E), IGF-1 (B, F), TGF-β (C, G) and Arginase 

(D,H) by real-time RT-PCR. The results are expressed as folds of control rats. *p<0.05 

versus respective control.
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Table 1:

Binge Data

Time Point
(Days post E) N BEC (mg/dL) Peak

Withdrawal
Mean

Withdrawal
Dose

(g/kg/day)

0 6 408.4 ± 54.7 n/a n/a 11.2 ± 1.3

2 8 388.5 ± 123.5 3.5 ± 0.3 1.9 ± 1.0 11.9 ± 0.9

7 6 431.0 ± 47.4 3.4 ± 0.3 1.1 ± 0.7 11.9 ± 1.4

14 4 390.0 ± 66.7 3.1 ± 0.4 0.9 ± 0.3* 12.4 ± 0.5

BEC = Blood ethanol concentration

Alcohol Clin Exp Res. Author manuscript; available in PMC 2022 January 11.


	Abstract
	Introduction
	Materials and Methods
	Binge ethanol model:
	Isolation of microglia
	Microglia staining and flow cytometry
	RNA isolation and real-time PCR.
	Statistical analyses

	Results
	Binge data
	Increased expression of activation markers on the surface of microglia after 4-day binge alcohol exposure.
	Cytokine and growth factor profile in isolated microglia after four-day binge exposure

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1:

