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Abstract

Background—Adolescence is a critical period for neural development and alcohol exposure 

during adolescence can lead to an elevated risk for health consequences as well as alcohol use 

disorders. Clinical and experimental data suggest that chronic alcohol exposure may produce 

immunomodulatory effects that can lead to the activation of proinflammatory cytokine pathways 

as well as microglial markers. The present study evaluated, in brain and blood, the effects of 

adolescent alcohol exposure and withdrawal on microglia and on the most representative pro and 

anti-inflammatory cytokines and major chemokines that can contribute to the establishing of a 

neuroinflammatory environment.

Methods—Wistar rats (males, n=96) were exposed to ethanol vapors, or air control, for 5 weeks 

over adolescence (PD 22–58). Brains and blood samples were collected at three time points: 1) 

after 35 days of vapor/air exposure (PD58); 2) after 1 day of withdrawal (PD59), and 3) 28 days 

after withdrawal (PD86). The ionized calcium binding adapter molecule 1 (Iba-1) was used to 

index microglia activation, and cytokine/chemokine responses were analyzed using Magnetic 

Bead Panels.

Results—After 35 days of adolescent vapor exposure, a significant increase in Iba-1 

immunoreactivity was seen in: amygdala, frontal cortex, hippocampus and substantia nigra. 

However, Iba-1 density returned to control levels at both 1 day and 28 days of withdrawal except 
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in the hippocampus where Iba-1 density was significantly lower than controls. In serum, 

adolescent ethanol exposure induced a reduction of IL-13 and an increase in fractalkine at day 35. 

After 1 day of withdrawal IL-18 was reduced, and IP-10 was elevated, whereas both IP-10 and 

IL-10 were elevated at 28 days following withdrawal. In the frontal cortex adolescent ethanol 

exposure induced an increase of IL-1β at day 35, and 28 days of withdrawal, and IL-10 was 

increased after 28 days of withdrawal.

Conclusion—These data demonstrate that ethanol exposure during adolescence produces 

significant microglial activation, however, inflammatory markers seen in the blood appear to differ 

from those observed in the brain.
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Introduction

Alcohol use and binge drinking among adolescents is associated with increased health risks 

(Miller et al., 2007), and enhanced propensity for the development of alcohol use disorders 

(AUD) in later life (Dawson et al., 2008; Ehlers et al., 2006; Hingson et al., 2006; Johnston 

et al., 2009). Adolescence is a critical period for the onset of binge drinking, and alcohol 

exposure during this time has been demonstrated to produce persistent alterations in neural 

development, behavior and drinking levels in adulthood in several rodent models (see 

(Alaux-Cantin et al., 2013; Crews et al., 2016; Crews et al., 2019; Maldonado-Devincci et 

al., 2010; Spear, 2016; Spear, 2018; Spear and Swartzwelder, 2014)).

Adolescence is also a period of significant cortical modification (Gogtay et al., 2004) that 

coincides with increases in vulnerability to the effects of excessive alcohol exposure on 

behavior and memory (Hermens and Lagopoulos, 2018). We have shown, using an alcohol 

vapor exposure model, that alcohol exposure during adolescence can lead to deficits in 

several physiological and behavioral responses in rats that persist into adulthood (Amodeo et 

al., 2018; Ehlers et al., 2011; Ehlers et al., 2013a). We have also shown, in young adult 

humans and in rats, that alcohol exposure during adolescence can cause a delay in the 

development of age associated increases in cortical connectivity (Ehlers et al., 2019). These 

data are also supportive of findings that show changes in neural connectivity as indexed by 

fMRI in cortical and subcortical structures following adolescent alcohol exposure in rats 

(Broadwater et al., 2018), and deficits in connectivity and neuropsychological performance 

in human adolescents with early age of onset drinking (Nguyen-Louie et al., 2018).

The brain mechanisms that underlie neural developmental changes associated with 

adolescent alcohol exposure remains under studied. However, clinical and experimental data 

suggest that alcohol may be an immunomodulatory agent (Afshar et al., 2015; Szabo and 

Mandrekar, 2009). Alcohol exposure can impact systemic and brain innate immune 

signaling leading to activation of proinflammatory cytokine pathways (Szabo and Saha, 

2015), variation in serum cytokine levels (Gonzalez-Quintela et al., 2000; Neupane et al., 

2016), and induction of neuroinflammation (Crews et al., 2017; Crews et al., 2015; de 

Timary et al., 2017; Qin et al., 2008).
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Preclinical studies have demonstrated that in some cases, following alcohol exposure, that 

immune proteins act as important signaling molecules in the brain in addition to their role in 

the periphery (Crews et al., 2006; Szabo and Lippai, 2014). For example, repeated cycles of 

exposure and/or larger doses of alcohol (Crews, 2008; Peng et al., 2017; Zahr et al., 2010; 

Marshall et al., 2016; Zhao et al., 2013) are known to produce a long lasting induction of 

neuroimmune genes as well as increases in levels of serum cytokines (Crews and Vetreno, 

2016; Doremus-Fitzwater et al., 2014; Doremus-Fitzwater et al., 2018; Zou and Crews, 

2010). Several preclinical studies have additionally demonstrated that adolescent alcohol 

exposure can also induce neuroinflammatory changes (see (Crews and Vetreno, 2011; Crews 

et al., 2016; Guerri and Pascual, 2018; Montesinos et al., 2016; Pascual et al., 2018)).

More recently, it has been posited that microglia may act as important modulators of alcohol 

neurotoxicity (Chastain and Sarkar, 2014; Henriques et al., 2018). Microglial activation has 

been demonstrated to occur in adult rodents after chronic alcohol exposure and also 

following withdrawal (Marshall et al., 2013; McClain et al., 2011; Sanchez-Alavez et al., 

2018). In clinical studies, that evaluated the post-mortem brains of persons with a lifetime 

diagnosis of alcoholism, the microglia activation marker, Iba-1, was also shown to be 

increased (Crews and Vetreno, 2016; He and Crews, 2008). However, the extent to which 

microglia and cytokine markers are impacted during adolescent exposure to alcohol is less 

known. Also, it is not clear how more moderate alcohol doses may affect both blood-based 

markers of inflammation as well as brain signaling measures following adolescent alcohol 

exposure. Additionally, the relationship between microglial activation, as indexed by Iba-1, 

and other immune signaling molecules following exposure and protracted withdrawal has 

been little studied.

The specific aims of the current study were to investigate the time course of microglial 

activation, as well as chemokine and cytokine signaling in blood and in frontal cortex, 

following chronic adolescent alcohol exposure and withdrawal in young adult Wistar rats. In 

this study we measured the levels of IL-1α, IL-1β, IL-12 IL-17, IL-18 and TNF which are 

some of the most critical pro-inflammatory cytokines known to initiate and sustain 

inflammation. The levels of IL-4, IL-5, IL-10 and IL-13, that can reduce inflammation by 

reducing the amount of pro-inflammatory molecules, were also measured. Finally, the 

chemokines eotaxin, fractalkine, IP-10, LIX and RANTES were measured because of their 

role as a chemoattractant in the recruitment of leukocytes that can contribute to local 

inflammatory responses. Notably, some of these modulators of inflammation can also affect 

the function of neuronal receptors. For instance, IL-1β can increase phosphorylation of the 

NR2B subunit of the NMDA receptor resulting in an increase in neuronal excitability 

(Balosso et al., 2008). Similarly, the anti-inflammatory cytokine IL-10 is capable of 

regulating GABAergic transmission in dentate gyrus neurons by lowering excitability and 

changing LTP responses (Kelly et al., 2001).

Experimental Procedures

Animal subjects

Ninety-six adolescent male Wistar rats, from Charles River (USA), arrived with their dams 

and were weaned on postnatal day (PD) 21. Rats were housed in groups of 3 in standard 
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plastic cages in a temperature and light controlled room with a 12h light/dark cycle. Ad 
libitum food and water were available. These procedures were approved by The Scripps 

Research Institute’s Animal Care and Use Committee and additionally adheres to the 

guidelines outlined in the NIH Guide for the Care and Use of Laboratory Animals (NIH 

publication No. 80–23, revised 1996).

Alcohol vapor exposure

Alcohol was administered by infusing sealed chambers with alcohol vapor. The alcohol 

vapor inhalation chambers and the experimental procedures used in this study have been 

described previously (Ehlers et al., 2011; Slawecki, 2002). For this study the alcohol vapor 

chambers were adjusted to sustain blood alcohol levels between 150–200 mg/dL. These 

blood levels represent levels that would be achieved in binge drinking adolescents (Ehlers et 

al., 2019). Rats exposed to this intermittent alcohol vapor exposure protocol were monitored 

to determine that blood ethanol concentrations (BEC) were within the target range. 

Following each BEC measurement, adjustments were made as appropriate. The day after 

arrival, rats were divided into four groups of 24 rats each. Adolescent rats were exposed to 

alcohol vapor in two separate groups of 24 rats each with their own air exposed control 

group of 24 rats. Tissue from one vapor/control pair was used for microglia staining and the 

other for cytokine assays (n=8 for each time point). Alcohol chambers were infused with 

vaporized 95% alcohol for 14 hours from 20:00 to 10:00. Alcohol vapor was not infused into 

the chambers for the rest of the 24-hour cycle. Rats were exposed to vapor for 35 days over 

the peri-adolescent period, (PD 22–58). Although this does not simulate all the patterns of 

binge drinking typically seen in human adolescents it does allow for coverage of the entire 

adolescent period in the rat that in the human would span over 10 years.

Over the course of the 5-week vapor exposure, blood samples were collected every 3–4 

days, at 0:800, from the tip of the tail in both alcohol and the control rats, in order to 

determine BECs (5-week average, microglia group: 177.1 ± 7.9 mg/dL; cytokine group: 

183.3 ± 8.0 mg/dL). BECs were quantitated using the Analox micro-statAM1 (Analox Instr. 

Ltd., Lunenberg, MA). After the alcohol exposure period all rats were housed in standard 

caging for the rest of the experiment.

Tissue collection and preparation for assay

Blood serum and brain samples were collected from the rats at 3 time-points during and after 

the 5-week adolescent alcohol vapor exposure or control conditions. The time points used 

were: after 35 days of vapor/air exposure (PD58), 24 hours after the withdrawal (PD59) and 

28 days after withdrawal (PD86). Withdrawal is the period after termination of ethanol vapor 

exposure at which the rats were returned to the vivarium, where they remained until sacrifice 

at 24 hours and 28 days after alcohol cessation. For each time point, rats were terminally 

anesthetized with Fatal-Plus and then a blood sample was obtained using cardiac puncture. 

The animals were then promptly perfused with phosphate buffered saline (PBS) to remove 

excess blood from the brain.

To prepare the tissue for Multiplex assay, as described previously (Sanchez-Alavez et al., 

2018), one hemisphere, chosen randomly, of flash frozen brain tissue from 48 of the rats 
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were homogenized in RIPA buffer (Thermo Fisher Scientific, cat#89900) and Halt Protease 

Inhibitor Cocktail (Thermo Fisher Scientific, 1X-cat#87786). Resulting homogenized 

samples were then cooled on ice and gently agitated before being centrifuged at 14,000 xg 

for 15 minutes at 4° C, with the supernatant separated and stored for the assays.

Immunohistochemical analysis of microglial activation

One half of the brain from the 48 rats was used for the evaluation of microglial activation 

using Iba-1 DAB immunohistochemical analysis. Using a Leica cryostat 35-μm brain slices 

were obtained. Endogenous peroxidases were neutralized using a 3% hydrogen peroxide 

with 0.1 M phosphate buffer (PB) solution for 15 min. Sections were then washed with 0.1 

M PB twice and blocked in a 0.1 PB solution with 5% normal goat serum, 1% BSA, and 

0.1% Tween. Sections were then incubated with primary antibody rabbit anti-Iba-1 (1:500, 

Wako, cat# 019–19741) overnight at 4 °C in blocking buffer. After incubation, brain sections 

were then washed three times with BSA (0.5% in 0.1 M PB) and incubated for 1 hour at 

room temperature using a secondary antibody (biotinylated goat-anti rabbit, 1:400, Vector 

labs, cat# BA-1000) in BSA (0.5% in 0.1 M PB). Sections were washed twice more with 

BSA (0.5% in 0.1 M PB) prior to 1-hour incubation in ABC elite vectastatin (Vector Labs, 

catalog #PK-6100) followed by two more washes with 0.1 M PB. Finally, brain sections 

were stained for five minutes (Impact DAB, Vector Labs, cat#SK4105) and placed in 0.1 M 

PB before being mounted in VectaMount™.

Microscopic quantification and image analysis of microglial activation

Five brain regions were selected for image analysis using coordinates from the Paxinos and 

Watson rat brain atlas (Paxinos and Watson, 1986): central nucleus of amygdala (CeA), 

frontal cortex, region CA1 of the hippocampus, substantia nigra pars reticulata (SNpr), and 

white matter fiber tracts of the cerebellum. For every 6th section, three slices were quantified 

using digital scans taken with a Leica Aperio AT2. Each slice was scanned under 20× 

magnification four times. Activated microglia pixel density (cells with an area >200 mm2) 

was quantified using ImageJ software (National Institute of Health, version 1.45) by 

utilizing a stitching algorithm (Preibisch et al., 2009). Methods for preparation and 

quantification of microglial activation have been described previously (Sanchez-Alavez et 

al., 2018). We sought to determine how widespread microglial activation might be in brain 

following alcohol exposure. The specific brain regions were selected based on our previous 

studies demonstrating that these brain areas are important in neuroimmune functions as well 

as sensitive to the effects of alcohol (Alboni et al., 2009; Amodeo et al., 2017; Ehlers et al., 

1992; Ehlers et al., 2013a; Ehlers et al., 2013b; Hwang et al., 1999; Mori et al., 2016; 

Morrison et al., 2012; Sugama et al., 2007; Sugama et al., 2013; Mori et al., 2017).

Determination of cytokine /chemokine concentrations using multiplex assays

Rat cytokine/chemokine magnetic bead panels (RECYTMAG-65K, EMD Millipore, 

Billerica, MA) were used to quantitate values for serum samples and frontal cortex brain 

tissue lysate using methods described previously (Sanchez-Alavez et al., 2018). The main 

goal of this measurement was to determine whether there was a correlation between the 

circulating and the central levels of cytokines, as well as to determine if peripheral 

measurements can be used as an index of central cytokine levels during ethanol exposure or 
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withdrawal. The frontal cortex was selected as representative for the following reasons: 1) 

clinical studies in human alcoholic brain had found that neuroimmune signaling was 

especially affected in that area (Crews et al., 2013; Vetreno et al., 2013), 2) it showed robust 

microglia activation in our experimental paradigm; and 3) this region is relatively large 

providing enough tissue for the analysis without the need to pool samples from more than 

one animal. In brief, the blood and brain samples were mixed with antibody beads and were 

incubated in wells on a plate shaker at room temperature (RT) for 2 hours. Well contents 

were then washed, and detection antibodies were added for a 1-hour incubation at room 

temperature. Samples were treated with streptavidin-phycoerythrin and incubated for a 

further 30 mins. Following incubation the supernatant was removed, plates washed, and 

beads re-suspended using sheath fluid/drive fluid/assay buffer. Plates were stored at 4 °C 

prior to quantification using MAGPIX plate reader.

Levels of the most important pro-inflammatory cytokines known to initiate and sustain 

inflammation were measured (e.g. interleukin-1 alpha (IL-1α), interleukin-1 beta (IL-1β), 

interleukin-12p70 (IL-12p70), interleukin-17A (IL-17A) interleukin-18 (IL-18) and tumor 

necrosis factor (TNF)). Levels of interleukin-4 (IL-4), g interleukin-5 (IL-5), interleukin-10 

(IL-10) and interleukin-13 (IL-13), cytokines that can lower inflammation through a 

reduction in the amount of pro-inflammatory molecules, were also measured. Finally, the 

chemokines eotaxin, fractalkine, interferon gamma-induced protein-10 (IP-10), 

lipopolysaccharide-inducible CXC chemokine (LIX), normal T cell expressed and secreted 

(RANTES) were measured as they have the ability to act as a chemoattractant in the 

recruitment of leukocytes and can contribute to local inflammatory responses.

Statistical analyses

Data obtained from all measures were analyzed using SPSS (IBM Corp, Armonk, NY) 

statistical software. The effects of adolescent alcohol vapor exposure (EtOH-exposed vs. 

control) on chemokine/cytokine expression were analyzed using a nonparametric method 

(Mann-Whitney), in order to account for potentially non-normal distribution of the data. 

Data for chemokine/cytokine expression are shown as a percentage of the control animals’ 

values, with controls set to 100%. Iba-1 immunoreactivity was analyzed using two-factor 

ANOVA followed by post hoc analyses using ANOVAs. Significance level was set at 

p<0.05.

Results

Effects of adolescent ethanol exposure on the time course of microglial activation

Iba-1 immunoreactivity analysis was accomplished at 3 time points after alcohol exposure: 

1) after 35 days of vapor/air exposure (PD58); 2) after 1 day of withdrawal (PD59), and 3) 

after 28 days of withdrawal (PD86). Tissue from five brain regions were analyzed: amygdala 

(AMYG), frontal cortex (FCTX), hippocampus (HC), substantia nigra (SN), and cerebellum 

(CB) (Fig. 1). A significant main effect of adolescent alcohol exposure was only found in the 

frontal cortex (FCTX: F = 6.2; p = 0.018). A significant main effect of time, however, was 

seen in all brain regions: (AMYG: F = 19.1; p < 0.00; FCTX: F = 14.8; p < 0.001; HC: F = 

18.2, p < 0.001; SN: F = 12.4; p < 0.001; CB: F = 12.9; p < 0.001). Ethanol exposure X time 
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interactions were significant for all of the brain regions investigated (FCTX: F = 4.2; p = 

0.024; AMYG: F = 8.7; p = 0.001; HC: F = 11.1, p < 0.001; SN: F = 6.3; p = 0.004; CB: F = 

3.6; p = 0.039). Post hoc ANOVAs of Iba-1 density identified significantly higher values in 

the control vs. the ethanol-exposed group (Table 1). Significant increases in values in FCTX, 

AMYG, HC, and SN were seen after 35 days of adolescent vapor exposure. Following 1 day 

and 28 days of withdrawal, Iba-1 density was returned to control levels in all regions except 

for the hippocampus where Iba-1 intensity in the ethanol group was lower than in the 

controls at both 1 and 28 days of withdrawal. There were no significant correlations between 

microglial activation and BEC at time of sacrifice.

Effects of adolescent ethanol exposure on frontal cortex cytokine/chemokines.

Using a multiplex system (Millipore) we measured the relative amounts of the anti-

inflammatory cytokines (IL-4, IL-5, IL-10, IL-13), pro- inflammatory cytokines (IL-1α, 

IL-1β, IL-12, IL-17, IL-18 and TNF-α), and chemokines (fractalkine, eotaxin/CCL11, 

IP-10, LIX and RANTES) in the frontal cortex.

The results of the adolescent alcohol exposure are presented as a relative percentage of the 

control group’s mean (control set at 100%) and are shown in table 2. Mann-Whitney 

nonparametric analysis revealed that the pro-inflammatory cytokine IL-1β (p=0.033) 

showed a statistically significant increase after 35 days of vapor exposure in the frontal 

cortex. Other pro- and anti-inflammatory cytokines, and chemokines, did not show 

significant variation (see table 2). No significant changes were observed for the pro- and 

anti-inflammatory cytokines or the chemokines 1 day following withdrawal (see table 2). 

The pro-inflammatory cytokine IL-1β (p=0.019), and the anti-inflammatory cytokine IL-10 

(p=0.028) were significantly higher at 28 days of withdrawal in alcohol vapor exposed 

animals as compared to controls. There were no correlations between cytokine levels in FC 

and BEC at time of sacrifice.

Effects of chronic adolescent alcohol exposure and withdrawal on serum cytokine/
chemokine profiles

A pattern of changes was seen in serum cytokine levels over the course of alcohol exposure 

and withdrawal that differed from the changes seen in frontal cortex. As seen in Table 3, the 

anti-inflammatory cytokine IL-13 (p=0.046) showed a statistically significant reduction after 

35 days of vapor, and the chemokine Fractalkine (p=0.028) showed a significant increase. 

Other cytokines and the chemokines did not show significant effects (see table 3). Following 

24 hours of withdrawal a significant reduction in IL-18 (p=0.042) along with a significant 

increase in IP-10 (p= 0.027) was found, but no significant changes were observed for other 

cytokines or chemokines (see table 3). The anti-inflammatory cytokine IL-10 (p=0.042) and 

the chemokine IP-10 (p=0.019) were found to be elevated in the ethanol vapor exposed 

animals following 28 days of withdrawal. A correlation between IL-5 (Pearson’s rho: −0.84 

p<0.01) Il-17A (Pearson’s rho: −0.7,<0.05) and LIX (Pearson’s rho −0.76, p<0.03).
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Discussion

Alcohol-mediated dysregulation of the immune system is proposed to be among the 

potential mechanisms that can affect neuronal maturation or survival and possibly increase 

the risk for alcohol use disorders (reviewed by (Crews and Vetreno, 2011; Crews et al., 

2016; Szabo and Mandrekar, 2009)). Several studies have reported that alcohol can have 

effects on the level of blood and/or brain cytokines, however, findings appear to also depend 

on the duration of ethanol exposure, the dosage given, the developmental epoch of exposure, 

as well as the species and tissue studied (see (Asquith et al., 2014; Crews and Vetreno, 

2014)). In the current study we evaluated the effects of adolescent ethanol exposure and 

withdrawal on microglia activation across the brain. Levels of several chemokines and 

cytokines in the serum and the frontal cortex were also evaluated. These data provide an 

index of the systemic effects of alcohol on immune function, as well as an evaluation of the 

“inflammatory environment” in cerebral cortex, a brain region previously shown to be 

impacted by alcohol and proposed to contribute to the long-lasting effects of alcohol 

exposure (He and Crews, 2008; Pascual et al., 2014).

Like most groups, we used the cytoplasmic calcium-binding protein Iba-1 as a marker of 

microglia activation. Iba1 has actin-crosslinking activity and its expression is associated with 

motility rearrangement of the actin cytoskeleton that occurs during microglia activation (Ito 

et al., 1998). Thus, strictly speaking Iba-1 is an index of morphological rather than 

functional activation. Information on functional activation may be extrapolated by the level 

of anti- and pro-inflammatory cytokines but only to some extent. In fact, although these 

molecules are too large to cross an intact blood brain barrier they can be produced by fully 

activated microglia.

Like for cytokines, the effects of ethanol on microglia activation varies with experimental 

conditions, animal species, dose and age. In general, the longer the duration of alcohol 

administration and the higher the dose, the more the brain regions appear to be activated 

(Chastain and Sarkar, 2014). For example, in adolescent exposure studies, intermittent 

ethanol administration (EtOH dose: 2 or 3 g/kg, for 2 days a week, three times/day, for a 

month) has been shown to induce microglia activation in the hippocampal dentate gyrus but 

not in other brain regions (Ward et al., 2009). In other studies, when ethanol (3 g/kg i.p.) was 

given for 14 days, for 2 days on and 2 days off, the resulting inflammatory changes were 

found in both hippocampus and prefrontal cortex (Pascual et al., 2007). Whereas in 

experiments where even higher ethanol doses were administered (4 days of 5 g/kg i.g., 3× 

day) microglia infiltration was found in many more brain areas, including the hippocampal 

dentate gyrus (McClain et al., 2011). Additionally, in a model of intermittent binge alcohol 

in adolescent female rats, MHC-II expression was also found to be increased (Ward et al., 

2009). This suggests that multiple withdrawal episodes may have cumulative effects that 

cause partially activated microglia to express a more inflammatory phenotype (Crews and 

Vetreno, 2014; McClain et al., 2011; Montesinos et al., 2016). In the current study we found 

that chronic exposure of adolescent rats to moderate levels of ethanol vapors, produced a 

transient increase of microglia activation that returned to basal level within 24 hours with the 

exception of the hippocampus where it further decreased over time.
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Microglia have different states of activation that have distinct morphologies that are 

triggered by regional inflammation and can also lead to their proliferation, and migration to 

the inflamed tissue (for review see (Chastain and Sarkar, 2014)). Human postmortem brains 

obtained from alcoholics and moderately drinking controls have suggested that ethanol 

causes sensitization through a process where resting microglia become hyper-ramified, 

bushy, and then amoeboid (Crews and Vetreno, 2016; He and Crews, 2008). Two distinct 

activated macrophage-like phenotypes have been characterized: the M1 phenotype 

(associated with secretion of proinflammatory factors and neurotoxic activity) and the M2 

phenotype (associated with secretion of anti-inflammatory factors (Marshall et al., 2013). 

The mechanism underlying microglia activation by alcohol exposure remains unknown but 

could be caused by a direct effect of alcohol on glia cells or neurons or an indirect action 

through cytokine signaling (Fernandez-Lizarbe et al., 2009; Qin et al., 2008; Ward et al., 

2014). Alcohol induces (HMGB1)/toll-like receptor (TLR) −4 signaling and play an 

important role in the induction of proinflammatory mediators(Montesinos et al., 2015; 

Pascual et al., 2015; Vetreno and Crews, 2015). High-mobility group box 1 (HMGB1) is an 

endogenous signaling molecule that contributes to the induction of NF-kB transcription of 

IL-1β as well as multiple interleukikn-1/Toll-like receptors (IL-1/TLRs) that ultimately lead 

to the neuroimmune activation of proinflammatory cytokines (Crews et al., 2013).

In the current study, ethanol vapor exposure was found to induce microglia activation in 

most brain regions studied (amygdala, frontal cortex, hippocampus, substantia nigra) except 

in the cerebellum. This indicates that although ethanol can generally effect microglia 

activation, the mechanisms by which this occur are likely to be subjected to some regional 

specificity. This may be more pronounced in pre-adolescent rats (P3–P5) (Topper et al., 

2015), or in adult rats, although in adults, cerebellar activation occurred to a lower extent 

than in the other regions investigated (Sanchez-Alavez et al., 2018). Microglia activation 

appeared to be dependent on the presence of ethanol as levels were comparable to the 

controls within 24 hours of withdrawal. In the hippocampus, the intensity of Iba-1 staining at 

both withdrawal time points was lower than the controls. This differs from what seen in 

adult rats where microglia activation 24 hr after withdrawal Iba-1 staining was still 

significantly higher than in the controls (Sanchez-Alavez et al., 2018). Thus, the extent of 

microglia activation in adolescents was lower than in the adults (Sanchez-Alavez et al., 

2018), an indication that the microglia of younger animals are more resilient to the effects of 

alcohol and rapidly return to a non-activated state. It is unlikely that this is due to differences 

in ethanol metabolism since the blood concentration of alcohol was similar in adolescent and 

in adults.

Levels of serum cytokines have previously been demonstrated to be elevated especially after 

the administration of large “binge” doses of alcohol, possibly in concert with the liver, while 

lower doses can actually reduce cytokine levels (Mandrekar et al., 2006; Szabo and Iracheta-

Vellve, 2015). In the current study we found that ethanol significantly altered the serum 

concentration of two cytokine/chemokines, producing a reduction in the level of IL-13 and 

an increase in fractalkine. The levels of both cytokine/chemokines returned to baseline 

within 24 hours of withdrawal. This differs from what was found in adult rats where the 

same experimental conditions decreased the serum level of all cytokines (pro /anti-

inflammatory), as well as those of the chemokines eotaxin, IP-10 and LIX (Sanchez-Alavez 
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et al., 2018). In adolescent rats, withdrawal was found to reduce only IL-18 while increasing 

IL-10 and IP10. These changes, observed at 24 hours following withdrawal, were still 

significant 28 days later for IL-10 and IP10. These profiles indicate ethanol-induced changes 

in cytokines are not identical in adolescent and adult rats and that, like what was observed 

for Iba-1, ethanol responses seemed to be more modest in the adolescent than in adult 

animals. Previous comparisons of adolescent and adult neuroimmune responses to ethanol 

exposure and endotoxin-LPS have also found that adolescents have a blunted neuroimmune 

response compared to similarly treated adults (Doremus-Fitzwater et al., 2015). These 

findings may also explain why in alcohol-associated inflammatory liver disease is rarely 

seen in human adolescents as compared to adult drinkers (Novick et al., 1985; Stone et al., 

1968).

In the frontal cortex, the only brain region for which the cytokine profile was investigated, 

changes were only observed for the anti-inflammatory cytokine IL-10 and the pro-

inflammatory cytokine IL-1β. Only IL-1β was significantly increased following adolescent 

vapor exposure. Whereas the levels of both cytokines were comparable to the controls upon 

acute withdrawal but was found to be significantly higher after protracted withdrawal at day 

28. In adults, alcohol vapors did not elevate IL-10 and elevated the IL-1α member of the 

IL-1 family whereas withdrawal increased the chemokine fractalkine (Sanchez-Alavez et al., 

2018). Fractalkine plays a key role in interactions between glia and neurons and has been 

demonstrated to be both neuroprotective or neurotoxic depending on the specific immune 

condition (see (Lauro et al., 2015; Luo et al., 2019))

Blood ethanol concentrations (BEC) at sacrifice after 5 weeks of alcohol exposure were 

found to correlate with three of the cytokines measured, however, no correlations were found 

between any frontal cortex cytokine concentrations and BEC. These results indicate that the 

effects of adolescent alcohol exposure and its withdrawal on cytokine/chemokine levels are 

not necessarily similar in the periphery and in frontal cortex. This further suggests that 

evaluating the role of cytokines in mediating the central effects of alcohol cannot be done 

solely by relying on the changes induced peripherally and measurable in the blood. 

Cytokines are too large to cross an intact blood brain barrier but can be produced in the 

CNS. Thus, while it was reasonable to assume that ethanol could affect cytokines similarly 

in the periphery and in the brain, our data suggest that this may not be the case. Alcohol was 

reported to affect cytokine levels in brain and in the plasma in different ways depending on 

the ethanol amount, the mode of administration, the duration as well as on the age of the 

animals used. We found that chronic exposure to moderate amount of alcohol vapors during 

adolescence affected IL-1β in the frontal cortex and the plasma primarily during the 

recovery phase.

Studies using adolescent rats and mouse models (Montesinos et al., 2015; Pascual et al., 

2007), have shown that intermittent “binge-like” alcohol treatment may trigger pro-

inflammatory cytokines and other mediators in the PFC (Montesinos et al., 2015), as well as 

reduction and/or loss of neurogenesis in the hippocampus (Vetreno and Crews, 2015). One 

of the pathways activated by alcohol is the (TLRs)—innate immune receptors that result in 

the release of inflammatory mediators and neuroinflammation (Alfonso-Loeches et al., 

2010). Later it was determined that TLR4- deficient mice (TLR4-KO) (Montesinos et al., 

Sanchez-Alavez et al. Page 10

Alcohol Clin Exp Res. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2016) or TLR2-deficient mice (Pascual et al., 2015; Pascual et al., 2018) do not demonstrate 

these effects in response to ethanol. TLR4-deficient mice are also protected against ethanol-

induced synaptic and myelin deficits as well as associated cognitive dysfunction, suggesting 

a critical role of TLR4 in ethanol- induced neuroinflammation (see (Pascual et al., 2018)). 

Adolescent alcohol exposure has also been demonstrated to cause persistent increases in 

multiple pro-inflammatory TLR mRNAs in the adult hippocampus that is accompanied by 

enhanced expression of the nuclear transcription factor pNF-κB p65 as well as several 

neuroimmune NF-κB target genes later in adulthood, that can lead to the induction of 

neuroimmune signaling cascades (e.g., TNFα, MCP-1). It has been additionally suggested 

that this activation may result in “positive feedback loops” in neuroimmune signaling 

following adolescent intermittent exposure that could potentially persist well into adulthood 

(Crews and Vetreno, 2011; Vetreno et al., 2018).

In contrast, studies in adult rodent models show that heavy session drinking (5 g/kg, e.g., 

BEC: 310 mg/dl ± 8.9) for 1 day vs 10 day regimen induces different patterns of microglia 

and cytokine pathway induction. A single dose of ethanol was not found to result in elevated 

blood, liver and brain cytokines, whereas 10 daily doses induced significant increases in 

TNFα and MCP-1 protein in both brain and liver (Qin et al., 2008). In contrast, (Zahr et al., 

2010) found that a single 4-day binge EtOH exposure did not induce the expression of 

cytokines in either blood or brain. In contrast, adult WT C57BL6 mice who were exposed to 

ethanol in their drinking water for over 5 months have been shown to have significantly 

increased levels of chemokines (MCP-1, MIP-1a and CX3CL1 or Fractalkine) and cytokines 

(IL-1b, IL-17, TNF-a) in the striatum, and increased MCP-1, MIP-1a, CX3CL1 levels in the 

blood. Additionally, after 24 h of alcohol withdrawal an increase in IFN-g levels were 

observed in addition to elevated levels of IL-1b, IL-17 and MIP-1a, CX3CL1 in striatum. 

These changes are not induced in ethanol-treated TLR4-KO and TLR2-KO mice (Pascual et 

al., 2015).

When the effect of acute high-dose alcohol consumption on blood levels of cytokines was 

evaluated in alcohol-experienced healthy male adult volunteers (vodka, 4.28 mL/kg), serum 

levels of IL-1Ra were found to be elevated and the levels of the chemokine MCP-1 

decreased acutely followed by a sustained elevation levels of MCP-1, even blood alcohol 

level had returned to non-detectable levels (Neupane et al., 2016). Taken together these 

findings indicate that, in the adult, multiple cycles of alcohol exposure (Marshall et al., 

2016; Zhao et al., 2013) and/or prior ethanol exposure can produce long-lasting increases in 

the expression of neuroimmune genes, microglial activation and elevated levels of serum 

cytokines (Crews and Vetreno, 2016; Zou and Crews, 2010). However, it has also been 

demonstrated, in rats, that abstinence from alcohol can result in a “rebound” of hippocampal 

neurogenesis during recovery. It appears that this process is anteceded by microglial 

proliferation, suggesting the possibility that microglia may facilitate some aspects of brain 

recovery following alcohol exposure (McClain et al., 2011; Nixon et al., 2008).

The present data, as well as our previous findings in adult rats, also provide clear evidence 

that while alcohol can alter cytokines levels, such changes are not consistent with a clear 

pro- or anti-inflammatory phenotype in the periphery or the CNS, instead, individual 

cytokines may be functioning as independent and distinct neuromodulators. For instance, 
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IL-1β is not only a prototypic inflammatory cytokine but it can increase the phosphorylation 

of the NMDA receptor NR2B subunit resulting in increased neuronal excitability (Balosso et 

al., 2008). Similarly, the anti-inflammatory cytokine IL-10 is capable of rapidly regulating 

GABAergic transmission in dentate gyrus neurons by lowering excitability and changing 

LTP responses (Almolda et al., 2015; Suryanarayanan et al., 2016). Several interleukins can 

also be produced by astrocytes, by neurons or by leukocytes that can be driven in the brain 

by specific chemokines. Thus, alteration of cytokines is an index of inflammatory processes 

but cannot be attributed exclusively to microglia. In the present study we measured immune 

molecules in the serum and the brain to determine whether peripheral levels could be used as 

an index of central inflammation. Experimental evidence indicates that microglia and 

astrocytes are activated by ethanol and may alter neuronal signaling through interactive 

pathways (Crews and Vetreno, 2016; Erickson et al., 2018; Kane and Drew, 2016; Wilhelm 

et al., 2016). It is likely that both astrocytes and microglia release factors that modulate each 

other’s activation status. Astrocytes may then modulate neuronal signaling through an effect 

on glutamate and ATP levels. Neurons also release factors such as chemokines and 

cytokines, that can in turn affect the level of microglial and astrocyte activation (Coleman et 

al., 2017; Crews et al., 2013; Lawrimore and Crews, 2017; Liddelow et al., 2017). Ethanol 

can also effect microglia activation by altering the production and the activity of the 

inflammasome through the JAK/STAT signaling pathway. IL-1β, IL-18, HGMB1 and STAT 

have all been shown to be affected by ethanol and to alter neuronal excitability (Krueger et 

al., 2011; Kubota et al., 2001; Zielinski et al., 2017).

Thus, the observed elevation of the level the pro-inflammatory cytokine IL-1β and the anti-

inflammatory cytokine IL-10 in the frontal cortex during ethanol exposure and/or 

withdrawal should perhaps not be interpreted for their opposite action on inflammation but 

rather for their ability to affect neuronal activity. The reduction or induction of both anti- and 

pro-inflammatory mediators may result in a disruption in the delicate balance necessary for 

the optimal neurophysiological actions of immune processes. Such changes may also need to 

be investigated time and brain region specific manner. There are a number of limitations of 

the present study that should be considered. The model of alcohol exposure used allowed us 

to carefully titrate blood levels to simulate the amounts typically used by adolescent binge 

drinkers (see (Ehlers et al., 2019; Hingson and Zha, 2018; Hingson et al., 2017)), and to 

cover the entire adolescent development period in the rat. However, it does not represent the 

range of drinking amounts and frequencies seen in human adolescents. In our study cytokine 

levels were only measured in frontal cortex limiting our ability to describe effects from other 

brain areas. Our study also only investigated male rats, sex specific differences have been 

reported in some neuro-immune mediators following adolescent drinking in mice (Pascual et 

al., 2017) and in neuro-immune responses to stress (Hudson et al., 2014), response to 

microglia depletion (Nelson et al., 2017), and alcohol consumption and withdrawal (Silva 

and Madeira, 2012). However, the data presented here confirm the notion that chronic 

moderate ethanol exposure during adolescence activates microglia cells and produces neuro-

immune activation during exposure and following acute and prolonged withdrawal. Our data 

also provide evidence to suggest that moderate alcohol exposure can increase or reduce 

some cytokine levels and increase some chemokines in serum while producing a different 

profile of cytokine elevations in brain. Investigating this specificity may be important 
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towards understanding how ethanol consumption during adolescence can affect the brain 

differently than in adults.
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Figure 1: 
Iba-1 measures of microglia activation and staining are shown for all brain regions collected 

from adolescent rats exposed to ethanol vapor or air for 35 days (PD58) and two time points 

of withdrawal (1 and 28 days), PD59 and PD86 respectively. On the left, pixel density of Iba 

staining is shown. Means and S.E.M. shown for post hoc ANOVA by treatment group. * 

indicates p<0.05. On the right, representative brain sections are shown for each brain region 

that were stained with Impact DAB staining, the scale line at the bottom right of each 

representative section is 50 μm.
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Table 1:
Iba-1 staining in 5 brain regions

lba-1 measures (pixel density, x103) of microglia activation across 5 brain sites. Means and S.E.M. shown for 

post hoc ANOVA by treatment group.

Control Ethanol df F Stat p value

Vapor/Air 35 Days Mean ± SEM Mean ± SEM

Frontal Cortex 230.6 ±23.5 445.8 ±82.7 1,10 7.4 0.024

Amygdala 275.9 ±21.6 571.5 ±116.0 1,12 7.3 0.02

Hippocampus 233.7 ±12.6 432.4 ±83.1 1,12 6.5 0.026

Substantia Nigra 228.0 ±22.3 415.4 ±84.0 1,12 5.3 0.041

Cerebellum 115.9 ±10.7 170.9 ±42.1  1,12 2.1 0.17

Withdrawal 1 Day

Frontal Cortex 132.3 ±30.7 105.6 ±28.8 1,13 0.3 0.54

Amygdala 217.1 ±46.4 132.5 ±13.9 1,12 3.5 0.08

Hippocampus 201.4 ±20.1 111.3 ±21.3 1,13 9.4 0.01

Substantia Nigra 214.6 ±40.2 150.9 ±20.4 1,14 1.8 0.2

Cerebellum 101.8 ±16.3 72.3 ±9.7  1,14 2.2 0.15

Withdrawal 28 days

Frontal Cortex 132.7 ±12.2 192.9 ±48.7 1,14 1.2 0.28

Amygdala 163.6 ±11.6 172.5 ±15.3 1,15 0.2 0.65

Hippocampus 187.8 ±16.4 126.2 ±10.4 1,13 10.9 0.006

Substantia Nigra 153.0 ±10.2 145.9 ±11.4 1,15 0.2 0.64

Cerebellum 65.6 ±3.7 59.2 ±6.0  1,14 0.8 0.36
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