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Abstract

Background—Ethanol causes neurotoxicity by several mechanisms including excitotoxicity and 

neuroinflammation, but little is known about the interaction between these mechanisms. Because 

neuroinflammation is known to enhance excitotoxicity, we hypothesized that neuroinflammation 

contributes to the enhanced excitotoxicity which is associated with ethanol withdrawal (EWD). 

The aim of this study was to evaluate the lipopolysaccharide (LPS)-induced inflammatory 

response of cultured hippocampal tissue during EWD and its effects on the enhanced N-methyl-D-

aspartate (NMDA) receptor-mediated excitotoxicity which occurs at this time.

Methods—Using a neonatal organotypic hippocampal slice culture (OHSC) model, we assessed 

the effects of NMDA and LPS (separately or combined) during EWD after 10 days of ethanol 

exposure. Neurotoxicity was assessed using propidium iodide uptake and the inflammatory 

response was evaluated by measuring the release of TNF-alpha (quantified by ELISA) and nitric 

oxide (quantified by the Griess reaction) into culture media. Furthermore, we explored the 

potential role of the microglial cell type using immortalized BV2 microglia treated with ethanol 

for 10 days and challenged with LPS during EWD.

Results—As predicted, NMDA-induced toxicity was potentiated by LPS under control 

conditions. However, during EWD the reverse was observed and LPS inhibited peak NMDA-

induced toxicity. Additionally, LPS-induced release of TNF-alpha and nitric oxide during EWD 

was reduced compared to control conditions. In BV2 microglia, following ethanol exposure, LPS-

induced release of nitric oxide was reduced whereas TNF-alpha release was potentiated.

Conclusions—During EWD following chronic ethanol exposure, OHSC exhibited a 

desensitized inflammatory response to LPS and the effects of LPS on NMDA toxicity were 

reversed. This might be explained by a change in microglia to an anti-inflammatory and 

neuroprotective phenotype. In support, studies on BV2 microglia indicate that ethanol exposure 

and EWD does alter the response of these cells to LPS, but this cannot fully explain the changes 

observed in the OHSC. The data suggest that neuroinflammation and excitotoxicity do interact 
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during EWD. However, the interaction is not as simple as we originally proposed. This in turn 

illustrates the need to assess the extent, importance and relation of these mechanisms in models of 

ethanol exposure producing neurotoxicity.
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1. Introduction

Ethanol causes neurotoxicity via several mechanisms (Crews et al., 2004) at different points 

in the cycle of dependence, including ethanol exposure and ethanol withdrawal (EWD). 

Ethanol exposure is generally associated more with oxidative stress (Haorah et al., 2008) 

and neuroinflammation (Crews and Nixon, 2009) whereas EWD is associated with 

excitotoxicity (Lovinger, 1993). These mechanisms have mostly been studied as if they were 

separate, but the possibility that there are important interactions between them has rarely 

been considered. For example, it is unclear whether neuroimmune signaling changes 

induced by ethanol exposure extend into EWD and potentiate excitotoxicity observed at that 

time. In this study we investigate the potential interaction between neuroinflammatory 

signaling and excitotoxicity during EWD in organotypic hippocampal slice cultures 

(OHSC).

The precise mechanisms that cause excitotoxicity during EWD are uncertain, but increased 

activity of the glutamate system is fundamental (Holmes et al., 2013). Most evidence 

supports two possible mechanisms that are not exclusionary. One is that ethanol exposure 

upregulates the number of N-methyl-D-aspartate receptors (NMDAR) (Follesa and Ticku, 

1996) and/or changes their subunit composition (Nagy et al., 2003), resulting in 

hypersensitive conformations of the receptor (Nagy et al., 2005). The second is that release 

of glutamate (Rossetti et al., 1999) and polyamines (Gibson et al., 2003) is greater during 

EWD, resulting in the overactivation of NMDARs. These mechanisms of EWD-induced 

excitotoxicity are closely interrelated in vivo, but they can be evaluated separately ex vivo in 

OHSC (Noraberg et al., 2005) where exogenous activation of NMDARs can be used to 

cause neurotoxicity. Studies on OHSC (e.g. (Gibson et al., 2003, Harris et al., 2003)) 

suggest that both the functional upregulation of NMDARs and increased release of 

glutamate and polyamines contribute to EWD-induced excitotoxicity in this model. In the 

current study we focused on NMDAR hypersensitivity by activating these receptors with 

exogenous NMDA during EWD. Many previous studies (e.g. (Mayer et al., 2002, Self et al., 

2004)) have shown that NMDA-induced toxicity is enhanced under EWD conditions.

None of the above studies exclude other mechanisms, such as neuroinflammation, as 

contributing to excitotoxicity during EWD. In fact, it has previously been reported that 

neuroinflammation induced by exogenous application of TNF-alpha enhances glutamate 

excitotoxicity in OHSC (Zou and Crews, 2005). Therefore, the current study tested the 

primary hypothesis that ethanol exposure causes neuroinflammation, which then potentiates 

excitotoxicity during EWD.
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To date, research on ethanol exposure and neuroinflammation has focused on changes that 

occur in the presence of ethanol rather than during EWD. Increased release of 

proinflammatory mediators from neuroimmune cells as a consequence of ethanol exposure 

is probably fundamental, but as with excitotoxicity, two major mechanisms have been 

proposed for this. One is that ethanol exposure results in increased influx of 

lipopolysaccharide (LPS), a bacterial endotoxin, via the gut (Leclercq et al., 2012) and blood 

brain barrier (Haorah et al., 2005), thereby activating neuroinflammatory processes. The 

second is that ethanol exposure directly affects neuroimmune cells, such as microglia 

(Fernandez-Lizarbe et al., 2009), and sensitizes their response to LPS (Qin et al., 2008). The 

possible contribution of these mechanisms is difficult to separate in vivo but, as with 

excitotoxicity, OHSC can be used to dissect these possibilities because exogenous LPS can 

be applied to the culture (Johansson et al., 2005).

If ethanol exposure sensitizes neuroimmune cells, OHSC should release greater amounts of 

proinflammatory mediators in response to LPS during EWD. In turn, the enhanced 

proinflammatory response should lead to a further enhancement of excitotoxicity induced by 

an NMDA challenge. Previous studies have used OHSC to study the effects of ethanol on 

excitotoxicity (Thomas et al., 1998) and neuroinflammation (Moon et al., 2014) but there are 

no published studies on the interaction between these.

Microglia have a fundamental role in the hypotheses that connect ethanol-induced 

neurotoxicity with neuroinflammation (Yang et al., 2014). However, all brain preparations, 

including OHSCs, contain other types of glia, including astrocytes (Benediktsson et al., 

2005) and oligodendrocytes (Haber et al., 2009) as well as microglia (Dailey and Waite, 

1999). All these cell types may contribute to the LPS-induced inflammatory response 

(Salmina, 2009) and modify excitotoxicity. In an attempt to address this issue the current 

study included experiments on the effects of chronic ethanol exposure and response to LPS 

during EWD on cultures in which only immortalized microglia of the BV2 cell line are 

present, a suitable alternative to primary microglia (Henn et al., 2009), thereby mirroring the 

studies on OHSC. The acute effects of ethanol on BV2 microglia in response to a variety of 

inflammatory stimuli have been previously investigated and compared to primary microglia 

(Lee et al., 2004). Both primary and immortalized cultures behaved similarly making this 

cell line a suitable system to investigate the effects of chronic ethanol on microglia.

These studies aim to increase our understanding of the mechanisms underlying 

excitotoxicity associated with EWD. It should be emphasized that OHSC and immortalized 

BV2 microglia are being used to dissect mechanisms of ethanol-induced neurotoxicity rather 

than to “model” all aspects of ethanol-induced neurodegeneration. Subsequent studies in 

vivo will be necessary to confirm the observations in vitro, but the culture systems provide a 

means of identifying specific cell types and molecular mechanisms that are important to this 

aspect of alcoholism.
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2. Materials and methods

2.1. Organotypic hippocampal slice culture (OHSC) preparation

OHSC were prepared essentially as described by Stoppini et al. (Stoppini et al., 1991). 

Briefly, hippocampi were aseptically removed from 8-day-old Sprague-Dawley male and 

female rat pups and sliced at a transverse thickness of 200 μm using a McIlwain tissue 

chopper (Campden Instruments Ltd., Lafayette, ID). Slices were transferred to sterile culture 

inserts (4 slices per insert) and placed in 6-well-plates containing culture medium (Minimum 

Essential Medium (Life Technologies Corporation, Grand Island, NY), 200mM glutamine 

(Invitrogen, Carlsbad, CA), 25mM HEPES (ATCC, Manassas, VA), 50uM penicillin/

streptomycin (ATCC, Manassas, VA), 36mM glucose, 25% (v/v) Hank’s buffered salt 

solution (Gibco BRL, Gaithersburg, MD), 25% heat-inactivated horse serum (Sigma, St. 

Louis, MO)). Cultures were maintained at 37°C in an atmosphere of 5% CO2/95% air in 

95% humidity for 5 days in vitro (DIV) to allow slices to adhere to the insert membrane. 

The care of animals was carried out in accordance with the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23, revised 

1996), as well as the University of Kentucky’s Institutional Animal Care and Use 

Committee.

2.2. Ethanol exposure and withdrawal (EWD)

At 6 DIV, slices were placed in culture media with or without the addition of 100mM 

ethanol, incubated for 10 DIV and then subjected to EWD for 24h, 48h or 72h. During 

exposure, the plates were placed in topless polypropylene containers containing 50mL of 

100mM ethanol or dH2O accordingly, and placed inside sealable plastic bags filled with 5% 

CO2, 21% oxygen, and a balance of nitrogen. The ethanol solution was used as an 

evaporating source of ethanol to counter the evaporation of ethanol from the culture wells 

resulting in an average ethanol concentration of 65mM during the 5 DIV between media 

changes. At the onset of EWD, slices were further separated into groups and treated 

accordingly: control media, 5uM NMDA (Sigma Aldrich Co. LCC., St. Louis, MO), 

10ug/mL lipopolysaccharide from Escherichia coli 026:B6 (LPS, Lot #: 021M4072V; 

Sigma Aldrich Co. LCC., St. Louis, MO) or both NMDA and LPS combined.

2.3. Assessment of toxicity by propidium iodide uptake

Propidium iodide (PI) is a membrane impermeable, DNA intercalating fluorescent molecule 

that is commonly used in OSHC as a semi-quantitative stain for cellular toxicity and has 

been significantly correlated to other reliable markers of cell death (Zimmer et al., 2000). 

Although there has been extensive work on NMDA and EWD toxicity in OHSC using a 

variety of cell-type specific markers (Wilkins et al., 2006), it is uncertain how these markers 

are affected by LPS in this model. The current study focused on the interaction between 

NMDA and LPS and since PI uptake has been used in OHSC to assess both NMDA 

(Wilkins et al., 2006) and LPS (Johansson et al., 2005) induced toxicity separately, it was 

therefore chosen for the current study to assess overall toxicity.

For 24h EWD, slices were directly challenged in culture media containing 3.74uM 

propidium iodide (PI; Sigma Aldrich Co. LCC., St. Louis, MO). For 48h and 72h EWD, 
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slices were originally challenged in culture media without PI and each well was 

supplemented with 10uL of concentrated PI (374uM) to obtain a final concentration of 

3.74uM PI 24h prior to imaging. Slice images were captured using SPOT Advanced 

software (Version 4.0.9; W. Nuhsbaum Inc., McHenry, IL) connected to an inverted Leica 

DMIRB microscope (W. Nuhsbaum Inc.) fitted for fluorescence detection (mercury-arc 

lamp) and connected to a computer via a SPOT 7.2 color mosaic camera (W. Nuhsbaum 

Inc). PI uptake in the CA1, CA3, and DG cell layers was measured using ImageJ software 

(Version 1.46; National Institute of Health, Bethesda, MD). Background signal was 

subtracted from intensities obtained for each cell layer resulting in specific intensities which 

were used for statistical analysis. These values were then converted to % control (no EWD, 

no NMDA, and no LPS) within each preparation for graphical representation and clarity 

across time points.

2.4. Assessment of inflammatory mediator release

Once slices were imaged, inserts were discarded and the resulting media was collected for 

assessment of inflammatory mediator release. Nitric oxide (NO) release was assessed by the 

Griess Reagent System (Promega Corporation, Madison, WI) according to the 

manufacturer’s instructions. All samples were assayed in duplicate and nitrite content was 

estimated using a reference NaNO2 standard curve performed with each assay. TNF-alpha 

content was assessed by enzyme linked immunosorbent assay kit (ELISA; Ready-Set-Go!® 

ELISA, eBioscience Inc., San Diego, CA) according to the manufacturer’s instructions. All 

samples were assayed in duplicate and TNF-alpha content was estimated from a reference 

TNF-alpha standard curve performed with each assay.

2.5. BV2 microglia culture

BV2 microglia are derived raf/myc-immortalized murine neonatal microglia. They were 

cultured in Dulbecco’s Modified Eagle Medium/Ham’s F12 nutrient mix supplemented with 

10% fetal bovine serum and antibiotics (penicillin 100U/ml, streptomycin 100ug/ml; all 

from Life Technologies Corp., Grand Island, NY). Cells were kept at 37°C in a humidified 

atmosphere of air and 5% CO2 and propagated in T25 flasks (Techno Plastic Products AG, 

Trasadingen, Switzerland) in media with or without 100mM EtOH in sealable plastic bags 

as described above to avoid EtOH evaporation. They were split every 2–3 days and 

subjected to EWD after 10 days. During EWD, cells were seeded in 24 well plates at 

densities of 5×105 cells/well, allowed to adhere overnight and then challenged with 1μg/mL 

LPS for 24h. Culture media was collected and assessed for inflammatory mediators as 

described above. Cell viability was measured using resazurin salt fluorescence (7-

hydroxy-3H-phenoxazin-3-one-10-oxide sodium salt; Sigma Aldrich Co. LCC., St. Louis, 

MO) and normalized to percentage control (no LPS group).

2.6. Statistical analysis

Data were analyzed using IBM Statistical Package for the Social Sciences (SPSS) Version 

21 (IBM Corporation, Armonk, NY) and graphed using Prism (Graphpad Software Inc., La 

Jolla, CA). PI uptake was measured in three different regions (DG, CA3 and CA1). Thus, PI 

uptake was analyzed by multi-factorial, repeated measures analysis of variance (ANOVA) 

with region as within-subjects variables and sex, EWD, NMDA, and LPS as between-
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subjects factors. Data were obtained from separate preparations for each length of treatment 

and EWD (24h, 48h, and 72h). Thus, preparation and time point were used as covariates to 

control for differences across litters/culture preparations and time of exposure. Significant 

interactions were further investigated at each time point using post hoc pair-wise 

comparisons using Fisher’s LSD test. TNF-alpha and NO release from OHSC were also 

analyzed by multi-factorial ANOVA with the following factors: sex, EWD, NMDA and LPS 

as well as preparation and time point as covariates. Significant interactions were further 

investigated at each time point using post hoc pair-wise comparisons with Tukey’s LSD 

correction. TNF-alpha and NO release from BV2 microglia were analyzed by non-repeated 

measures two-way ANOVA with EWD and LPS as factors followed by Bonferroni post-hoc 

analyses.

3. Results

3.1. Effects of NMDA, LPS and EWD on cellular damage in OHSC as measured by PI uptake

An overall repeated-measures multi-factorial ANOVA was first performed on PI uptake 

across the treatment groups to assess whether there were any differences in the separate 

regions of the hippocampus and whether there were any sex effects. This analysis revealed 

that sex did not interact with any factors but that there was an effect of region and the 

highest order significant interaction included all factors except for sex (region x EWD x 

NMDA x LPS [F(1.09,1765.03) = 15.02, p < 0.0001] corrected using Greenhouse-Geisser). 

Therefore, subsequent analyses were performed within each region at each time point 

collapsed across sex. Analysis within each region revealed minor effects of drug treatment 

on PI uptake in the DG and CA3 in comparison to those observed in the CA1. Therefore, 

assessment of cellular damage by PI uptake was focused on the CA1 region of the 

hippocampus.

3.1.1. LPS treatment potentiates NMDA-induced cellular damage under control 
conditions—Before we could evaluate the combined effects of NMDA and LPS on 

hippocampal damage, we examined the effects of LPS alone under control conditions and 

during EWD. Slices treated with LPS alone under both conditions exhibited a speckled 

pattern of PI uptake throughout the slice that was not observed in untreated slices. However, 

when quantified in the CA1 region of the hippocampus, it did not differ from untreated 

control or EWD slices (fig. 1). Despite no quantifiable effect alone, LPS significantly 

potentiated NMDA-induced damage under control conditions. Slices co-exposed to LPS and 

NMDA exhibited greater PI uptake at all time points in comparison to slices treated with 

NMDA alone (24h = 279%, post hoc [p < 0.01], 48h = 275%, post hoc [p < 0.0001] and 72h 

= 201%, post hoc [p < 0.0001], all compared to NMDA alone).

3.1.2. EWD potentiates peak NMDA-induced cellular damage—OHSC treated 

with NMDA under control conditions exhibited significant cellular damage in the CA1 

region of the hippocampus as measured by PI uptake (fig. 1 - 222%, post hoc [p < 0.0001] 

compared to control). When coupled with EWD, PI uptake was significantly potentiated at 

the 24h time point (363%, post hoc [p < 0.0001] compared to NMDA). At later time points 

(48h and 72h), PI uptake for these groups remained significantly higher than control (post 
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hoc [p < 0.05] compared to control at 48h and 72h) but they were not statistically different 

from each other.

3.1.3. LPS treatment reduces peak NMDA-induced cellular damage during 
EWD—Despite potentiation of NMDA-induced cellular damage by LPS under control 

conditions, the reverse was observed during peak toxicity under EWD conditions (fig. 1). 

Slices co-exposed to NMDA and LPS during EWD exhibited lower PI uptake (278%) than 

slices treated with NMDA alone during EWD (363%, post hoc [p < 0.0001]). This 

relationship was however not observed at later time points. At the 48h and 72h time points, 

slices co-exposed to NMDA and LPS during EWD exhibited higher PI uptake (48h = 218% 

and 72h = 231%) than slices treated with NMDA alone during EWD (48h = 170%, post hoc 

[p < 0.05] and 72h = 201%, post hoc [p < 0.05]). Interestingly, at the 48h time point, slices 

co-exposed to NMDA and LPS during EWD (218%) exhibited significantly lower PI uptake 

than slices co-exposed to NMDA and LPS under control conditions (275%, post hoc [p < 

0.01]).

3.2. Effects of NMDA, LPS and EWD on inflammatory mediator release from OHSCs

An overall statistical analysis on TNF-alpha and NO levels measured in culture media was 

first performed across the treatment groups to assess whether there were effects of sex. This 

analysis revealed that there was no main effect of sex on TNF-alpha release [F(1,162) = 

3.492, p = 0.063] or NO release [F(1,358) = 0.200, p = 0.655]. Therefore, further analyses 

were performed collapsed across this factor.

3.2.1. EWD reduces LPS-induced proinflammatory mediator release—LPS 

treatment induced TNF-alpha release both under control conditions and during EWD (fig. 

2A). However, in comparison to control conditions, the response was reduced during EWD 

(main effect of EWD [F(1,170) = 238.2, p < 0.0001]) at all time points (post hoc at 24h, 48h 

and 72h [p < 0.0001]). Similarly, LPS treatment induced NO release under control 

conditions and during EWD (fig. 2B - main effect of LPS [F(1,374) = 1508.1, p < 0.0001]). 

However, in comparison to control conditions, this effect was also reduced by EWD (EWD 

x LPS interaction [F(1,374) = 42.7, p < 0.0001]) at least at earlier time points (post hoc at 

24h and 48h [p < 0.0001]). At the 72h time point, NO release from EWD slices normalized 

to control condition levels and there was no significant difference at that time (post hoc at 

72h [p = 0.689]).

3.2.2. NMDA treatment does not induce proinflammatory mediator release and 
does not interact with the response to LPS—Under control conditions, NMDA 

alone did not induce TNF-alpha release (TNF-alpha not detected) and had no effect on LPS-

induced TNF-alpha release. There were no statistical differences between TNF-alpha levels 

measured in media from slices co-exposed to NMDA and LPS and slices treated with LPS 

alone (post hoc at 24h [p = 0.133], at 48h [p = 0.647] and at 72h [p = 0.167]). The same 

pattern was observed in slices undergoing EWD. There were no statistical differences 

between TNF-alpha levels measured in media from slices co-exposed to NMDA and LPS 

and slices treated with LPS alone during EWD (post hoc at 24h [p = 0.142], 48h [p = 0.471] 

and 72h [p = 0.315]). Similar results were observed for NO release under control conditions 
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(no main effect of NMDA [F(1,374) = 0.487, p = 0.486]; no NMDA x LPS interaction 

[F(1,374) = 0.331, p = 0.566]) and during EWD (no EWD x NMDA interaction [F(1,374) = 

0.196, p = 0.658]; no EWD x NMDA x LPS interaction [F(1, 374) = 0.844, p = 0.359]).

3.3. Effects of LPS and EWD on inflammatory mediator release from BV2 microglia

BV2 microglia exposed to ethanol for 10 days did not exhibit morphological changes 

compared to control cultures. Additionally, cell viability, as measured by resazurin 

fluorescence did not differ between ethanol exposed and control cultures during these 

experiments. LPS treatment induced release of TNF-alpha and NO under both control and 

EWD conditions (fig. 3). BV2 microglia undergoing EWD exhibited a reduction in LPS-

induced release of NO compared to controls (main effect of EWD [F(1, 36) = 214.1, p < 

0.0001]). On the other hand, BV2 microglia undergoing EWD exhibited a potentiated 

release of TNF-alpha induced by LPS compared to control conditions (main effect of EWD 

[F(1, 22) = 19.46, p < 0.001).

4. Discussion

The present studies were undertaken to test the hypothesis that ethanol exposure causes 

neuroinflammation which in turn potentiates excitotoxicity associated with EWD. 

Specifically, following ethanol exposure, OHSC were treated with NMDA, LPS, or the 

combination of both and evaluated for toxicity (PI uptake) and release of proinflammatory 

mediators (TNF-alpha and NO).

In the absence of chronic ethanol treatment (no EWD), LPS treatment alone did not produce 

quantifiable toxicity but OHSC co-exposed to NMDA and LPS exhibited significantly more 

toxicity than cultures treated with NMDA alone (fig. 1). Therefore, LPS enhances NMDA 

toxicity, suggesting that neuroinflammation enhances excitotoxicity. This supports previous 

findings by Zou and Crews who used hippocampal-entorhinal cortical slices (similar to 

OHSC) to show that TNF-alpha potentiates glutamate toxicity (Zou and Crews, 2005).

Numerous mechanisms have been proposed for the potentiation of excitotoxicity by 

neuroinflammation (Tilleux and Hermans, 2007). Of particular interest to this study, NO and 

TNF-alpha released from immune cells have been found to contribute to excitotoxic injury 

by increasing extra-synaptic glutamate. In co-culture experiments, NO released from 

astrocytes and microglia has been shown to induce glutamate release from neurons by 

inhibiting neuronal respiration (Bal-Price and Brown, 2001). In parallel, TNF-alpha has 

been shown to down-regulate glutamate reuptake by decreasing EAAT2/GLT1 expression 

on glia (Carmen et al., 2009). In our study, release of TNF-alpha and NO was induced by 

LPS and their presence in culture media could explain LPS-enhanced NMDA toxicity. As an 

alternative explanation, activated microglia have been shown to release quinolinic acid 

(Espey et al., 1997) and glutamate (Barger et al., 2007), both of which activate NMDARs. 

Therefore, LPS activation of microglia may have increased the overall concentration of 

NMDAR agonists in the culture media thereby potentiating NMDA-induced toxicity. The 

precise mechanisms by which LPS enhances NMDA toxicity in the current study remain 

uncertain at this stage. However, these data support the fact that neuroimmune signaling is 

capable of potentiating NMDAR mediated excitotoxicity and this might have important 
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implications for neurotoxicity associated with EWD. For example, if release of NO and 

TNF-alpha elicited by LPS is enhanced during EWD, this may further potentiate 

excitotoxicity observed at that time.

Many previous studies (Mayer et al., 2002, Self et al., 2004) using OHSC have shown that 

NMDA-induced toxicity is enhanced during EWD and we were able to replicate these 

findings in the current study. NMDA treatment alone produced robust toxicity and this was 

significantly potentiated during EWD.

Since NMDA toxicity is enhanced by LPS under control conditions and NMDA toxicity is 

also enhanced by EWD, we predicted that NMDA toxicity would be further enhanced by 

LPS under EWD conditions. Furthermore, this was predicted to be accompanied by a greater 

release of proinflammatory mediators induced by LPS because ethanol exposure has been 

shown to sensitize the inflammatory response to LPS (Qin et al., 2008). The results do not 

support these predictions. During peak EWD, co-exposure to LPS reduced NMDA toxicity 

(fig. 1) and LPS-induced release of proinflammatory mediators was reduced (fig. 2) at that 

time. Therefore, in OHSC, ethanol exposure resulted in a desensitized response to LPS and 

the effects of LPS on NMDA toxicity are reversed during EWD.

A potential explanation for the desensitization to LPS following ethanol exposure is by a 

mechanism similar to endotoxin tolerance. Endotoxin tolerance occurs when immune tissues 

or cells are chronically exposed to an inflammatory stimulus resulting in a desensitized 

response to subsequent challenges with the same stimulus (Morris and Li, 2012). For 

example, Antonietta Ajmone-Cat et al. (Antonietta Ajmone-Cat et al., 2013) show in an 

elegant study that when OHSC are treated repeatedly with LPS, the cultures exhibit a 

reduced inflammatory response to a subsequent challenge. This is presumably the result of 

persistent activation of the primary molecular target for LPS, toll-like receptor 4 (TLR4). 

Ethanol has been shown to directly activate TLR4 on isolated astrocytes (Blanco et al., 

2004) and microglia (Fernandez-Lizarbe et al., 2009). In our study, it is therefore possible 

that ethanol persistently activated TLR4 resulting in tolerance to a subsequent challenge 

with LPS during EWD. In support, ethanol pretreatment has been found to produce tolerance 

to a subsequent LPS challenge in human monocytes and immortalized macrophages (Bala et 

al., 2012).

The desensitized inflammatory response to LPS following ethanol exposure does not 

however fully explain the reversed effects of LPS on NMDA toxicity during EWD. 

Proinflammatory mediators, TNF-alpha and NO (known to enhance excitotoxicity, see 

above), are still present in culture media and should still be capable of enhancing 

excitotoxicity. Therefore, other changes to OHSC induced by ethanol must have had to 

occur for LPS to reduce NMDA toxicity during EWD. An elegant study by Marshall et al 

recently reported that in rats exposed to a modified Marjchowicz 4-day binge ethanol 

paradigm, microglia are partially activated and exhibit an anti-inflammatory phenotype 

(Marshall et al., 2013). This phenotype has been extensively demonstrated to be 

neuroprotective against a variety of neurotoxic stimuli (Choi et al., 2012, Stirling et al., 

2014). In our study, ethanol exposure may have produced preparations containing anti-

inflammatory and neuroprotective microglia which could explain the apparent 
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neuroprotection by LPS against NMDA toxicity during EWD. This interpretation has 

important implications for the role microglia may play in neurotoxicity associated with 

EWD. Therefore, we investigated how ethanol exposure affects the response to LPS on 

microglia specifically.

In OHSC, both TNF-alpha and NO release elicited by LPS were reduced following ethanol 

exposure. In BV2 microglia, LPS-induced NO release was also reduced following ethanol 

exposure. However, in contrast, LPS-induced TNF-alpha release was increased following 

ethanol exposure (fig. 3). Accordingly, following ethanol exposure, BV2 microglia exhibit 

an unusual inflammatory phenotype that is not characteristic of traditional classical and/or 

alternative microglial activation states (Boche et al., 2013, Colton and Wilcock, 2010) but 

instead could suggest another activation state such as an immunoregulatory phenotype 

(Chhor et al., 2013). In comparison to the results obtained from OHSC, in which the overall 

phenotype of the slices is anti-inflammatory, the changes observed in BV2 microglia may 

suggest that other cell types are involved in the changes observed in the slice cultures. 

However, the use of an immortalized cell line in these studies is a limitation and may not 

reflect the effects of chronic ethanol in vivo. Therefore, additional studies are necessary to 

fully characterize neuroimmune changes to all cell types in OHSC, including microglia, 

astrocytes, oligodendrocytes and neurons, following ethanol exposure.

OHSC used in these studies are taken originally from neonatal rats at postnatal day 8 and, 

although they are not analyzed until 16, 17 or 18 DIV, the effects of ethanol on these 

cultures is almost certainly relevant to effects on the developing brain. Indeed, we have 

previously used these preparations to study the sensitivity of different developmental stages 

to the effects of excitotoxicity during EWD (Barron et al., 2008). Additionally, others 

(Moon et al., 2014) have used similar cultures to study the contribution of 

neuroinflammation on ethanol-induced neurotoxicity specifically during brain development. 

Their data focused on the role of increased phospholipase A2 activation in 

neuroinflammation in adolescent cultures, a change that we have previously reported in 

adult brain (John et al., 1985). The current studies therefore provide further support that 

changes to the glutamate and neuroimmune systems may contribute to ethanol related 

toxicity in the developing brain. Furthermore, they suggest that the pathological mechanisms 

and their interactions examined in this research may be relevant to ethanol-induced 

neurotoxicity at different developmental ages.

In summary, in OHSC, LPS enhances NMDA toxicity under control conditions but the 

reverse is observed during EWD. In addition, ethanol exposure results in a desensitized 

inflammatory response to LPS. The primary hypothesis is therefore not supported by the 

data. Furthermore, the specific role of microglia in neuroimmune changes induced by 

ethanol in this model remains uncertain but data obtained from BV2 microglia suggest that 

other cell types are important for these changes in OHSC. This has important implications 

for the treatment of ethanol-induced neurotoxicity because, following ethanol exposure, the 

neuroimmune system may be initially protective against excitotoxicity associated with 

EWD. In contrast, repeated EWDs may in turn dysregulate neuroimmune processes and 

contribute to excitotoxic injury observed during EWD. These studies do not invalidate 

neuroinflammation or excitotoxicity as potential pathological mechanisms to target for the 
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treatment of ethanol induced neurodegeneration but illustrate the necessity to clearly assess 

the extent, importance and interaction between these mechanisms when using models of 

ethanol induced neurotoxicity.
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Figure 1. 
Propidium iodide uptake in the CA1 region of the hippocampus in slices treated with 

lipopolysaccharide (LPS), N-methyl-D-aspartate (NMDA) or a combination of both for 24h, 

48h and 72h under control conditions (light bars) and under ethanol withdrawal (EWD) 

conditions (dark bars). *p < 0.01 compared to NMDA alone under control conditions. **p < 

0.05 compared to NMDA alone during EWD. $p < 0.01 compared to NMDA+LPS under 

control conditions. Data are expressed as percent of untreated control (means ± SEM). 

Dotted line represents untreated control. n = 64–72 slices for each treatment group (control, 

NMDA, LPS, NMDA+LPS), under both control and EWD conditions, at all time points.
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Figure 2. 
Release of TNF-alpha (A) and nitric oxide (NO) (B) from OHSCs after 24h, 48h and 72h of 

LPS treatment under control conditions (light bars) and under ethanol withdrawal (EWD) 

conditions (dark bars). *p < 0.0001 compared to LPS alone; n.d. not detected. n = 16–18 

samples for each treatment group (control, LPS), under both control and EWD conditions at 

all time points.
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Figure 3. 
Release of TNF-alpha (A) and nitric oxide (NO) (B) from BV2 microglia after 24h of LPS 

treatment under control conditions (light bars) and under ethanol withdrawal (EWD) 

conditions (dark bars). *p < 0.05 compared to LPS under control conditions; n.d. not 

detected. Treatment groups were run in quadruplicates.

Lutz et al. Page 16

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


