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Abstract

It is increasingly evident that alcohol-induced, gut-mediated peripheral endotoxemia plays a 

significant role in glial cell activation and neuro-inflammation. Using a mouse model of chronic 

alcohol feeding, we examined the causal role of endotoxin- and cytokine-responsive Pde4 

subfamily b (Pde4b) expression in alcohol-induced neuro-inflammation. Both pharmacologic and 

genetic approaches were used to determine the regulatory role of Pde4b.

In C57Bl/6 wild type (WT) alcohol fed (WT-AF) animals, alcohol significantly induced peripheral 

endotoxemia and Pde4b expression in brain tissue, accompanied by a decrease in cAMP levels. 

Further, along with Pde4b, there was a robust activation of astrocytes and microglia accompanied 

by significant increases in the inflammatory cytokines (Tnfα, Il-1β, Mcp-1 and Il-17) and the 
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generalized inflammatory marker Cox-2. At the cellular level, alcohol and inflammatory 

mediators, particularly LPS, Tnfα and Hmgb1 significantly activated microglial cells (Iba-1 

expression) and selectively induced Pde4b expression with a minimal to no change in Pde4a and d 

isoforms. In comparison, the alcohol-induced decrease in brain cAMP levels was completely 

inhibited in WT mice treated with the Pde4 specific pharmacologic inhibitor rolipram and in 

Pde4b−/− mice. Moreover, all the observed markers of alcohol-induced brain inflammation were 

markedly attenuated. Importantly, glial cell activation induced by systemic endotoxemia (LPS 

administration) was also markedly decreased in Pde4b−/− mice. Taken together, these findings 

strongly support the notion that Pde4b plays a critical role in coordinating alcohol-induced, 

peripheral endotoxemia mediated neuro-inflammation and could serve as a significant therapeutic 

target.
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1. Introduction

The adverse effects of alcohol consumption on the brain include severe alcohol-related 

neuro-inflammation and brain damage that may contribute to cognitive decline and 

neurodegeneration (Vetreno and Crews, 2014). In both human and animal studies, alcohol 

abuse causes glial cell activation leading to neuro-inflammation and injury (Montesinos et 

al., 2016). Direct and indirect inflammatory effects of alcohol on glial cells are substantially 

mediated by toll-like receptor 4 (Tlr4) signaling (Montesinos et al., 2016; Szabo and Lippai, 

2014). With regards to direct effects, Guerri’s group showed that alcohol exposure induces 

Tlr4-mediated activation of NFκB and MAPK pathway resulting in inflammatory cytokine 

production by microglial cells (Blanco and Guerri, 2007; Fernandez-Lizarbe et al., 2009). 

The critical role of Tlr4 signaling in alcohol-mediated inflammatory responses in microglial 

cells was further confirmed by studies using Tlr4−/− mice (Alfonso-Loeches et al., 2010; 

Pascual et al., 2011). Moreover, seminal work by Crew’s group showed that alcohol-induced 

neuro-inflammation and injury results in release of damage-associated molecular patterns 

(DAMPs), such as high mobility group box 1 (Hmgb1), that can act as ligands and activate 

Tlr4 signaling in glial cells (Crews et al., 2015; Szabo and Lippai, 2014). In relation to 

indirect effects, there is increasing evidence that alcohol-induced peripheral inflammation 

contributes to the development of neuro-inflammation (Qin et al., 2007). Work done by us 

and others shows that chronic alcohol exposure causes gut dysbiosis, as well as intestinal 

barrier dysfunction and increased permeability, resulting in peripheral endotoxemia (Bull-

Otterson et al., 2013; Forsyth et al., 2009; Keshavarzian et al., 2001; Mutlu et al., 2009; Rao 

et al., 2004; Yan et al., 2011). Importantly, peripheral endotoxemia is the major cause of 

peripheral inflammatory cytokine production which in turn can strongly influence neuro-

inflammation and injury (Crews and Vetreno, 2016). Although Tlr4-mediated signaling is 

implicated, the mechanism(s) by which alcohol regulates glial cell activation and neuro-

inflammation are not completely understood.

Avila et al. Page 2

Neuropharmacology. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We have demonstrated that the alcohol-induced increase in PDE4 expression and consequent 

decrease in intracellular cAMP plays a critical role in alcohol “priming” effect and 

exaggerated response of peripheral monocytes/macrophages to LPS (Gobejishvili et al., 

2008; Gobejishvili et al., 2006). Moreover, studies using Pde4b−/− mice demonstrated that 

Pde4b is critical for LPS/Tlr4 signaling and is essential for LPS-induced Tnfα production 

(Jin and Conti, 2002; Jin et al., 2005). Importantly, chronic ethanol consumption 

significantly increases peripheral/liver as well as brain Tlr4 expression and downstream 

inflammatory gene expression contributing to ethanol induced peripheral as well as neuro-

inflammation (Crews et al., 2013; Fernandez-Lizarbe et al., 2009; Floreani et al., 2010; 

Kirpich et al., 2012). Further, besides Tlr4 expression, increased brain Pde4b mRNA 

expression has also been observed in mouse models with high degree of alcohol preference 

(Mulligan et al., 2006).

The importance of alcohol-mediated peripheral endotoxemia and inflammation, along with 

Pde4b expression in brain inflammation, is supported by the findings that a single 

intraperitoneal administration of endotoxin significantly upregulates Pde4b expression in 

activated glial cells along with the CNS expression of inflammatory mediators such as 

Cox-2, Il-1β, Tnfα, and Vcam-1 (Johansson et al., 2011; Reyes-Irisarri et al., 2008). Further, 

in relevance to a significant contribution of peripheral Tnfα in alcohol-induced neuro-

inflammation (Qin et al., 2007), the Tnfα-mediated increase in Pde4b expression regulates 

inflammatory responses in microglia cells (Ghosh et al., 2015; Ghosh et al., 2012). Taken 

together, there is a strong rationale for the causal role of Pde4b expression in mediating the 

direct and indirect effects of alcohol leading to glial cell activation and neuro-inflammation. 

Nevertheless, the role of Pde4b in integrating the direct and indirect neuro-inflammatory 

effects of alcohol has not been examined and is an important mechanistic focus of this work. 

The results of this study show that alcohol increases brain Pde4b expression leading to a 

decrease in cAMP levels, activation of glial cells, and neuro-inflammation. We show that 

pharmacological and genetic inhibition of Pde4b markedly attenuates the neuro-

inflammatory effects of chronic alcohol consumption.

2. Materials and Methods

2.1. Animal Model

12 week old male C57BL/6 (wild type-WT) mice were obtained from the Jackson 

Laboratory (Bar Harbor, ME). A breeding pair of Pde4b−/− mice generated on C57Bl/6J 

background was a kind gift from Prof. Marco Conti (UCSF). All mice were housed in a 

pathogen-free, temperature-controlled animal facility with 12-hour light /12-hour dark 

cycles. All experiments were carried out according to the criteria outlined in the Guide for 

Care and Use of Laboratory Animals and with approval of the University of Louisville 

Institutional Animal Care and Use (IACUC) and Institutional Biosafety (IBC) Committees.

To assess the effects of chronic alcohol consumption on the development of brain 

inflammation, we employed a well-established model of alcohol feeding that shows changes 

in the gut-liver axis involving intestinal barrier dysfunction and systemic endotoxemia and 

innate immune activation and hepatic inflammation (Bull-Otterson et al., 2013; Kirpich et 

al., 2012). C57Bl/6 and Pde4b−/− male mice were pair-fed the Lieber-DeCarli liquid diet 
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(Lieber-DeCarli type, Bioserv, Frenchtown, NJ). Alcohol was gradually increased over a 

period of one week and then mice were fed the ethanol diet [5% (w/v)] ad libitum for 

another 2 weeks (AF). The Lieber-DeCarli liquid diet contained 15.1% kcal as protein, 

35.9% kcal as fat, 13.5% kcal as carbohydrates and 35.5% kcal as either ethanol [AF; 

ethanol 5% (w/v)] or maltose dextrin [PF - isocaloric control]. Additional groups of AF and 

PF animals were treated with the Pde4 specific inhibitor rolipram (5 mg/kg) 3 times/week. 

Rolipram (C16H21NO3) (Biomol, Enzo Life Sciences, Farmingdale, NY) was dissolved in 

sterile DMSO and diluted with sterile phosphate buffered saline (PBS) just before injection. 

Food consumption was carefully monitored and blood alcohol levels were measured. No 

significant differences in either food consumption or blood alcohol levels were found 

between the groups (Avila et al., 2016). Mice were sacrificed 1 and 2 weeks after starting 

5% (w/v) alcohol. At sacrifice, mice were anesthetized with an intraperitoneal injection of 

Nembutal, 80 mg/kg. There were 5–7 mice in each experimental group. Whole blood was 

collected and plasma was stored at −80°C for analysis.

2.2. LPS treatment

Wild type C57BL/6J and Pde4b−/− male mice were intraperitoneally (i.p.) injected with a 

single dose of sterile PBS) or 5 mg/kg LPS (Escherichia coli 0111: B4, Difco, Detroit, MI) 

for 6 hours. Before use, LPS was dissolved in sterile, pyrogen-free water, sonicated, and 

diluted with sterile PBS.

2.3. Primary microglial isolation and treatment

Microglial cells were obtained from postnatal day 4 (P4) mice pups according to a slightly 

modified protocol (Cole and de Vellis, 2001; Saura et al., 2003). Primary microglial cells 

were plated at a density of 0.3~0.5 million cells/ml and treated with ethanol (25–50 mM) in 

serum-free DMEM supplemented with N-2 (ref# 17502-048, Life Technologies, Waltham, 

MA). Cells were plated at the same density in 10% (vol/vol) fetal bovine serum (Invitrogen, 

Carlsbad, CA) containing DMEM and subsequently treated with LPS, recombinant Hmgb1 

and Tnfα. Mouse Hmgb1 recombinant protein was purchased from eBiosciences (cat# 

34-8401, eBioscience, Inc., San Diego, CA). Recombinant murine Tnfα protein (cat# 510-

RT-050/CF) was purchased from R@D Systems Inc. (Minneapolis, MN). Recombinant 

Tnfα and Hmgb1 proteins were tested for LPS contamination before using in microglia 

experiments.

2.4. Western blot analysis

Brain tissues were lysed using RIPA buffer containing a protease inhibitor cocktail (Sigma-

Aldrich, St. Louis, MO) and phosphatase inhibitors. Proteins (25 μg) were analyzed by SDS-

polyacrylamide gel electrophoresis as described previously (Avila et al., 2016). 

Quantification was performed with Image LabTMSoftware (BioRad, Life Science Research, 

Hercules, CA). Gfap and Gapdh antibodies were purchased from Santa Cruz Biotechnology, 

Inc. (Dallas, TX), and anti-Pde4b2 was a gift from Dr. Marco Conti’s laboratory.
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2.5. RNA isolation and real-time PCR analysis

Total RNA was isolated using TRIzol Reagent (Invitrogen, Carlsbad, CA) and qRT-PCR was 

performed as described previously (Avila et al., 2016). The specific primers were purchased 

from integrated DNA technologies (IDT, Coralville, Iowa) (Avila et al., 2016; Gobejishvili 

et al., 2011). The relative gene expression was analyzed using 2−ΔΔCt method by 

normalizing β-actin and 18S gene expression in all the experiments.

2.6. Immunohistochemistry

Brains were harvested from mice transcardially perfused with 20 ml PBS, followed by 15 ml 

of 4% paraformaldehyde (PFA) in PBS, pH 7.4. Brains were dissected and additionally fixed 

overnight at 4°C in 4% PFA. Following fixation, brains were transferred to 30% sucrose 

solution and stored for 3 days at 4°C. The tissue was embedded in freezing media (Triangle 

Biomedical Sciences, Durham, NC), sectioned coronally at 30 μm on a cryostat, then 

mounted on microscope slides (Fisher Scientific, Pittsburgh, PA) and stored at −80°C. Slides 

were warmed at 37°C for 20 minutes, and the tissue was blocked in TBS + 0.1% Triton 

X-100, 0.5% BSA, and 10% normal donkey serum for 1 hour at room temperature and then 

incubated overnight at 4°C with primary antibodies in blocking buffer, followed by 

incubation in secondary antibodies at room temperature for 1 hour. TRITC (1:200)-, FITC 

(1:200)-, CY5 (1:200)-, or AMCA (1:100)-conjugated secondary antibody F(ab’) fragments 

(all from donkey) and normal donkey serum (017-000-121) were purchased from Jackson 

Immunoresearch (West Grove, PA). Negative controls included appropriate species-specific, 

non-immune IgGs instead of primary antibodies.

All images were captured with a Nikon TE 300 inverted microscope equipped with a Spot 

CCD camera using identical exposure settings. Elements software (Nikon, Melville, NY) 

was used to threshold baseline brightness and contrast identically for each image. 

Immunostaining was carried out for detecting the presence of activated astrocytes (Gfap; 

ab4674; Abcam; Cambridge, MA), microglia (Iba-1; 019,19741; Wako; Richmond, VA), 

neurons (NeuN; ABN90P; Millipore; Temecula, CA) and the pro-inflammatory cytokine 

cyclooxygenase-2 (Cox-2; 160126; Cayman Chemical; Ann Arbor, MI). All images were 

captured with a Nikon TE 300 inverted microscope equipped with a Spot CCD camera using 

identical exposure settings. For immunohistochemical quantitation, at least five 20 μm 

hippocampal sections per brain were stained and photographed with a 10X objective. 

Elements software was used to threshold baseline brightness and contrast identically for 

each image for all quantitative object measurements. The positively stained areas within the 

hippocampus were quantified by a scorer blinded to genotype or treatment group. To assess 

the presence of inflammatory markers, the total area within the hippocampus positive for 

either Gfap, Cox-2, or Iba-1 was quantified by digital image analysis using the basic 

densitometric thresholding features of Elements software, similar to methods previously 

reported (Donnelly et al., 2009). Threshold values were obtained and set for each marker 

and held constant for each image quantified. Measurements of brain cAMP levels. Brain 

tissues were homogenized in 0.1N HCl and assayed according to the manufacturer 

instructions. cAMP ELISA kit was purchased from Enzo Life Sciences (Farmingdale, NY).

Avila et al. Page 5

Neuropharmacology. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.7. Cytokine measurement

Brain tissues were homogenized in a buffer containing 20 mmol/L Tris-HCl (pH 7.5), 150 

mmol/L NaCl, 1 mmol/L, PMSF, 0.05% Tween-20, and a cocktail of protease inhibitors 

(Sigma) (Fox et al., 2005). Il-1β, MCP-1, Il-17, and Tnfα levels were quantified using 

customized Milliplex® MAP Kit (Cat # MPXMCYTO-70K, Millipore) and Luminex100 

reader (Luminex Corp., Austin, TX 78727, USA) Endotoxin assay. Serum endotoxin levels 

were measured using Limulus Amebocyte Lysate test kit (Lonza, Walkersville, MD) 

according to the manufacturer’s instructions.

2.8. Soluble CD14 ELISA

Serum samples were collected after centrifugation, and quantified using sCD14 ELISA 

(R&D systems, Minneapolis, MN) kit in accordance with the manufacturer’s instructions.

3. Statistical analysis

Statistical analysis was performed using GraphPad Prism SoftwareStatistical significance 

was calculated using one-way ANOVA followed by Bonferroni’s post-test and the Student t 

test. For IHC quantitation, a one-way ANOVA assuming unequal variance was performed 

followed by post-hoc Tukey HSD t-tests. Spearman correlation analysis was used to assess 

the correlations between endotoxin levels and brain inflammatory cytokines. Data are 

presented as the mean ± standard deviation (SD). P<0.05 was considered significant.

4. Results

4.1. Alcohol consumption induces systemic endotoxemia and brain inflammation

We examined serum endotoxin levels for assessment of gut barrier function and soluble 

CD14 levels for gut microbial translocation and systemic monocyte/macrophage activation 

(Pilakka-Kanthikeel et al., 2012) in a well-established mouse model of chronic alcohol 

feeding (Bull-Otterson et al., 2013; Kirpich et al., 2012). In comparison to control animals 

pair-fed with isocaloric maltose dextrin (PF), alcohol feeding (ethanol 5% w/v) for 1 week 

led to a significant increase in serum endotoxin levels (Fig. 1A). Further, following the 

increase in endotoxin, an increase in serum sCD14 levels indicative of gut barrier 

dysfunction and systemic immune activation, was observed after 2 weeks of chronic alcohol 

feeding (Fig. 1B). Concomitant brain inflammation was assessed by examining glial cell 

activation utilizing immunohistochemical (IHC) analysis. A robust activation of astrocytes 

and microglia was observed in the hippocampal dentate as indicated by Gfap and Iba-1 

expression, respectively. This was accompanied by morphological changes from resting, 

ramified microglia to condensed and activated microglia (Fig. 2A, inset). We further 

evaluated the effect of alcohol on Cox-2 expression, a generalized marker for brain 

inflammation. Concomitant with cell activation, there was a significant upregulation of 

Cox-2 expression in the hippocampal CA3 region of AF-mice compared to PF mice (Fig. 2). 

These differences were representative of an increase in these inflammatory markers 

throughout the brain (data not shown). These data suggest that chronic alcohol consumption-

mediated gut/systemic changes are linked with the development of brain inflammation.
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4.2. Alcohol consumption increases Pde4b expression and decreases cAMP levels in the 
brain

Elevated systemic endotoxin in mice and rats significantly increases Pde4b expression in 

brain and is characterized by an increase in Cox-2 expression (Johansson et al., 2011; Reyes-

Irisarri et al., 2008). Real time qPCR and Western blot analyses of brain tissue showed a 

significant increase in Pde4b expression in alcohol fed mice as compared to PF mice (Fig. 

3A, B). Importantly, the increase in Pde4b was accompanied by a significant decline in 

cAMP levels in the brain homogenates of AF mice (Fig. 3C).

Our earlier work has demonstrated that alcohol and LPS-inducible inflammatory cytokine 

production in peripheral monocyte/macrophages is critically regulated by increased Pde4 

expression and the consequent decrease in cellular cAMP (Gobejishvili et al., 2008; 

Gobejishvili et al., 2006). Microglia are the brain resident macrophages and play a major 

role in the development of brain inflammation and pathology (Ransohoff, 2016; Sasaki, 

2016). Accordingly, the effect of inflammatory mediators relevant to alcohol-induced brain 

inflammation, ethanol, LPS, Tnfα and Hmgb1, on microglial Pde4 expression was 

examined. Neonatal cortical microglial cells were treated with ethanol (25 mM; 48 h), LPS 
(100 ng/ml; 4 h), Tnfα (20 ng/ml, 90 minutes) and Hmgb1 (10 μg/ml, 90 minutes). Ethanol 

treatment of primary microglia cells increased Tlr4 and Pde4b mRNA expression (Fig. 4). 

More importantly, all other inflammatory mediators also resulted in a significant induction 

of Pde4b mRNA expression with a minimal to no change in Pde4a and d (Fig. 5A–C). 

Further, induction of Pde4b protein expression in microglial cells was also confirmed by 

IHC analyses (Fig. 5D–F). Taken together, these data suggest that Pde4b is the predominant 

Pde4 subfamily member involved in brain cAMP metabolism and inflammation that occurs 

in response to chronic alcohol consumption and peripheral endotoxemia and inflammatory 

changes.

4.3. Pharmacological inhibition or genetic knockout of Pde4b abrogates alcohol-induced 
glial activation and inflammation in the brain

The causal role of alcohol-induced brain Pde4b expression in glial cell activation and brain 

inflammation was examined by employing both pharmacological and genetic approaches 

that inhibit Pde4b. For the pharmacological inhibition of Pde4b, the blood brain barrier 

(BBB) permeable Pde4-specific inhibitor rolipram was administered i.p. (5 mg/kg; 3 times/

week), along with chronic alcohol feeding. The pathogenic role of Pde4b was also 

determined by examining the effect of chronic alcohol administration in Pde4b−/− mice. 

Neither rolipram treatment nor genetic ablation of Pde4b had any significant effect on 

consumption of alcohol-containing diet and blood alcohol levels (Avila et al., 2016). The 

efficacy of Pde4 inhibition by both approaches was assessed by evaluating their effect on the 

brain cAMP levels. The alcohol-induced decrease in brain cAMP levels was prevented in 

Pde4b−/− as well as WT animals treated with rolipram (Fig. 6A). These data strongly support 

the notion that alcohol-induced Pde4b expression plays a contributory role in the decrease of 

brain cAMP levels.

Further, in the context of the regulatory role of Pde4 expression in glial cell activation, IHC 

analysis was performed on the brain tissue obtained from alcohol-fed animals with and 
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without rolipram treatment. Significantly, there was a marked attenuation of alcohol-induced 

Gfap, Cox-2 and Iba-1 expression by rolipram (Fig. 6B). Additionally, Western blot analysis 

of brain homogenates from WT and Pde4b−/− animals showed a complete inhibition of 

alcohol-induced Gfap expression that was seen in WT animals (Fig. 6C). Overall, these data 

strongly support the causal role of Pde4b expression in glial cell activation induced by 

chronic alcohol consumption.

4.4. Pde4b−/− mice do not exhibit glial activation in response to endotoxin administration

To validate the causal relationship between systemic endotoxemia in alcohol-induced brain 

Pde4b expression and inflammation, we examined the effect of intraperitoneal 

administration of LPS in WT and Pde4b−/− mice. WT and Pde4b−/− mice were injected with 

5 mg/kg LPS and brain tissues were examined at 6 h post LPS injection for Pde4b 

expression and glial cell activation by IHC analysis. Immunohistochemical staining for 

Pde4b (green), Cd11b (red) and Cd68 (violet) of brain tissues of WT mice after LPS 

administration showed that Pde4b is localized in activated macrophage/microglia cells (Fig. 

7A, bottom right corner). Compared to WT mice, LPS mediated activation of glial cells was 

markedly attenuated in Pde4b−/− mice, as indicated by Gfap+ astrocytes and Iba1+ microglia 

(Fig. 7B). These data demonstrate that systemic endotoxin induced glial activation and brain 

inflammation is mediated by Pde4b expression. Further, these data also strongly support the 

notion that chronic alcohol-induced systemic endotoxemia drives Pde4b expression which 

critically regulates astrocyte and microglia activation and brain inflammation.

4.5. Pde4 inhibition attenuates the alcohol-induced pro-inflammatory cytokine production 
in the brain parenchyma

To further assess the contributory of role of Pde4b in alcohol-induced inflammatory 

response in the brain, the effect of Pde4b inhibition on pro-inflammatory cytokine 

production in the brain parenchyma was examined. Commensurate with the increased 

activation of glial markers, there was a significant increase in inflammatory cytokines Tnfα, 

Il-1β, Il-17 and inflammatory chemokine Mcp-1 in the brain tissue of WT alcohol fed mice 

(Fig. 8). Additionally, in view of the potential contribution of alcohol-induced systemic 

endotoxemia, we examined the correlation of serum endotoxin levels and brain 

inflammatory cytokines using Spearman correlation analysis. This correlation analysis that 

measures the strength and direction of association between two ranked variables showed a 

strong positive correlation between endotoxin levels and two out of four inflammatory 

cytokines Mcp-1 and Il-17 in alcohol fed mice (r=0.857, p=0.024 for Mcp-1 and r=0.821, 

p=0.034 for Il-17). These analyses indicate the potential role of alcohol-induced 

endotoxemia in inducing brain inflammatory cytokines. Notably, in contrast, alcohol fed 

Pde4b−/− and rolipram-treated mice showed a marked attenuation of all the inflammatory 

cytokines and chemokines, supporting the role of Pde4b in regulating alcohol-induced brain 

inflammation (Fig. 8).

5. Discussion

Significant advances have been made in understanding the deleterious effects of alcohol 

consumption on individual organ systems such as brain, liver, immune, cardiovascular, and 

Avila et al. Page 8

Neuropharmacology. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



endocrine systems. However, the pathogenic links between different organ systems in the 

presence of alcohol are only beginning to be investigated. Emerging data suggest that these 

interactions could provide important insights into the mechanism(s) by which alcohol-

induced pathology in one organ influences the function of other organs. This study examined 

the development of brain inflammation in the context of chronic alcohol consumption and 

systemic endotoxemia-associated events.

Present results showed that alcohol feeding significantly increased serum endotoxin levels. 

More importantly, this rise in endotoxin levels was accompanied by elevated serum sCD14 

(Fig. 1). Increased release of sCD14 from monocytes is observed in response to stimulation 

with endotoxin and other microbial antigens and therefore is considered as a marker for 

activation of monocytes/macrophages (Bazil and Strominger, 1991; Bufler et al., 1995; 

Dauphinee and Karsan, 2006; Durieux et al., 1994; Shive et al., 2015). These results indicate 

that alcohol feeding led to gut barrier dysfunction and translocation of microbial products 

resulting in activation of the systemic innate immune response.

Concomitant with increased endotoxemia and activation of innate responses, alcohol 

induced brain inflammatory changes as demonstrated by glial cell activation (Fig. 2). These 

findings suggest that chronic alcohol-induced peripheral endotoxemia and inflammation are 

linked to the subsequent development of brain inflammation. Concerning the systemic 

inflammatory changes induced by alcohol, our earlier data showed that alcohol induces Pde4 

expression in circulating, as well as hepatic, monocytes/macrophages (Gobejishvili et al., 

2008). Moreover, increased Pde4 expression plays a critical role in the priming effects of 

alcohol leading to induction and exacerbation of LPS-inducible inflammatory cytokine 

expression. Analogous to the peripheral inflammatory responses and cytokine production, 

alcohol induces Tlr4 and Pde4b expression in microglial cells as well as total brain 

homogenates (Figs. 3, 4). Interestingly, alcohol treatment specifically affected the expression 

of Pde4b, with minimal to no effect on Pde4a and d sub-family members. These findings are 

particularly relevant in the context of the direct effects of alcohol on glial cell activation. 

Significantly, these data are also in agreement with the direct activating effects of alcohol on 

glial cells that occur via TLR4 signaling, as observed previously (Alfonso-Loeches et al., 

2010; Blanco and Guerri, 2007; Fernandez-Lizarbe et al., 2009; Pascual et al., 2011). 

Although, LPS is a strong inducer of Pde4b expression in peripheral monocytes/

macrophages (Banks and Robinson, 2010; Gobejishvili et al., 2011; Jin and Conti, 2002; Jin 

et al., 2005), very little LPS gains access to the brain due to the poor passage through the 

BBB. Hence, the alcohol-induced systemic endotoxemia is likely to play an indirect role in 

inducing brain Pde4b expression and inflammation via triggering of systemic cytokines such 

as Tnfα. Indeed, Tnfα and other cytokines induce Pde4b expression and inflammatory 

changes in glial cells (Ghosh et al., 2012). In view of this, peripheral TNF could initiate 

Pde4b and cytokine expression in the glial cells. Moreover, TNF and cytokines produced by 

glial cells could further induce and sustain brain Pde4b expression perpetrating alcohol-

induced brain inflammation. Besides cytokines, Pde4b expression could be induced via 

activation of Tlrs, particularly Tlr4 in glial cells. In this regard, our results show that alcohol 

increases Tlr4 expression in microglial cells and this increase is accompanied by an 

elevation of Pde4b expression (Fig. 4). Activation of Tlr4 on glial cells and induction of 

Pde4b expression could also be driven by localized DAMPs such as Hmgb1, which are 
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produced during alcohol-induced neuro-inflammation and injury and can act as ligands and 

activate Tlr4 signaling (Bianchi, 2009; Crews et al., 2012; Lippai et al., 2013). Taken 

together, in the context of brain inflammatory changes, these data suggest that alcohol along 

with gut-derived endotoxemia and systemic inflammation likely initiate the induction of 

Pde4b expression in the brain parenchyma which can be further sustained by glial cell 

activation and neuronal injury in the alcohol fed animals.

The functional consequence of alcohol-induced brain Pde4b expression is demonstrated by a 

substantial decline in cAMP levels (Fig. 3B). cAMP helps to maintain immune homeostasis 

by suppressing the release of pro-inflammatory mediators (e.g., Tnfα, Il-17, and Ifnγ) and 

promoting the release of anti-inflammatory mediators (e.g., Il-10) by immune cells (Zidek, 

1999). Hence, similar to our observations related to systemic/hepatic inflammatory 

responses (Gobejishvili et al., 2008; Gobejishvili et al., 2006), the induction of Pde4 

expression and the subsequent decrease in cAMP levels occurring in response to chronic 

alcohol consumption likely plays a key regulatory role in glial cell activation and 

inflammatory cytokine expression in the brain. Notably, the causal role of Pde4b expression/

activity in alcohol-induced glial cell activation and brain inflammation was strongly 

supported by using the pharmacologic inhibitor, rolipram, as well as Pde4b−/− mice. 

Specifically, the lack of Pde4b expression in Pde4b−/− mice as well as the inhibition of its 

activity by rolipram prevented the alcohol-induced decrease in brain cAMP levels. These 

data strongly suggest that alcohol-induced alterations and brain cAMP homeostasis are 

predominantly regulated by Pde4b expression. Significantly, inhibition of Pde4 expression/

activity and prevention of the decline in cAMP levels also markedly attenuated glial cell 

activation and brain inflammatory cytokine production (Fig. 8). The attenuating effect of 

Pde4 inhibition on alcohol-induced brain inflammation could be occurring (i) indirectly, via 

suppression of systemic inflammation as well as (ii) directly, via suppression of 

inflammatory cytokine expression by activated glial cells. Moreover, since inflammatory 

cytokines can further activate and sustain Pde4b expression in glial cells, Pde4 inhibition 

could also impact the autocrine loop of Pde4b activation, inflammatory signaling and 

cytokine production.

6. Conclusions

Current data identifies and establishes that an alcohol-mediated increase in Pde4b expression 

plays a critical pathogenic role in alcohol-induced neuro-inflammation. In relevance to 

clinical applications, these data not only delineate the mechanistic role of Pde4b, but also 

demonstrate that it is a significant therapeutic target for alcohol-induced neuro-inflammation 

and neurologic diseases.
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Highlights

Chronic alcohol consumption induces peripheral endotoxemia and inflammation.

Chronic alcohol increases brain Pde4b expression and decreases cAMP levels.

Chronic alcohol induces activation of glial cells and neuro-inflammation.

Pharmacologic inhibition of Pde4b and Pde4b gene knockout, markedly attenuate 

alcohol-induced glial cell activation and brain inflammatory cytokine expression.

First report on the critical role of cAMP-specific Pde4b in alcohol-induced neuro-

inflammation.

Targeting Pde4b expression/activity is a potential therapeutic strategy to mitigate 

alcohol-induced neuro-inflammation.
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Figure 1. 
Alcohol increases systemic endotoxin and sCD14 levels in mice. A, Serum endotoxin levels 

were measured using LAL assay 1 week after starting 5% alcohol and B, Serum sCD14 

levels were measured using sCD14 ELISA kit after 2 weeks of starting 5% alcohol. Data are 

presented as means and S.D. (n=5–7 in each group). *P < 0.05, **P<0.01.
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Figure 2. 
Alcohol induces glial activation and neuro-inflammation. A, Representative images of the 

inflammatory state of brains of their respective treatment groups: astrocytic activation 

marker Gfap (red, hippocampus-dentate gyrus), microglial marker Iba-1 (green, 

hippocampus—dentate gyrus) and inflammatory marker Cox-2 (purple, hippocampus-CA3 

region), in the brains of PF and AF mice after two weeks of feeding. Hoescht (blue) and 

NeuN (purple) staining are used as nuclear and neuronal markers, respectively. Bar = 100 

μm. B, Quantitation of IHC staining. The percentage of image area positive for Gfap, Iba-1, 

and Cox-2 are significantly higher (**p<0.01, ***p<0.001) in alcohol-fed mice (AF) relative 

to control pair-fed animals (PF). Data are means ± SD (n = 5–7 in each group).
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Figure 3. 
Alcohol increases Pde4b expression and decreases cAMP levels in the brain. A, mRNA 

levels of brain Pde4b quantified by real time qPCR and B, Immunoblot analysis of brain 

homogenates from WT mice that were PF and AF for 1 week. (n = 5–7 in each group). C, 
brain cAMP levels measured by using cAMP ELISA kit were normalized by protein content. 

Data are presented as means ± SD (n = 5–7 in each group). *P < 0.05.
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Figure 4. 
Ethanol-mediated increase of Tlr4 and Pde4b mRNA expression in primary microglial cells. 

mRNA levels of Tlr4, Pde4a, b and d were quantified by real time qPCR in primary 

microglia cells treated with 50 mM ethanol (EtOH) for 24 hours. Data are presented as mean 

± SD from 3 independent experiments, ** P<0.01 and *** P<0.001 compared UT.
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Figure 5. 
Increase of Pde4b expression in primary microglial cells in response to LPS, Tnfα and 

Hmgb1. mRNA levels of Pde4a, b and d were quantified by real time qPCR in A, cells 

treated with LPS, 100 ng/ml for 90 minutes. B, cells treated with recombinant Tnfα, 20 

ng/ml for 90 minutes. C, cells treated with recombinant Hmgb1, 10 μg/ml for 90 minutes. 

Data are presented as mean ± SD from 3 independent experiments, *P<0.05, and *** 

P<0.001 compared UT. Representative images of IHC for Pde4b protein in D, cells treated 

with LPS, 100 ng/ml for 3 hours, E, in cells treated with Tnfα, 20 ng/ml for 3 hours, F, in 

cells treated with Hmgb1, 10 μg/ml for 3 hours.
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Figure 6. 
Pde4 inhibition prevents alcohol-induced effects on cAMP and inflammation in the brain. A, 
Brains from PF and AF mice were lysed, and cellular cAMP levels were measured. Obtained 

cAMP values were normalized by protein content. Data are presented as means ± SD (n=5–7 

in each group). *P < 0.05. B, Cox-2, Gfap and Iba-1 expression in mouse brains. Images are 

representative of the inflammatory state of the whole brain of their respective treatment 

groups. (n = 5–7 in each group). C, Quantitation of IHC staining. The percentage of image 

area positive for Gfap, Iba-1, and Cox-2 are significantly lower (*p<0.05, ***p<0.001) in 

rolipram-treated alcohol-fed mice (WT-AF+rol) relative to alcohol-fed animals (WT-AF). (n 

= 5–7 in each group). Bar = 100 μm. Data are means ± S.D. D, Immunoblot analysis of brain 

Gfap of WT and Pde4b−/− mice fed alcohol for 2 weeks. *p<0.05 compared to WT-PF and 

4B KO-AF.
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Figure 7. 
Pde4b−/− mice are protected from endotoxin-induced glial activation. A, IHC staining for 

Pde4b (green), Cd11b (red) and Cd68 (violet) demonstrating the localization of Pde4b in 

macrophage/microglia of WT mice 6 h after LPS administration. Bar = 50 μm. B, 
Expression of CD11b/c, Gfap, and NeuN in the dentate gyrus. C, Iba-1 immunostaining is 

up-regulated within 6 hours of LPS exposure. Images are representative of the inflammatory 

state of the whole brains of their respective treatment groups. C, Quantitation of IHC 

staining. The percentage of image area positive for Iba-1 and Gfap are significantly lower 

(**p<0.01) in LPS-injected Pde4b−/− mice (4B KO+LPS, n=4) relative to LPS-injected WT 

mice (WT+LPS, n=4). Data are means ± S.D.
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Figure 8. 
Pde4 inhibition prevents alcohol-induced increases in neuro-inflammatory cytokines/

chemokines. Mcp-1, Tnfα, Il-1β and Il-17 were measured in brain homogenates of wild type 

PF, AF, AF with rolipram treatment and Pde4b−/- mice. Obtained values were normalized by 

protein content. Data are presented as mean ± S.D (n = 5–7 in each group). *P<0.05, 

**P<0.01, ***P<0.01.
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