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Abstract

Aims: Previously we have demonstrated altered microglia P2X4R expression in response to alcohol

and pharmacological blockade with a selective P2X4R antagonist can reverse the action, suggesting

that P2X4R play a role in mediating alcohol-induced effects on microglia. In the present study, we

investigated the underlying signalingmediators, whichmay play a role in modulating P2X4R expres-

sion in microglia cells in response to alcohol.

Methods: Embryonic stem cell-derivedmicroglia (ESdM) cells were used to investigate the potential

mechanisms involved in the regulation of P2X4R in response to alcohol. Selective P2X4R antagonist

and kinase inhibitors were used to further corroborate the signal transduction pathway through

which alcohol modulates P2X4R expression in microglia.

Results: Alcohol (100 mM) suppressed phosphorylated AKT and ERK cascades in native ESdM cells.

This alcohol-induced suppression was confirmed to be P2X4R-dependent through the use of a se-

lective P2X4R antagonist and knockdown of P2XR4 by siRNA. Alcohol increased transcriptional ac-

tivity of CREB. P2X4R antagonist blocked alcohol-induced effects on CREB, suggesting a P2X4R-

mediated effect.

Conclusion: These findings provide important clues to the underlying mechanism of purinoceptors

in alcohol-induced microglia immune suppression.

INTRODUCTION

Microglial cells, the resident immune cells of the central nervous sys-
tem (CNS), are important mediators of immune response (Graeber
et al., 2011), and maintenance of the CNS (Perry and Teeling,
2013). Microglial surface receptors are important sensory tools for a
myriad of microglial functions. A growing body of evidence has indi-
cated that purinergic receptors are important mediators of microglia
signaling including phagocytosis, proliferation, migration and im-
mune response leading to the release of chemokines and cytokines
(Inoue, 2008; Kettenmann et al., 2011). Purinergic receptors are
also vital sensory receptors responsible for microglial function and
downstream activation (Burnstock, 2015) and play a pivotal role in
regulation of neuro-inflammatory and neurodegenerative processes.
Purinergic receptors regulate microglial activation via ATP, which is a

common pathological indicator of insult or injury (Verkhratsky et al.,
2009).

Alcohol is known to alter the neuropathology of the brain and
attenuate many microglial functions including phagocytosis, migra-
tion and proliferation (Rimland and Hand, 1980; Aroor and Baker,
1998; Suk, 2007; Nixon et al., 2008; Karavitis et al., 2012). Recent
evidence demonstrates that P2X4R is an alcohol-sensitive receptor
(Ostrovskaya et al., 2011) and is an important mediator of alcohol-
induced effects. We recently demonstrated that alcohol increases
mRNA and protein expression of P2X4R in microglia (Gofman
et al., 2014). Furthermore we have shown that alcohol-induced
P2X4R expression affects microglial function including migration
and phagocytosis which can be reversed via the P2X4R selective an-
tagonist, 5-BDBD (Gofman et al., 2014). Studying alcohol-induced
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microglial dysfunction through purinergic receptor X4 could shed
light on the microglial function, since P2X4R has been shown to
be an alcohol-sensitive receptor (Ostrovskaya et al., 2011).

Emerging evidence highlights a central role for the mitogen-
activated protein kinase (MAPK) family in alcohol use (Gonzaga
et al., 2014). The MAPK signaling cascade plays an essential role in
the initiation of cellular processes such as proliferation, differentiation,
development, apoptosis, stress and inflammatory responses (Kim and
Choi, 2010). Activation of intracellular signaling pathways involving
phosphatidylinositol 3-kinase (PI3K)-Akt and mitogen-activated pro-
tein kinase kinase (MAPK kinase, MEK), extracellular signal-
regulated kinase (ERK), and has been shown to have distinct roles in
the up-regulation of P2X4R expression in microglia (Tsuda et al.,
2009). Transcriptional activity such as CREB, NFAT and NFκB
have been linked with regulation of purinergic receptor expression
(Brautigam et al., 2005).

In the current study, we sought to determine the signal transduc-
tion pathway through which alcohol modulates P2X4R expression
in microglia. Downstream signaling of purinergic receptors has been
extensively studied; evidence shows their role in trophic events such
as proliferation (Monif et al., 2010; Ohtani et al., 2011), immune
response (Stokes and Surprenant, 2009), and activation through me-
chanisms associated with MAPK (Markou et al., 2003; Katz et al.,
2008) and transcription factors (Inoue, 2006). Our data indicates
that alcohol decreases phosphorylation of key regulatory proteins
and increases CREB transcriptional activity in a P2X4R-dependent
manner. Elucidating alcohol-induced P2X4R cell signaling mechan-
isms may address the importance of purinergic receptors in microglial
immune functions and potentially other neuroprotective/neurodegen-
erative functions linked to microglia activity.

MATERIALS AND METHODS

Cell culture

Embryonic stem cell-derived microglia (ESdM) were a generous
gift from Dr Harald Neumann (University of Bonn Germany; Bonn,
Germany), and were prepared according to the method described
previously (Napoli et al., 2009; Beutner et al., 2010). In brief,
ESdM cells were cultured in DMEM/F12 50:50 (Cellgro, Manassas,
VA, USA) containing N2 supplement (Invitrogen, Carlsbad, CA,
USA) with 0.048 mM L-glutamine (Cellgro), 1% D-glucose (Sigma-
Aldrich, St. Louis, MO, USA) and 1% penicillin/streptomycin (Cell-
gro) (Gofman et al., 2014).

Antibodies and reagents

Antibodies were purchased from the following sources: pMEK,MEK,
pERK, ERK, pAKT, and AKT (Cell Signaling, Danvers, MA, USA),
inhibitors for signaling experiments U0126 and PD9895 (Cell Signal-
ing), β-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Alcohol 200 proof (Pharmaco-Aaper, Brookfield, CT, USA), lipopoly-
saccharide was purchased from Sigma-Aldrich, 5-BDBD (dissolved in
DMSO) was purchased from Tocris (Bristol, UK). BCA protein assay
reagent, Precast SDS protein gels 4–20%, Super Signal West Femto,
and Pico Chemiluminescent Substrate were purchased from Thermo
Scientific, Hudson, NH, USA), CelLytic-M Reagent (Sigma-Aldrich),
6x SDS loading buffer (Morganville Scientific,Morganville, NJ, USA),
BSA (US Biologicals, Pittsburgh, PA, USA) TransAM™ CREB, and
the nuclear extract kit were purchased from Active Motif (Carlsbad,
CA, USA).

Knockdown of P2X4R via siRNA

P2X4R mRNA and protein expression in ESdM cells was silenced by
siRNA transfection for 48 h. P2rx4 Trilencer-27Mouse siRNA, 5 nM
P2X4R siRNA or 5 nM Scrambled siRNA (OriGene Technologies;
Rockville, MD, USA), along with jetPRIME transfection reagent
(Polypus transfection™; Bioparc, France) were used to transfect
ESdM cells to obtain sufficient knockdown. Briefly, ESdM cells were
seeded at a density of 1 × 105 in T25 flasks. Transfection reaction mix-
ture contained, 10 nMP2X4R siRNAor scrambled siRNA, 400 µl jet-
PRIME buffer, and 8 µl jetPRIME transfection reagent was incubated
together to form duplexes (according to manufacturers recommenda-
tions). Cells were transfected for 24 h, following a media change for
48 h, cells were treated with alcohol (100 mM) for 48 h and used to
evaluate downstream signaling studies.

RNA extraction and real-time qPCR

Total RNA was isolated using the Quick-RNA™ MiniPrep as per
manufacturer’s instructions (Zymo Research; Irvine, CA, USA).
RNA purity and concentration was determined using a NanoDrop
ND-1000 spectrophotometer (Thermo Fisher Scientific). Conversion
to cDNA was performed by reverse transcription using [1 µg of total
RNA] the High-Capacity cDNA Reverse Transcription kit (Applied
Biosystems; Foster City, CA, USA). qPCR was performed on an Ap-
plied Biosystems StepOnePlus Real-Time PCR System (Applied Bio-
systems). P2X4R-specific siRNA knockdown was confirmed by,
qPCR primers against P2X4R, purchased from Life Technologies
(Cat #Mm00501787_m1). The PCR conditions consisted of an initial
melting cycle at 95°C for 15 min, followed by 40 cycles of amplifica-
tion at 95°C for 15 s (denaturation), 60°C for 30 s (annealing), and
72°C for 30 s (extension). Raw data were analyzed using the ΔΔCt
method (relative quantification). Results were expressed in relative
gene expression levels (fold change) compared with the untreated
control.

Western blotting

ESdM cells (250,000 cells/flask) were treated with alcohol (100 mM)
for 5, 10, 15, 30, 45 and 60 min prior to cell lysis. Several studies have
also demonstrated the use of 100 mM alcohol for protein work and its
physiological relevance (Sanna et al., 2002; Gofman et al., 2014). For
kinase experiments, U0126 (10 µM) was add to the cells for 30 min
prior to alcohol treatment, and PD98095 (20 µM) was added for
1 h prior to alcohol treatment; for antagonist work, cells were pre-
treated with P2X4R antagonist 5-BDBD dissolved in DMSO (Tocris,
10 µM) for 30 min prior to alcohol treatment. For signaling studies,
ESdM whole cell lysates were prepared using the CelLytic-M reagent
(Sigma-Aldrich) with 1X dilution of a broad specific protease/phos-
phatase inhibitor cocktail (Thermo Scientific). Cell lysates were vor-
texed and centrifuged at 4°C for 13,000 rpm, 15 min. Protein
concentrations were estimated using the BCA method (Thermo Scien-
tific) (Ramirez et al., 2013). Lysates were loaded at 20 µg mixed with
6X loading buffer containing β-ME which were boiled for 10 min at
95°C. Samples (20 µg) were loaded and resolved by precast
SDS-PAGE 4–20% gradient gels (Thermo Scientific). Proteins were
transferred to a nitrocellulose membranes by electrophoretic transfer,
then blocked in 5% BSA in 1X TBS/0.1% Tween 20 for 1 h. The pri-
mary antibodies were diluted in 5% BSA in 1X TBS/0.1% Tween 20
and incubated overnight with polyclonal antibodies anti pMEK
(1:500), MEK (1:1000), pERK (1:1000), ERK (1:1000), pAKT
(1:1000), AKT (1:1000), or β-actin (1:2000) protein loading control
(Santa Cruz Biotechnology) were used to detect target proteins. All
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primary antibodies were incubated with the membranes overnight
at 4°C with gentle shaking. Species-specific peroxidase-conjugated
secondary antibodies (diluted 1:1000) (Thermo Scientific) were incu-
bated with the membranes for 1 h at room temperature. Species-
specific secondary antibodies conjugated to HRP (Thermo Scientific)
were then added and incubated for 1 h at room temperature, and de-
tected using Supersignal West Femto or Pico chemiluminescence sub-
strate (Thermo Scientific). Chemiluminescence signal detection was
performed with the gel documentation system G:Box Chemi HR16
(Syngene). Densitometry ratiometrics for phosphorylated protein
were normalized to total protein and then normalized to actin for
each time point. Densitometry analysis was performed with the Gene-
Tools software package (Syngene, Cambridge, UK).

Evaluation of transcription factor activity

ESdM cells were seeded at a density of 600,000 cells and allowed to
reach confluence over 4 days. ESdM cells were treated with alcohol
(100 mM) over the course of 24 h to determine the maximum tran-
scriptional activity for CREB (Supplementary Fig. S4). Nuclear
extracts were isolated using the nuclear extract kit as per manufac-
turer’s instructions (Active Motif ). Transcription activity was mea-
sured by the TransAM™ CREB protein assay (Active Motif ),
according to the manufacturer’s protocol and analyzed using a
Molecular Devices (Sunnyvale, CA, USA) microplate reader M5 at
an absorbance of 450 nm. Data are presented as fold change.

Brain-derived neurotrophic factor ELISA

Brain-derived neurotrophic factor (BDNF) in supernatant culture fluid
was estimated using a custom Meso Scale Discovery assays (MSD)
(Rockville, MD, USA). Briefly, supernatants were collected, centri-
fuged to remove cellular debris, and concentrated using the Amicon
3K Centrifugal Filter Units (EMD Millipore; Darmstadt, Germany).
Two hundred microliters of samples and standards diluted in PBS con-
taining 0.03% Triton were added and incubated overnight at room
temperature. Detection antibody solution was added to the wells, fol-
lowed by further incubation for 1.5 h with vigorous shaking at room

temperature. Plate were washed 3X with PBS+ 0.05% Tween-20 and
150 µl of 2X Read Buffer was added to each well. Cytokine levels were
estimated using provided standards and calculated by the SECTOR®

Imager 2400A and MSD reader software.

Statistical analysis

Data were analyzed using either the Student’s t-test for independent
means or a one-way analysis of variance (ANOVA) followed by post
hoc Student–Newman–Keuls test to determine which conditions were
significantly different from each other, and a Dunnett’s post-test
for multiple comparisons. Results are expressed as mean values
(±SEM), with standard errors deemed statistically significant when
P < 0.05 (marked in the figures as *P < 0.05; **P < 0.01; ***P < 0.002).

RESULTS

Alcohol decreases pAKT and pERK in microglial cells

P2X4R signaling is crucially important for microglial function.
P2X4R act as pathological sensors and regulate microglial phagocyt-
osis (Stokes and Surprenant, 2009), migration (Ohsawa and Kohsaka,
2011), and proliferation (Nixon et al., 2008). Several signaling path-
ways, including MAPK/ERK and AKT, are coupled to P2 receptors,
which are important for microglial function. Since our data showed
that alcohol increases expression of P2X4R in microglia (Gofman
et al., 2014), we sought to determine the signaling mediators involved
in alcohol-induced P2X4Rexpression inmicroglial cells. Thus, we first
tested the effect of alcohol on the levels of phosphorylatedMEK, ERK
andAKT viawestern blotting. Changes in protein levels were analyzed
by one-way ANOVA and a Bonferroni post hoc test for multiple com-
parisons. ESdM cells were treated with alcohol (100 mM) for 5, 10,
15, 30, 45 and 60 min, and then whole cell lysates were used to assess
phosphorylated and total protein levels forMEK, ERK, and AKT. Our
data are similar to previous experiments that have also demonstrated
alcohol’s ability to decrease ERK and AKT phosphorylation (Sanna
et al., 2002). Alcohol (100 mM) decreased pERK protein level in a
time-dependent manner (Fig. 1C and D) compared with control.

Fig. 1. Alcohol decreases pERK and pAKT in microglial cells. (A, C and E) Representative immunoblot images of pMEK and MEK, pERK and ERK or pAKT and AKT

proteins in whole cell lysates from ESdM cells treated with alcohol (100 mM) for 5–60 min, subjected towestern blot analysis and probed with anti-pMEK, anti-MEK,

or anti-pERK, anti-ERK or, anti-pAKT, anti-AKT, and then anti-β-actin antibody. (B,D and F) Graphical representation of fold change ratio of pMEK, pERK, and pAKT to

total MEK, ERK, and AKT, respectively, normalized to β-actin loading control ± SEM. Results are expressed as the ratio of phosphorylated MEK, ERK or AKT to their

respective total proteins, normalized to the internal standard actin. Note: actin was used as a loading control. Data were analyzed by one-way ANOVA; data points

represent the mean ± SEM (n = 3), *P < 0.05, **P < 0.01, ***P < 0.002.
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Similarly alcohol treatment dramatically decreased pAKT in a time-
dependent manner when compared with the control (Fig. 1E and F),
however interestingly protein level of pMEK (Fig. 1A and B) remained
unchanged. Taken together, these data suggest that alcohol regulates
phosphorylation of ERK and AKT protein levels.

Deregulations of the constituent kinases play a role in

alcohol-induced suppression of ERK phosphorylation

Dual-specific kinases, MEK-1/2 upon activation phosphorylate their
best-known substrates, Erk1/2. However, since MEK isoforms are dif-
ferentially regulated (Schaeffer and Weber, 1999) and may mediate
different biological responses we examined the role of MEK1 and
MEK2 isoforms on ERK phosphorylation in ESdM cells. ESdM cell
were treated with U0126 (10 µM; Cell Signaling Technologies) a high-
ly selective inhibitor of bothMEK1 andMEK2 (Tsuda et al., 2009) for
30 min or PD98059 (20 µM; Cell signaling Technologies) that inhibits
MEK1 more potently than MEK2 for 1 h prior to alcohol treatment
(100 mM) for 5, 10, 15, 30, 45 and 60 min. U0126 pretreatment
inhibited the alcohol-induced phosphorylation of ERK completely
(Fig. 2A and B). However, PD98095 was not able to inhibit pERK
in the presence of alcohol suggesting that MEK 2 may play a role in
the pERK in the presence of alcohol. Relative protein levels are
presented as a ratio of phosphorylated ERK and AKT to their respective
total proteins normalized to an actin internal standard. The results
are shown as the average regulation from three different experiments.
Taken together, these data suggest that alcohol probably differentially
regulates ERK phosphorylation through a MEK 2 dependent pathway.

P2X4R receptor antagonist reverses the effect of alcohol

on AKT and ERK

To determine the role of P2X4R in alcohol-induced decrease of ERK
and AKT phosphorylated proteins, we utilized a P2X4R selective an-
tagonist, 5-BDBD (Gofman et al., 2014). P2X4R is an alcohol-
sensitive receptor (Ostrovskaya et al., 2011) and previously we have

demonstrated its efficacy to reverse alcohol’s effect on microglial func-
tion including migration and phagocytosis (Gofman et al., 2014).
Microglial cells were pretreated with 5-BDBD (10 µM) for 30 min
prior to alcohol treatment (100 mM). Our results demonstrate micro-
glia pretreatment with 5-BDBD prior to alcohol treatment was able to
block the effect alcohol has on phosphorylated ERK (Fig. 3C and D).
The expression of phosphorylated AKT was also evaluated; pretreat-
ment with 5-BDBD increased the expression of phosphorylated AKT,
and prevented the decreased expression as with alcohol alone (Fig. 3A
and B). These data demonstrate alcohol’s critical role in modulating
downstream signaling targets, specifically pERK and pAKT via
P2X4R. 5-BDBD, a P2X4R selective antagonist, was able to block
the effect of alcohol on phosphorylated protein expression, suggesting
that P2X4R regulates alcohol-induced effects of downstream ERK-
MAPK and AKT pathways. These data demonstrate the critical role
of alcohol in modulating downstream signaling targets, specifically
pERK and pAKT via P2X4R.

P2X4R siRNA confirms 5-BDBD pharmacological studies

To confirm the role of P2X4R on alcohol induced on ERK phosphor-
ylation and substantiate pharmacological studies we knockdown
P2X4R expression in ESdM cells by siRNA. P2X4R-specific siRNA
selectively knocked down the target as assessed by qPCR (Supplemen-
tary Fig. S1). P2X4R gene expression was silenced for about 48 h con-
tinued with alcohol treatment for up to 48 h. ERK phosphorylation in
cells transfected with P2X4R siRNA significantly (P = 0.05) reversed
alcohol effect pERK when compared with cells treated with alcohol
alone (Supplementary Fig. S2A and B), suggesting that P2X4R regu-
lates alcohol-induced effects on ERK phosphorylation.

P2X4R antagonist selectively decreases alcohol-induced

transcription activity

In our previous study, we demonstrated alcohol up-regulated P2X4R
protein expression in microglial cells (Gofman et al., 2014). To

Fig. 2. (A) Representativewestern blotting images of pERK and total ERK protein level in whole cell lysates from ESdM cells pretreatedwith U0126 (10 µM) for 30 min

prior to treatment with alcohol (100 mM) for 5–60 min, subjected to western blotting analysis and probed with anti-ERK, anti-ERK, then anti-β-actin antibody. (B)

Graphical representation of fold change of ERK level when compared with total ERK control normalized to β-actin loading control ± SEM. (C) Representativewestern

blot images of pERK and total ERK protein in whole cell lysates from ESdM cells pretreated with PD98095 (20 µM) for 1 h prior to alcohol (100 mM) treatment for 5–

60 min, subjected to western blot analysis and probed with anti-ERK, anti-ERK, then anti-β-actin antibody. (D) Graphical representation of fold change of pERK

expression as compared with total ERK normalized to β-actin loading control ± SEM. Data were analyzed by one-way ANOVA; data points represent mean ± SEM

(n = 3). *P < 0.05, **P < 0.01, ***P < 0.002.
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determine the downstream signaling mechanism by which this occurs
we investigated alcohol effects on MAPK/ERK signaling cascade,
which demonstrated the partaking of P2X4R (Fig. 3). These cellular
signaling mechanisms positively regulate transcription factors pro-
moting P2X4R receptor expression. Purinergic receptors are linked
tomany downstream cellularmechanisms regulating proliferation, mi-
gration and inflammatory responses induced by transcription factors
(Armstrong et al., 2007). In particular we focused our study on the ef-
fects of alcohol onCREB based on the involvement ofMAPK/ERK, and
their regulation through purinergic receptors (Inoue, 2006; Tsuda et al.,
2009). Activity of transcription factor was determined using Trans AM
transcription assay. Preliminary experiments performed to determine
time kinetics (0.5, 1, 2, 4, 6, 8, 12, 16, 18 and 24 h) showed, microglia
cells were treated with alcohol (100 mM) for 2 h showed maximum
peak activity andwas time depended as the activity reached back to con-
trol levels after 12 h (Supplementary Fig. S4). ESdM after 2 h of alcohol
(100 mM) treatment had 24-fold higher CREB bindingwhen compared
with control (Fig. 4A), suggesting alcohol’s role in modulating CREB
activity in ESdM cells.

To determine the role of P2X4R in alcohol-induced increased tran-
scription factor activity, we pretreated ESdM cells with a P2X4R
selective antagonist, 5-BDBD (5 µM), prior to alcohol treatment.
Two-way ANOVA revealed significant decrease in CREB binding
[interaction: F(1,6) = 38.94, P < 0.0008) increase; alcohol: F(1,6) =
355.2, P = 0.0001; antagonist: F(1,6) = 35.14, P = 0.001] (Fig. 4B).
These data suggest a possible role for CREB transcriptional activity,
and regulating alcohol-induced increase of P2X4R receptors expres-
sion in microglial cells, since CREB is known to promote P2X4R
expression (Impey et al., 2004).

5-BDBD blocks effects of alcohol on BDNF

The current literature demonstrate acute and chronic ethanol exposure
have been shown to modulate function of the activity-dependent
gene transcription factor, cAMP-responsive element binding (CREB)

Fig. 3. P2X4R receptor antagonist reverses the effect of alcohol on AKT and ERK. In vitro protein levels of phosphorylated ERK and AKT were assessed after

pretreatment with 5-BDBD, a P2X4R selective antagonist, before alcohol treatment. ESdM cells (5 × 105) were pretreated with P2X4R antagonist (10 µM) then

treated with alcohol (100 mM) for 5–60 min. Whole cell lysates were used to assess phosphorylated and total ERK and AKT. (A) Treatment of P2X4R antagonist

reversed the alcohol effect on AKT phosphorylation at 5 min. (B) Fold change of pAKT expression when compared with total AKT normalized to β-actin loading

control ± SEM. (C) Treatment with 5-BDBD was able to reverse the alcohol effect on ERK phosphorylation. (D) Fold change of pERK when compared with total

ERK normalized to β-actin loading control ± SEM. Data were analyzed by one-way ANOVA; data represent mean ± SEM (n = 3).

Fig. 4. P2X4R antagonist selectively decreases alcohol-induced transcription

activity. (A) Alcohol promotes transcriptional activity of CREB. ESdM cells

(6 × 105) were grown for 4 days to confluence and treated with alcohol

(100 mM) for 2 h. Nuclear protein extracts were harvested CREB activity were

measured by TransAM™ CREB protein assay. Microglial cells treated with

alcohol for 2 h showed a statistically significant increase in CREB (*P < 0.001)

when compared with control. Data are represented as fold change compared

with untreated control. Datawere analyzed using a two-tailed t-test. Data points

represent mean ± SEM (n = 3). (B) Treatment with 5-BDBD significantly blocked

CREB activity compared with alcohol treatment alone (***P < 0.0001). Data are

represented as fold change compared with control. Results were determined

using a two-way ANOVA with Bonferroni post hoc for multiple comparisons.

Data points represent mean ± SEM (n = 3).
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(Moonat et al., 2010). Other studies have identified several important
CREB-related genes, such as neuropeptide Y, brain-derived neuro-
trophic factor, activity-regulated cytoskeleton-associated protein,
and corticotrophin-releasing factor, that may play a crucial role mo-
lecular changes in the brain (Moonat et al., 2010). We have demon-
strated that alcohol treatment in ESdM cells increases the expression
of BDNF in cell culture media Supplementary Fig. S3. To determine
whether P2X4R play a role in the increased expression of BDNF, we
utilized 5-BDBD. Pretreatment with 5-BDBD prior to alcohol treat-
ment significantly blocked the effects of alcohol on BDNF expression
in ESdM cells (P = 0.03).

Model: proposed alcohol-induced P2X4R regulation in

microglia

In Fig. 5, we propose a model for the effect of alcohol on P2X4R ex-
pression. Activation of the gene transcription factors, CREB has been
strongly associated with alcohol use and abuse. The activation of
downstream transcription factors such as CREB increases BDNF.
One possible mechanism by which alcohol increases P2X4R expres-
sion, could involve CREB. Expression of BDNF in microglia after al-
cohol exposure was elevated when compared with control (P = 0.05)
(Supplementary Fig. S3). To determine if P2X4R is involved in

increased levels of BDNF we utilized the P2X4R antagonist,
5-BDBD prior to alcohol exposure and evaluated the expression of
BDNF. Treatment with 5-BDBD prior to alcohol treatment altered
the level of secreted BDNF, when compared with alcohol treatment
alone (P = 0.03). These data suggests the importance of P2X4R as
an important modulator of alcohol-mediated microglial function.

DISCUSSION

Increasing evidence demonstrates the importance of microglial cells in
CNS pathology; more important are the purinergic receptors that
regulate multiple aspects of cell activity and function including prolif-
eration, migration, phagocytosis, activation, release of cytokines and
chemokine (Burnstock, 2015). Ionotropic P2X receptor subtype
P2X4R has emerged as a key regulator of microglial functions and
has been implicated in neurodegenerative and neuroimmune disor-
ders. Alcohol abuse hinders microglial immune response and dampens
microglial function. P2X4R receptors have been shown to be an
alcohol-sensitive receptor (Popova et al., 2013). Moreover, our
group has demonstrated that alcohol modulates P2X4R expression
which play a role in regulating alcohol-induced responses in microglia
(Gofman et al., 2014).

Fig. 5. Schematic representation: potential mechanism for alcohol-induced P2X4R receptor regulation in microglia. Alcohol treatment increases P2X4R receptor

expression in microglial cells. To determine the possible mechanisms involved in P2X4R expression, the effects of alcohol on calcium and pERK, pAKT and NT

factors, including BDNF were evaluated. Alcohol increased calcium mobilization, decreased pERK and pAKT and increased BDNF levels. Alcohol did not affect

total MEK expression and inhibitors U0126 and PD98095 completely blocked the alcohol effect and partially blocked pERK expression, respectively. To

determine the role of P2X4R in regulating alcohol-induced effects, we utilized a P2X4R selective antagonist, 5-BDBD, prior to alcohol treatment. Pretreatment

with 5-BDBD reversed the effects of alcohol. As with purinergic receptor activity, alcohol was able to mobilize calcium by modulating CREB transcription factor

binding, where CREB is able to translocate to the nucleus of the cell and bind to regions that promote P2X4R gene expression, which may be responsible for

the increase of P2X4R upon alcohol treatment.
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In our current studies, we sought to investigate the signaling me-
chanisms by which alcohol increases P2X4R receptor expression in
microglial cells. Several signaling pathways including MAPK/ERK
and AKT are coupled to P2 receptors, which are important for micro-
glial function (Brautigam et al., 2005). Downstream intracellular sig-
naling pathways involving (PI3K)-Akt and MAPK-ERK cascade have
a distinct role in regulation of P2X4R (Markou et al., 2003). Western
blot analysis of microglial cells treated with alcohol (100 mM) demon-
strated decrease in phosphorylated ERK and AKT, respectively
(Fig. 1B and C) that returned to basal protein levels compared with
control by 60 min suggesting that alcohol has a transient effect on
both ERK and AKT protein targets. Our data are in line with previous
studies that have demonstrated alcohol’s ability to decrease ERK
and AKT phosphorylation and changes in phosphorylation of these
proteins depends on duration and dose of alcohol.

To explore the signaling mediator that could be involved in
alcohol-induced suppression of ERK phosphorylation we adapted
strategies to pharmacologically inhibit dual-specificity kinases (MEK
1/2) that mediate ERK1/2 activation. U0126, a highly selective inhibi-
tor of both MEK1 and MEK2 prior to alcohol treatment completely
blocked the phosphorylation of ERK protein expression (Fig. 2A and
B) while PD98095, a potent inhibitor ofMEK1 but aweak inhibitor of
MEK2 had a modest effect on phosphorylated ERK1/2 (Fig. 2C and
D) suggesting alcohol differentially regulates ERK phosphorylation
through a MEK 2-dependent pathway. Contrary to this finding in
Fig. 1A, interestingly phosphorylated MEK protein expression was
not affected by alcohol. In line with these finding it is conceivable
that the differentially regulation MEK-1 and MEK-2 heterodimer
could come into play where negative regulation of one dual-specificity
kinases might result in compensatory phosphorylation of the second
(Catalanotti et al., 2009). Alternatively, On the other hand it is plaus-
ible that in addition to MEK several scaffolds and adaptors proteins
that temporally and spatially regulate ERK pathway (Kolch, 2005)
could play a role.

Earlier pharmacological blockade studies with a selective P2X4R
antagonist demonstrated the specific role of P2X4R in mediating
alcohol-induced effects on microglia (Gofman et al., 2014). A similar
approach was used in the current study to determine the role of
P2X4R in the alcohol-induced suppression of ERK and AKT phos-
phorylation. Treatment with a P2X4R selective antagonist, 5-BDBD
delayed alcohol’s effect on decreased phosphorylation of AKT
(Fig. 3A and B) and ERK (Fig. 3C and D) indicating the role of
P2X4R in alcohol-induced ERK and AKT levels. These findings
were confirmed by siRNA knockdown studies (Supplementary
Fig. S2A and B) further highlighting the role of P2X4R in the
alcohol-induced suppression of ERK.

Several studies have reported activation of transcription factor
CREB as consequence of exposure to alcohol (Yang et al., 1998;
Acquaah-Mensah et al., 2006). Furthermore, studies have elucidated
the involvement of transcription factor, CREB (Impey et al., 2004) in
regulation of P2X4R (Brautigam et al., 2005). In the current study al-
cohol treated microglial cells compared with control demonstrated a
robust increase in CREB (Fig. 4A) activity. Consistent with these re-
ports, our studies show that CREB transcriptional activity is an im-
portant regulator of alcohol-induced P2X4R receptors expression in
microglial cells. Pharmacological inhibition of P2X4R reversed the
alcohol-induced effect on CREB activity (Fig. 4B).

Although, the precise role of CREB in regulation of P2X4R re-
mains elusive, evidence of putative correlation between purinergic re-
ceptors and transcription factor, CREB has been reported (Potucek
et al., 2006). Calcium, a major signaling molecule, activates many

transcription factors including CREB (Sun et al., 1994; West et al.,
2001). Notably, we have earlier demonstrated that alcohol-mediated
calcium mobilization in microglial cells was P2X4R dependent
(Gofman et al., 2014). In that context, CREB activation could be
due in part due to alcohol’s effect on calcium mobilization leading
to activation of CREB.

In summary our study provided new mechanistic insight into the
alcohol-induced alteration of P2X4 receptor expression and propose
a model of transcriptional regulatory mechanisms underlying the
role P2X4R has on microglial function in the context of alcohol-
mediated immune dysfunction (Fig. 5).

SUPPLEMENTARY MATERIAL

Supplementarymaterial is available atAlcohol and Alcoholism online.
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