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Ethanol, TLR3, and TLR4 Agonists Have Unique Innate
Immune Responses in Neuron-Like SH-SYSY and
Microglia-Like BV?2

Colleen J. Lawrimore and Fulton T. Crews

Background: Ethanol (EtOH) consumption leads to an increase of proinflammatory signaling via
activation of Toll-like receptors (TLRs) such as TLR3 and TLR4 that leads to kinase activation
(ERK1/2, p38, TBK1), transcription factor activation (NFxB, IRF3), and increased transcription of
proinflammatory cytokines such as TNF-o, IL-1f, and IL-6. This immune signaling cascade is thought
to play a role in neurodegeneration and alcohol use disorders. While microglia are considered to be the
primary macrophage in brain, it is unclear what if any role neurons play in EtOH-induced proinflam-
matory signaling.

Methods: Microglia-like BV2 and retinoic acid-differentiated neuron-like SH-SYSY were treated
with TLR3 agonist Poly(I:C), TLR4 agonist lipopolysaccharide (LPS), or EtOH for 10 or 30 minutes
to examine proinflammatory immune signaling kinase and transcription factor activation using Wes-
tern blot, and for 24 hours to examine induction of proinflammatory gene mRNA using RT-PCR.

Results: In BV2, both LPS and Poly(I:C) increased p-ERK1/2, p-p38, and p-NFxB by 30 minutes,
whereas EtOH decreased p-ERK1/2 and increased p-IRF3. LPS, Poly(I:C), and EtOH all increased
TNF-o and IL-1f mRNA, and EtOH further increased TLR2, 7, 8, and MD-2 mRNA in BV2. In
SH-SYSY, LPS had no effect on kinase or proinflammatory gene expression. However, Poly(I:C)
increased p-p38 and p-IRF3, and increased expression of TNF-o, IL-1f, and IL-6, while EtOH
increased p-p38, p-IRF3, p-TBK 1, and p-NF«xB while decreasing p-ERK 1/2 and increasing expression
of TLR3, 7, 8, and RAGE mRNA. HMGBI, a TLR agonist, was induced by LPS in BV2 and by
EtOH in both cell types. EtOH was more potent at inducing proinflammatory gene mRNA in
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SH-SYSY compared with BV2.

Conclusions: These results support a novel and unique mechanism of EtOH, TLR3, and TLR4 sig-
naling in neuron-like SH-SYSY and microglia-like BV2 that likely contributes to the complexity of

brain neuroimmune signaling.

Key Words: Ethanol, Innate Immune, Microglia, Neuron, Toll-Like Receptor.

THANOL (ETOH) CONSUMPTION causes increased
proinflammatory signaling in brain that is linked with
neurodegeneration (Collins et al., 1996; Crews et al., 2004,
2006; Qin et al., 2008; Reynolds et al., 2015), alcoholism
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(He and Crews, 2008; Vetreno et al., 2013), fetal alcohol syn-
drome disorder (Drew and Kane, 2014), and drinking behav-
ior (Agrawal et al., 2011; Blednov et al., 2005, 2012). EtOH
treatment in mice increases transcription of proinflammatory
cytokines such as TNF-a, IL-1f, and IL-6 in brain (Alfonso-
Loeches et al., 2010; Qin and Crews, 2012a; Qin et al., 2008).
EtOH is thought to promote this proinflammation in brain
through activation of Toll-like receptors (TLRs), a family of
11 receptors (13 in mice) that react to viral and bacterial com-
ponents (pathogen-associated molecular patterns [PAMPs]).
In particular, TLR4 and TLR3 have been shown to be
involved in proinflammatory innate immune signaling by
EtOH. EtOH treatment in mice increases both mRNA
expression and number of immunoreactive cells for TLR3
and TLR4 in brain, as well as increased TLR3 and TLR4
immunoreactive cells in postmortem human alcoholic brain
(Crews et al., 2013). Knockout of TLR4 in mice prevents
EtOH-induced increases in proinflammatory cytokines TNF-
o, IL-1f, and IL-6 (Alfonso-Loeches et al., 2010), and knock-
out of TLR3 in mice decreases EtOH consumption (Jang
et al., 2016). We have previously found that EtOH exposure
potentiates both TLR4 agonist-induced (Qin et al., 2008) and
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TLR3 agonist-induced (Qin and Crews, 2012a) expression of
proinflammatory innate immune signaling molecules (e.g.,
TNF-o, IL-1p), implying that EtOH activates both TLR3
and TLR4 pathways. However, it is not known to what
extent EtOH mimics activation of either TLR3 or TLR4.

Both TLR3 and TLR4 respond to different agonists, yet
ultimately both promote proinflammatory signaling through
kinase activation. TLR3 is traditionally activated by double-
stranded RNA, with polyinosinic:polycytidylic acid [Poly(I:
C)] being the most commonly used mimetic, and initiates sig-
naling through a Myd88-independent pathway (Narayanan
and Park, 2015). The canonical agonist for TLR4 is
lipopolysaccharide (LPS), and unlike TLR3, TLR4 uses
coadaptor proteins (CD14 and MD-2) as well as signaling
through both Myd88-dependent and Myd88-independent
pathways (Narayanan and Park, 2015). However, activation
of both these receptors leads to activation of downstream sig-
naling kinases (e.g., MAPKs like ERK1/2 and p38; TBK1),
leading to activation of kinases such as NFxB and IRF3
which result in increased transcription of various proinflam-
matory cytokines, such as IL-1f, IL-6 and TNF-o, as well as
additional TLR expression (Narayanan and Park, 2015).
These cytokines then signal through their respective recep-
tors to promote a proinflammatory state (Newton and Dixit,
2012). EtOH has been shown to affect various components
of this immune signaling pathway in brain, with EtOH
increasing expression of Myd88 and CD14 (Alfonso-Loeches
et al., 2010) in whole mouse brain. Further, EtOH increases
activation of p38, ERK1/2, NFxB, and IRF3 in cultured
primary microglia (Fernandez-Lizarbe et al., 2009).

As the brain is a sterile environment, lacking viral and bac-
terial products (PAMPS) that are present in the periphery,
discovery of innate immune signaling in brain has led to
increased interest in endogenous TLR agonists. Damage-
associated molecular patterns (DAMPs), have been shown
to be released from cells following stress, inflammation, or
cell death, and lead to activation of TLRs (Chen and Nunez,
2010). One such DAMP, HMGBI, functions as an agonist at
TLR2, TLR4, and TLRY (Park et al., 2004; Yang et al.,
2013). HMGBI also binds to receptor for advanced glyca-
tion end products (RAGE) (Kokkola et al., 2005), a receptor
which leads to increased activation of NFkB (Han et al.,
2011). EtOH up-regulates both HMGBI (Crews et al., 2013;
Lippai et al., 2013) and RAGE (Vetreno et al., 2013) in
brain, suggesting a role for these molecules in EtOH-induced
proinflammatory signaling. While DAMPs are commonly
thought to be passively released with cell death, HMGBI is
also released actively by immune-competent cells (Andersson
and Tracey, 2011). Interestingly, EtOH-induced release of
HMGBI in hippocampal brain slices occurs without any
evidence of cell death, and may occur via a histone deacety-
lase-dependent manner (Zou and Crews, 2014).

The aforementioned TLR signaling pathway has been
established in macrophages, such as the canonical macro-
phage in brain, microglia (Rivest, 2009). Microglia indeed
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play an integral role in EtOH-induced innate immune signal-
ing (Fernandez-Lizarbe et al., 2009, 2013) and neuronal toxi-
city (Boyadjieva and Sarkar, 2010). While another cell type,
astrocytes, has been implicated alcohol use disorders and dis-
plays proinflammatory innate immune signaling following
EtOH treatment (Adermark and Bowers, 2016; Alfonso-
Loeches et al., 2010), neurons have largely been overlooked
in having a possible role in the innate immune system. How-
ever, TLRs have recently been reported to be on neurons as
well. In particular, primary mouse cortical neurons were
found to express TLR3 and TLR4 using both single cell
PCR and immunocytochemistry (Tang et al., 2007), and
expression TLR4 on primary mouse cortical neurons using
Western blot was also reported (Lok et al., 2015). Previ-
ously, we have also shown colocalization of TLR3 and
TLR4 on rat neurons using immunohistochemistry (Vetreno
and Crews, 2012). Furthermore, there has been evidence that
TLR3 agonist Poly(I:C) increases p38 kinase activation and
TLR3 expression in neuronal cell line SH-SYS5Y (Nessa
et al., 2006). In addition, Poly(I:C) increases mRNA expres-
sion of TNF-o and IL-6 in neuronal cell line NT2-N (Pre-
haud et al., 2005). However, despite evidence for neuronal
TLR4, previous reports suggest that TLR4 agonist LPS does
not affect TNF-o, IL-6, or IL-1p release in SH-SYSY (Kle-
geris and McGeer, 2001) nor does it increase cytokine release
in neuronal cell line NT2-N (Prehaud et al., 2005). In addi-
tion, in vivo studies using flow cytometry suggest that TLR4
is predominantly located on microglia (Schwarz et al., 2013),
suggesting that neurons lack significant TLR signaling.
Despite some conflicting evidence, these data suggest that
some level of proinflammatory innate immune activity may
exist in neurons, but it is unclear whether neurons demon-
strate a macrophage-like signaling pathway activation (e.g.,
activation of kinases such as MAPKs that lead to NF«B acti-
vation). It is also unknown whether EtOH affects innate
immune signaling in neurons.

In order to gain insight into the respective involvement of
microglia and neurons in EtOH-induced proinflammatory
innate immune signaling, we utilized a mouse microglial cell
line (BV2) and a retinoic acid-differentiated human neurob-
lastoma cell line (SH-SYS5Y). The BV2 cell line is well estab-
lished as a model for microglia, with studies finding that the
LPS response in primary glia is highly similar in BV2 (Henn
et al., 2009). Neuron-like SH-SYSY express synaptic pro-
teins and mature neuronal markers after differentiation with
retinoic acid (Cheung et al., 2009), and are commonly used
to model dopamine neurons in Parkinson’s disease, a condi-
tion known to involve neuroinflammation (Korecka et al.,
2013). While it is unknown exactly how EtOH affects
proinflammatory gene expression in brain (e.g., increases in
TNF-o, IL-14, IL-06), it is possible that it has direct effect on
transcription through factors such as NFxB, or through
release of TLR agonist HMGBI. Therefore, we examined
both kinases (ERK1/2, p38, TBK1) and transcription factors
(IRF3, NF«xB) as well as HMGBI release in conjunction
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with mRNA expression of various proinflammatory cytoki-
nes, TLRs, and TLR-associated proteins, and compared the
EtOH findings to both TLR3 and TLR4 stimulation in both
microglia-like BV2 and neuron-like SH-SYSY.

Given the aforementioned data, we hypothesized that (i)
neuron-like SH-SYSY express various components of
the innate immune signaling pathway, including TLRs,
TLR-associated proteins, and cytokines; (ii) neuron-like SH-
SYSY display activation of kinases and induction of proin-
flammatory gene expression in response to TLR3 stimula-
tion, but not TLR4; (iii) EtOH causes activation of kinases
and up-regulation of proinflammatory gene expression in
neuron-like SH-SYSY in a manner unique to that to micro-
glia-like BV2; and (iv) EtOH activates kinases and induces of
proinflammatory genes unique to either TLR3 or TLR4
stimulation. Our results indicate that EtOH has a unique and
broader pattern of proinflammatory gene induction com-
pared with either TLR3/TLR4 stimulation alone in both cell
types and that EtOH and Poly(I:C) both activate unique
proinflammatory innate immune signaling kinase and gene
induction in neuron-like SH-SYSY.

MATERIALS AND METHODS
Cell Culture and Treatment

BV2 were acquired from ICLC (#ATL03001; Genoa, Italy). BV2
were cultured using Dulbecco’s modified Eagle’s serum (DMEM;
Life Technologies, Carlsbad, CA) supplemented with 10% fetal
bovine serum (FBS; Life Technologies), 1 x GlutaMAX (Life Tech-
nologies), and 1x antibiotic-antimycotic (Life Technologies).
Sixteen hours prior to treatments, media was changed to 2% FBS.

SH-SYSY were acquired from ATCC (#CRL-2266; Manassas,
VA). SH-SY5Y were cultured using DMEM/F-12+ GlutaMAX
(Life Technologies), 10% FBS, and 1x antibiotic-antimycotic.
Prior to treatments, SH-SYSY were differentiated using 10 uM
retinoic acid (RA; #R2625; Sigma-Aldrich, St. Louis, MO) for
4 days in Neurobasal media (Life Technologies) containing 2%
B27 supplement (Life Technologies), 0.5 mM GlutaMAX, and 1x
antibiotic-antimycotic. Media was refreshed 16 hours prior to
treatments.

Both cell types were maintained in a humidified 5% CO, incuba-
tor at 37°C. Passage number at the time of treatment did not exceed
10. Cells were treated at ~90% confluency with either 50 ug/ml Poly
(I:C) (#27-4732-01; Amersham/GE Healthcare, Pittsburgh, PA),
100 ng/ml LPS (#L2630; Sigma-Aldrich), or varying concentrations
of EtOH. Concentrations were chosen due to prior literature on
Poly(I:C) (Nessa et al., 2006) and LPS (Shin et al., 2014) treatment
in these cells. Cells treated with EtOH were placed in a separate
EtOH-saturated chamber to prevent evaporation of EtOH from the
media. Cell death following treatments was measured using trypan
blue exclusion assay.

Western Blot

Cells were washed with ice-cold PBS and lysed on ice for
15 minutes using cold lysis buffer (20 mM Tris, 0.25 M sucrose,
2mM EDTA, 10 mM EGTA, 1% Triton X-100) and 1 tablet
of Complete Ultra protease inhibitor cocktail tablets (Roche,
Mannheim, Germany) and PhosSTOP phosphatase inhibitor
cocktail tablet (Roche)/10 ml. Samples were centrifuged at
16,000xg for 15 minutes, and protein-containing supernatant
was transferred to a separate tube. Total protein concentration
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was assessed using a BCA protein assay kit (Pierce, Rockford,
IL). Ten micrograms of protein was mixed with 1x loading buf-
fer (Pierce), boiled for 5 minutes, and ran on Mini-PROTEAN
TGX Stain-Free gels (Bio-Rad, Hercules, CA). Following trans-
fer to a Trans-Blot Turbo nitrocellulose membrane (Bio-Rad),
the blot was blocked with Odyssey Blocking Buffer (Li-Cor, Lin-
coln, NE), and incubated with primary antibodies neuron-speci-
fic enolase (NSE; #ab53025, 1:500; Abcam, Cambridge, UK), -
tubulin-III (Tubb3; #ab18207, 1:1000; Abcam), Cd11b (#NB110-
89474, 1:500; Novus Biologicals, Littleton, CO), HMGBI
(#ab18256, 1:400; Abcam), TLR4 (#sc-293072, 1:500; Santa
Cruz, Dallas, TX), RAGE (#ab3611, 1:500; Abcam), phospho
(p)-ERK1/2 (#4370, 1:500; Cell Signaling), p-p38 MAPK
(#4511, 1:500; Cell Signaling), p-TBK1 (#5483, 1:500; Cell Sig-
naling), pIRF3 (#4947, 1:500; Cell Signaling), p-NFxB-p65
(#3033, 1:500; Cell Signaling), and f-actin (#sc-47778, 1:500;
Santa Cruz) overnight at 4°C, followed by IRDye 700DX anti-
rabbit (#611-730-127; Rockland, Limerick, PA) or IRDye
800DX anti-mouse (#610-731-124; Rockland) secondary antibod-
ies for 2 hours at room temperature. Protein bands were visual-
ized using an Odyssey fluorescent scanner, with a protein ladder
(Odyssey; Li-Cor) used as a size reference.

Flow Cytometry

Cells were detached and stained with violet LD (#L34955;
Invitrogen, Carlsbad, CA) as a live—dead discrimination marker.
Cells were then stained with Cd11b-PE/Cy7 (1:500; #25-0112-82;
eBioscience, San Diego, CA), washed with PBS and then perme-
abilized using Fix/Perm buffer (BD Biosciences) and stained with
primary antibody Tubb3 (1:1,000, #ab18207; Abcam) followed
by secondary antibody D649 (1:800, #406406; Biolegend, San
Diego, CA). Isotype controls (rabbit IgG, #171870; Abcam; rat
IgG, #25-4031-82; eBioscience) were used to account for back-
ground staining. Cells were fixed using 4% paraformaldehyde
and analyzed using a CyAN cytometer. FlowJo (Treestar, OR)
was used to analyze flow cytometry data.

Real-Time PCR

Total RNA was extracted from cell lysates using TRIzol
(Invitrogen). RNA concentration was determined using a Nano-
Drop (Thermo Scientific, Waltham, MA) and was reverse-tran-
scribed to cDNA. The SYBR Green PCR Master Mix (Life
Technologies) was used for real-time (RT)-PCR analysis. The
relative differences in expression between groups were expressed
using cycle time (Ct) values normalized with f-actin, and relative
differences between control and treatment groups were calculated
and expressed as relative increases setting control as 100%. For
genes that were not detectable within 40Ct in control samples,
controls were arbitrarily set at 35Ct to calculate a fold change
compared with treated samples, as utilized in previous studies
(Tuomela et al., 2013). This method allows an estimated fold
change while reducing possible bias (McCall et al., 2014).
Primers used are listed in Table 1.

Enzyme- Linked Immunosorbent Assays

Cells were lysed using ice-cold lysis buffer (20 mM Tris, 0.25 M
sucrose, 2 mM EDTA, 10 mM EGTA, 1% Triton X-100), 1 tablet
of Complete Ultra protease inhibitor cocktail (Roche), and 1 table
of PhosSTOP phosphatase inhibitor (Roche)/10 ml. Lysate was
spun at 21,000xg for 15 minutes and protein-containing super-
natant was collected. Media was collected and spun down at 500x g
to eliminate cell debris. Protein concentration was determined using
a BCA kit (Thermo Scientific). Cell lysates and/or media were
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Table 1. Primers Used in RT-PCR Analysis
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Gene Species Forward (5'-3') Reverse (5'-3')

p-actin Human GAT GCA GAAGGA GATCACTGC ATACTC CTG CTT GCT GAT CCA
TLR2 Human GGCTTCTCTGTCTTGTGACC GGGCTTGAACCAGGAAGACG

TLR3 Human TTGCCTTGTATCTACTTT TGG GG TCAACACTGTTATGTTTGTGG GT
TLR4 Human CTCTGGGGAGGCACATCTTC CCCAGGTGAGCTGTAGCATT
TLR7 Human GATAACAATGTCACAGCCGTCC GTTCCTGGAGTTTGTTGATGTTC
TLR8 Human ATGTTCCTT CAGTCGTCAATGC TTG CTG CAC TCT GCAATAACT
CD14 Human AGA GGC AGC CGAAGA GTT CAC GCG CTC CATGGT CGATAAGT
MD-2 Human GAA GCT CAG AAG CAGTATTGG GTC GGTTGG TGT AGG ATG ACAAACTCC
Myd88 Human CCGCGCTGGCGGAGGAGATGGAC GCAGATGAAGGCATCGAAACGCTC
RAGE Human CTACCGAGTCCGTGTCTACCA CAT CCAAGT GCC AGC TAAGAG
HMGBH1 Human GGA GAT CCT AAG AAG CCG AGA CATGGTCTTCCACCTCTCTGA
TNF-o Human CCCAGG CAGTCAGATCATCTTCT ATG AGG TAC AGG CCC TCT GAT
IL-18 Human ATG ATG GCT TAT TAC AGT GGC AA GTCGGAGATTCGTAGCTGGA

IL-6 Human ACT CACCTC TTC AGAACG AATTG CCATCTTTG GAAGGTTCAGGT TG
p-actin Mouse GTATGACTC CACTCACGG CAAA GGT CTC GCTCCTGGAAGATG
TLR2 Mouse GCAAACGCTGTTCTGCTC AG AGG CGTCTCCCTCTATTGTATT
TLR3 Mouse GTG AGATACAACGTAGCTGACTG TCC TGCATC CAAGATAGC AAGT
TLR4 Mouse ATG GCATGGCTTACACCACC GAG GCC AATTTT GTC TCC ACA
TLR7 Mouse ATG TGG ACA CGG AAG AGA CAA GGT AAG GGT AAGATTGGTGGTG
TLR8 Mouse GAA AAC ATG CCC CCT CAG TCA CGTCACAAGGATAGCTTCTGGAA
CD14 Mouse GCCAAATTG GTC GAACAAGC CCATGG TCG GTA GAT TCT GAAAGT
MD-2 Mouse CGCTGCTTTCTC CCATATTGA CCTCAGTCTTATGCAGGGTTCA
Myd88 Mouse TCATGTTCTCCATACCCTTGGT AAACTGCGAGTG GGG TCAG
RAGE Mouse GAAGGCTCTGTG GGT GAGTC CCGCTTCCTCTGACTGATTC
HMGBH1 Mouse CGC GGA GGA AAATCAACT AA TCATAACGAGCCTTG TCAGC
TNF-o Mouse GAC CCT CACACTCAGATCATCTTCT CCTCCACTTGGTGGTTTGCT
IL-18 Mouse CTGGTGTGT GACGTTCCCATTA CCGACAGCACGAGGCTTT

IL-6 Mouse ACAAGT CGGAGG CTTAATTACACAT TTGCCATTGCACAACTCTTTTC

analyzed using HMGBI1 (IBL, Hamburg, Germany) and IFN-f
(R&D, Minneapolis, MN) enzyme-linked immunosorbent assays
(ELISAs) as per manufacturers’ instructions.

Statistical Analysis

Data are expressed as mean + standard error of the mean
(SEM). ¢-Tests were used to compare basal expression of
mRNA and protein between BV2 and SH-SYSY (Fig. 2). In
order to examine the treatment effect in each respective cell
type, 1-way ANOVAs were utilized for comparisons between
LPS, EtOH, and Poly(I:C) followed by Dunnett’s test to
account for multiple comparison (Figs 3-8). Excluding Fig. 2,
which directly compares basal levels of immune signaling mole-
cules, direct statistical comparisons are not made between cell
types. A p-value <0.05 was considered statistically significant.
Data were analyzed and figures designed using Prism software
(GraphPad, La Jolla, CA).

RESULTS

BV2 Microglia and SH-SY5Y Neurons Display Typical
Microglial and Neuronal Markers, Respectively

To clearly define the cell type of BV2 and SH-SYSY,
expression of microglial and neuronal protein markers was
assessed using Western blot and flow cytometry. RA-differ-
entiated SH-SYSY expressed neuronal markers NSE and
Tubb3, but not microglial marker Cd11b (Fig. 14). Accord-
ingly, BV2 expressed microglial marker Cd11b but not neu-
ronal markers NSE or Tubb3, whereas SH-SY5Y expressed
NSE and Tubb3 but not Cdl1b (Fig. 14). Flow cytometry

analysis confirmed that essentially all BV2 (>99%) express
Cd11b, whereas RA-differentiated SH-SYSY predominantly
express neuronal marker Tubb3 (Fig. 1B). These data con-
firm that the culture preparations are representative of
microglial and neuronal cells.

Microglia-Like BV2 and Neuron-Like SH-SY5Y Have
Unique Basal Expression of Innate Immune Signaling
Molecules

The expression of proinflammatory signaling molecules in
BV2 and SH-SYS5Y was examined using both RT-PCR and
Western blot. As expected, microglia-like BV2 were found to
express a wide variety of proinflammatory genes (Table 2).
Neuron-like SH-SYSY also express most proinflammatory
genes examined, although in lower relative amounts com-
pared with BV2 for most genes assessed. Both BV2 and
SH-SYS5Y were found to express protein and mRNA for
TLR4, RAGE, and HMGBI (Fig. 2). Consistent with their
expected cellular phenotypes, BV2 express more TLR4 pro-
tein and mRNA as well as many fold greater levels of mRNA
for multiple TLRs, cytokines, and other proinflammatory
genes. Neuron-like SH-SYSY had less than 1% of the BV2
level of TLR4 expression (Fig. 24). Western blot analysis
also found a detectable but relatively lower expression of
TLR4 in SH-SYS5Y compared with BV2 (Fig. 2B). SH-
SY5Y had greater relative expression of TLR3 than the other
TLRs; however, this was only 20% of the level in BV2s
(Table 2). Further, SH-SYS5Y had no detectable levels of
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Fig. 1. BV2 express microglial markers and SH-SY5Y express neuronal markers, indicating they are microglial-like and neuronal-like cells, respec-
tively. (A) Western blot analysis of basal expression of microglial and neuronal cell type markers in cell lysates of BV2 and SH-SY5Y. SH-SY5Y were dif-
ferentiated into a neuron-like phenotype using retinoic acid (RA) for 4 days. Microglia-like BV2 express microglial marker Cd11b. Neuron-like SH-SY5Y
express neuronal markers neuron-specific enolase (NSE) and f-11l tubulin (Tubb3). -actin was used as a loading control. (B) Flow cytometry analysis of
basal expression of microglial and neuronal markers in BV2 and SH-SY5Y. The majority of BV2 cells express microglial marker Cd11b, whereas the
majority of SH- SY5Y express neuronal marker Tubb3. n = 3 per group. Gates were established using unstained and isotype controls for each antibody.

TLR4 adaptor protein MD-2, or proinflammatory cytokines
IL-1f and IL-6 (Table 2, using a 40 cycle cutoff). In contrast,
SH-SYSY express more RAGE and HMGBI1 compared with
BV2. Interestingly, Myd88, a critical adapter signaling trans-
ducer for TLRs and cytokine receptor signaling, has similar
levels in SH-SYS5Y and BV2. These data indicate that
SH-SYSY and BV2 both express TLR and other proinflam-
matory genes, although at different basal levels.

LPS, Poly(1:C), and EtOH Differentially Activate Kinases/
Transcription Factors that Modulate TLR Pathways in
Microglia-Like BV2

Activation of TLR3 and TLR4 involves key kinases the
lead to activation of NF«kB and other transcription factors
that mediate induction of proinflammatory genes. To

Table 2. Summary Basal mMRNA Expression of Proinflammatory Genes in
Microglia-Like BV2 and Neuron-Like SH-SY5Y

ddCt

Bv2 SH-SY5Y
RAGE 1.03 21.4600
HMGB1 1.00 4.6000
Myd88 1.00 0.9500
TLR3 1.03 0.1800
TLR8 1.01 0.1600
CD14 1.01 0.0360
TLR2 1.01 0.0290
TLR7 1.01 0.0035
TLR4 1.01 0.0031
TNF-a 1.00 0.0017
MD-2 1.01 n.d.
IL-1p 1.06 n.d.
IL-6 1.02 n.d.

Average basal mRNA levels of various immune signaling molecules in
BV2 and SH-SY5Y (n = 3 per group) were analyzed using RT-PCR and
expressed as ddCt, setting BV2 as 1.

better understand the role of EtOH in relation to TLR4
and TLR3 activation, we treated microglia-like BV2
TLR4 agonist LPS, TLR3 agonist Poly(I:C), or EtOH for
10 or 30 minutes. Activated kinases/transcription factors
were measured by examining phosphorylated forms of
these proteins in cell lysates using Western blot. As
expected, both LPS and Poly(I:C) activated kinases
related to TLR signaling. Following 10 minutes of LPS
treatment, phospho(p)-ERK1/2 was increased by 29%
(+£5.9%, p < 0.01) and p-p38 by 98% (+17%, p < 0.001).
p-NFkB, a transcription factor downstream of TLR acti-
vation that is involved in transcription of a variety of
proinflammatory molecules, was increased by 42% (£20,
p < 0.05) (Fig. 34). After 30 minutes, LPS caused an even
more robust effect, by increasing p-ERK1/2 by 68%
(£5.6%, p < 0.0001), p-p38 by 568% (£61%, p < 0.0001),
and p-NF«kB by 80% (£18%, p < 0.001) relative to con-
trols (Fig. 34). Thus, LPS stimulation displayed a canoni-
cal activation of kinases in BV2.

Treatment of BV2 with Poly(I:C) had a slightly less robust
effect compared with LPS, with only p-ERK /2 increased by
21% (£7.8%, p < 0.05) by 10 minutes of treatment. How-
ever, by 30 minutes Poly(I:C) increased p-ERK1/2 by 21%
(+£9.4, p <0.05), p-p38 by 41% (£13, p <0.05), and
p-NFxB by 40% (£13%, p <0.05) (Fig. 3B), indicating
activation of kinases by Poly(I:C) signaling in BV2.

Unlike either Poly(I:C) or LPS, EtOH treatment at 10 and
30 minutes significantly decreased p-ERK1/2 by 38%
(£1.6%, p <0.01) and 40% (£2.5%, p < 0.001), respec-
tively, whereas p-IRF3 was increased by 50% (£8.7%,
p < 0.001) after 30 minutes (Fig. 3C). Thus, LPS, Poly(I:C),
and EtOH activate proinflammatory signaling kinases/tran-
scription factors in BV2. However, EtOH displays a unique
pattern of activation compared with either TLR3 or TLR4
signaling pathways.
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LPS, Poly(1:C), and EtOH Increase Proinflammatory Gene
Expression in Microglia-Like BV2

Studies of canonical macrophage TLR signaling find that
activation of transcription factors such as NFxB and IRF3
leads to further proinflammatory signaling (Narayanan and
Park, 2015). Thus, we next assessed subsequent induction of
proinflammatory genes following 24-hour treatment of
TLR3 agonist Poly(I:C), TLR4 agonist LPS, or EtOH in
BV2. Cell death was assayed using trypan blue exclusion and
no significant effects were found in any treatment (data not
shown). LPS induced a typical microglia-like response in
BV2, with significant increases in mRNA expression of
TNF-o (814 + 28%, p <0.001), IL-18 (2,775 + 370%,
p <0.0001), IL-6 (209 4+ 24%, p < 0.05) (Fig. 44), and
TLR4 coreceptor CD14 (242 + 21%, p < 0.01) (Table 3).
LPS treatment also increased HMGBI in media of BV2 by
37% (£8.5%, p < 0.01) relative to controls (Fig. 4B). TLR3
agonist Poly(I:C) treatment increased mRNA expression of
TNF-a (217 + 29%, p <0.05) and IL-18 (366 £+ 33%,
p <0.01) (Fig. 4C), whereas Poly(I:C) had no significant
effect on HMGBI release in media (Fig. 4D). Additionally,
TLRS8 was down-regulated by both Poly(I:C) (49 £+ 15%,
p <0.05) and LPS (21 £+ 2.7%, p < 0.01), whereas LPS up-
regulated TLR2 (588 + 69%, p <0.01) and CDI14
(242 £ 21%, p < 0.01) as depicted in Table 3. Raw Ct val-
ues are depicted in Supplementary Table S1. These data are
consistent with BV2 displaying a characteristic macrophage-
like proinflammatory signaling induction following TLR4
and TLR3 agonist treatment.

BV2 were next treated with EtOH for 24 hours to deter-
mine whether EtOH causes induction of proinflammatory
genes in microglia-like cells. EtOH increased transcription of
both cytokines and TLRs. Significant increases were found

for TNF-o (204 £ 15%, p <0.01), IL-18 (304 £ 29%,
p <0.01), TLR2 (193 £28%, p<0.01), TLR7
(158 + 8.4%, p < 0.01), TLR8 (194 + 9.6%, p < 0.01), and
the TLR4 accessory protein MD-2 (155 4+ 4.4%, p < 0.01)
mRNA (Fig. 54,B), as well as HMGBI release in media
(Fig. 5C). A concentration curve indicated that EtOH
induces transcription of proinflammatory genes at a concen-
tration of over 50 mM (Fig. 5D). These data indicate that
EtOH treatment of microglia-like BV2 activates proinflam-
matory gene induction.

Poly(I:C) and EtOH, But Not LPS, Activate TLR Signaling
Kinases/Transcription Factors Pathway in Neuron-Like SH-
SY5Y

To determine whether TLR3 or TLR4 pathways are acti-
vated in neuron-like SH-SYS5Y, the cells were treated for 10
or 30 minutes with either TLR4 agonist LPS, TLR3 agonist
Poly(I:C), or EtOH followed by Western blot analysis of
phosphorylated (activated) kinases. While LPS had no mea-
surable effect on SH-SYSY at either time point (Fig. 6A4),
Poly(I:C) increased p-p38 by 88% (£24, p <0.01) and
p-IRF3 by 38% (£6.6%, p < 0.05) at 30 minutes (Fig. 6B).
A 10-minute treatment of EtOH decreased p-ERK1/2 by
55% (£4.7%, p <0.001), and increased p-p38 by 49%
(£17%, p < 0.05), p-IRF3 by 41% (£19%, p < 0.05), p-
TBK1 by 74% (£17%, p < 0.001), and p-NFxB by 56%
(£17%, p <0.01) (Fig. 6C). By 30 minutes of treatment,
EtOH decreased p-ERK1/2 by 49% (£6.7, p < 0.01), and
caused a broad range of effects, increasing p-p38 by 222%
(£24, p < 0.0001), p-IRF3 by 125% (£14%, p < 0.0001), p-
TBK1 by 94% (£11%, p < 0.0001), and p-NFxB by 72%
(£13%, p < 0.001) (Fig. 6C). These data indicate that Poly
(I:C) but not LPS activates kinases in SH-SYSY.
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Importantly, EtOH induces a broad range of activation of
proinflammatory signaling kinases/transcription factors in
SH-SYS5Y, with several effects unique to EtOH.

Poly(I:C) and EtOH, But Not LPS, Increase
Proinflammatory Gene Expression in Neuron-Like SH-SY5Y

Subsequent proinflammatory gene expression was then
examined in neuron-like SH-SYSY. Cell death was assayed
using trypan blue exclusion, and no significant effects were
found in any treatment (data not shown). In accordance with
the lack of kinase activation, SH-SY5Y did not have any
detectable changes in proinflammatory cytokine expression
or HMGBI release in response to LPS (Fig. 74,B). How-
ever, Poly(I:C) increased mRNA expression of TNF-o
(10,426 + 2,132%, p <0.01) and HMGBI (125 + 5.2%,
p < 0.05), and further increased levels of IL-1f and IL-6
from nondetectable (>40 Ct) to detectable ranges, with esti-
mated fold changes of 2,860 (£ 135%) and 591 (4 100%),
respectively (Fig. 7C). Poly(I:C) also increased expression of
its own receptor, TLR3 (920 + 260%, p < 0.05) as well as
TLR2 (230 + 31%, p <0.05) and TLR adaptor protein
Myd88 (530 + 30%, p < 0.001), as shown in Table 3. Poly
(I:C) had no effect on HMGBI release (Fig. 7D), and no
change in IFN-f protein in cell lysates was observed (data
not shown). Raw Ct values are depicted in Table S1. These
data indicate that neuron-like SH-SYSY appear to lack a
detectable LPS response. However, SH-SYSY are highly
responsive to TLR3 stimulation. Poly(I:C) induced strong
up-regulation of cytokines in SH-SYS5Y, as well as TLR
receptors and HMGBI.

SH-SYS5Y were next treated with EtOH to examine
whether EtOH causes induction of proinflammatory genes in
neuron-like cells. While no significant changes were seen in
mRNA of the cytokines we assessed (Fig. 84), EtOH did
increase TLR3 (398 + 80%, p < 0.05), TLR7 (574 + 100%,
p <0.05), TLR8 (319 + 17%, p <0.01), and RAGE
(170 £ 15%, p <0.05) (Fig. 88). EtOH also caused
HMGRBI release in media (Fig. 8C). Concentrations as low
as 15 mM EtOH caused increases in TLR3, TLR7, and
RAGE mRNA (Fig. 8D). In summary, EtOH causes induc-
tion of TLR3, TLR7, TLR8, and RAGE in SH-SY5Y even
at low concentrations, and in a unique manner, different
from either TLR3 or TLR4 stimulation alone.

DISCUSSION

This study compares TLR4, TLR3, and EtOH-induced
kinase activation and proinflammatory gene induction in
BV2 microglia-like cells and differentiated SH-SYS5Y neu-
ron-like cells (Fig. 9). As expected, BV2 express greater levels
of most proinflammatory signaling molecules compared with
SH-SYS5Y. BV2 responded to all treatments as indicated by
activation of proinflammatory signaling kinases and induc-
tion of proinflammatory signaling gene mRNA (Fig. 94-C,
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red labels). Although all 3 treatments induced a BV2
response, TLR3 and TLR4 activation increased canonical
kinases, for example, p-ERK1/2, p-p38, and p-NF«kB,
whereas EtOH uniquely increased p-IRF3 in BV2, a different
canonical proinflammatory signaling pathway not changed
by LPS or Poly(I:C) treatment. Further, EtOH decreased
p-ERK1/2 in BV2, whereas both LPS and Poly(I:C)
increased p-ERK1/2, further distinguishing the signaling of
EtOH from TLR3 and TLR4. Proinflammatory cytokines
TNF-o and IL-1p were increased by all 3 treatments in BV2,
but EtOH further increased TLR2, TLR7, TLR8, and MD-2
(Fig. 94-C, red labels). In neuron-like SH-SYS5Y, we found
TLR4 protein and mRNA, but no detectable LPS responses
(Fig. 94). However, Poly(I:C) and EtOH both increased p-
p38 and p-IRF3, with EtOH also increasing p-NF«xB and
decreasing p-ERK1/2 in SH-SYS5Y (Fig. 9B,C, blue labels).
Interestingly, Poly(I:C) increased proinflammatory cytokine
mRNA, for example, TNF-a, IL-1f, and IL-6 in SH-SYSY,

some from nondetectable levels, without increasing p-NFxB,
the key proinflammatory transcription factor in monocytes,
whereas EtOH increased p-NFxkB, but did not induce
TNF-o, IL-1f, or IL-6 in SH-SYSY. Both Poly(I:C) and
EtOH increased multiple TLR mRNA in SH-SYS5Y, but
only EtOH increased RAGE expression, which uniquely had
greater basal expression in SH-SYS5Y than in BV2. HMGBI,
a TLR and RAGE agonist, was induced and released by
LPS in BV2, but not in SH-SY5Y, whereas EtOH released
HMGRBI from both cell types (Fig. 94,C). EtOH induced
TLR mRNA at lower concentrations in SH-SYSY (15 mM,
Fig. 8D) compared with BV2 (75 mM, Fig. 5D). This sug-
gests greater neuronal sensitivity to EtOH induction of TLR
mRNA and unique cellular differences in EtOH induction of
TLR and other proinflammatory genes that contribute to the
complexity in brain.

EtOH is known to modulate innate immune responses in
brain (Coller and Hutchinson, 2012; Crews and Vetreno,
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Table 3. Summary of Poly(l:C), LPS, and EtOH Induction of Proinflammatory Gene mRNA in BV2 and SH-SY5Y
CON Poly(I:C) LPS EtOH

BV2
TLR2 100 + 10 323 +£ 70 588 + 69** 170 + 15*
TLR3 100 + 16 158 + 13 133 +£ 9.3 120 + 9.1
TLR4 100 + 9.3 100 + 19 58 + 2.2 90 + 8.6
TLR7 100 + 6.0 121 + 24 75+ 3.5 158 + 8.4**
TLR8 100 + 11 49 + 15* 21 + 2.7 194 + 9.5**
CD14 100 + 7.5 154 + 13 242 + 21** 104 + 3.7
MD-2 100 + 11 118 + 31 98 + 13 156 + 4.3**
Myd88 100 + 1.7 113 + 6.2 96 + 8.5 89 + 7.2
RAGE 100 + 16 134 + 7.7 98 + 4.8 104 + 4.4
HMGBH1 100 + 4.9 104 + 9.2 90 + 4.3 67 + 9.7
TNF-o 100 + 3.6 217 + 29* 440 + 27 204 + 15**
IL-15 100 + 9.3 366 + 33** 1,163 + 45*** 304 + 29**
IL-6 100 + 14 130 + 39 210 + 24* 10 + 2.4*

SH-SY5Y
TLR2 100 + 19 230 + 31* 121 + 30 177 + 23
TLR3 100 + 46 920 + 260* 98 + 35 398 + 80*
TLR4 100 + 23 158 + 12 67 + 18 147 + 14
TLR7 100 + 46 234 + 59 153 + 79 575 + 100*
TLR8 100 + 33 103 + 22 121 + 60 320 + 17+
CD14 100 + 18 146 + 17 61 + 21 127 £ 11
MD-2 n.d. n.d. n.d. n.d.
Myd88 100 + 13 530 + 30*** 79 + 4.7 128 + 5.9
RAGE 100 + 6.6 117 + 8.9 61 + 20 170 + 15*
HMGBH1 100 + 4.2 125 + 5.2* 84 + 11 105 + 2.4
TNF-o 100 + 9.5 10,426 + 2,130** 65 + 17 67 + 13
IL-15 n.d. 2,860 + 135 n.d. n.d.
IL-6 n.d. 591 + 100 n.d. n.d.

Microglia-like BV2 and neuron-like SH-SY5Y were treated with TLR3 agonist Poly(I:C) (50 ug/ml), TLR4 agonist LPS (100 ng/ml), or EtOH (150 mM)
for 24 hours. Cell lysates were collected and analyzed for mRNA expression using RT-PCR. Data for mRNA are expressed as %control (%CON), with
CON set at 100%. Data for HMGB1, TNF-z, IL-1, and IL-6 for LPS and Poly(I:C) treatment in BV2 are also represented in Fig. 4A,C. Data for HMGB1,
TNF-a, IL-18, IL-6, TLR2, 3, 4, 7, 8, Myd88, Cd14, MD-2, and RAGE for EtOH treatment in BV2 are also represented in Fig. 5A,B. Data for HMGB1,
TNF-a, IL-1f, and IL-6 for LPS and Poly(l:C) treatment in SH-SY5Y are also represented in Fig. 7A,C. Data for HMGB1, TNF-z, IL-1f3, IL-6, TLR2, 3, 4, 7,
8, Myd88, Cd14, MD-2, and RAGE for EtOH treatment in SH-SY5Y are also represented in Fig. 8A,B. n.d. = not detectable; n = 3 per group.

Bolded values represent data significantly different versus control. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus CON.

2016; Mayfield et al., 2013; Montesinos et al., 2016) and
drinking behavior (Agrawal et al., 2011; Blednov et al.,
2005, 2012). Microglia and astrocytes have been found to
play critical roles in the proinflammatory responses to EtOH,
particularly through TLR4 activation (Alfonso-Loeches
et al., 2010; Blanco et al., 2005; Fernandez-Lizarbe et al.,
2009, 2013). However, neuronal proinflammatory signaling
in response to EtOH has not previously been described. This
study utilized microglial and neuronal cell lines to determine
commonalities and differences in proinflammatory signaling
to EtOH. As expected, microglia-like BV2 have canonical
activation to EtOH. EtOH treatment increased activation of
IRF3 and increased transcription of NFxB-dependent genes
(e.g., TNF-o, 1L-18, TLR2) -consistent with previous
reports (Alfonso-Loeches et al., 2010; Crews et al., 2013;
Fernandez-Lizarbe et al., 2013). However, we now report
that EtOH causes proinflammatory signaling in neuronal
cells that is distinct from microglia. In neuron-like SH-
SYSY, EtOH activated a broader range of transcription fac-
tors and proinflammatory modulating kinases (NFxB, p38,
TBK1) than in microglia-like BV2. EtOH also increased
transcription of immune receptors RAGE, TLR3, TLR7,
and TLRS8 in neuron-like SH-SYSY. Although microglia-

like BV2 basally express more TLRs and proinflammatory
genes than neuron-like SH-SYSY, SH-SY5Y had a lower
concentration threshold of response to EtOH compared with
BV2 (15 mM vs. 75 mM), indicating a higher sensitivity of
neurons to EtOH-induced induction of proinflammatory sig-
naling. We further found that EtOH has a unique pattern of
activation of kinases/proinflammatory genes compared with
either TLR3 or TLR4 stimulation alone, again pointing
toward a broader effect of EtOH on immune signaling. Our
data support a role for EtOH-induced proinflammatory
innate immune signaling in neurons unique from that of
microglia as well as TLR3 or TLR4 activation alone.
Previously, we found that EtOH treatment of mice for
10 days (5 g/kg/d) induces brain TLR3 and TLR4 expres-
sion, as well as increased induction of proinflammatory
cytokines following systemic treatment with LPS
(Qin et al., 2008) and Poly(I:C) (Qin and Crews, 2012a),
implying that EtOH sensitizes TLR responses through up-
regulation of these pathways to instigate proinflammatory
signaling. Our findings here expand upon these data by sug-
gesting that EtOH has a broad range of proinflammatory
activation rather than through TLR3 or TLR4 alone. In
BV2, EtOH had a less robust effect on kinases/transcription
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factors compared to treatment with TLR3 agonist Poly(I:
C) or TLR4 agonist LPS. In SH-SYSY, however EtOH
actually had a broader range of effects, with EtOH activat-
ing several kinases/transcription factors (TBK1 and NFkB)
that were not activated by Poly(I:C). We also found that
ERK1/2 was decreased by EtOH in both cell types, whereas
p38 was increased in EtOH-treated SH-SYSY. A similar
study showed that EtOH (100 mM, 10 minutes) inhibited
p-ERK1/2 in cultured human cortical neurons (Kalluri and
Ticku, 2003), and p-ERK1/2 is decreased in cortex in brains
of adolescent-intermittent EtOH-treated rats (Liu and
Crews, 2015). Poly(I:C) increased activation of IRF3, a
transcription factor that controls interferon production
(Hiscott, 2007), in SH-SYS5Y, and EtOH increased IRF3 in
both BV2 and SH-SYS5Y. Consistent with our studies,
EtOH (50 mM, 1 hour) increases activated IRF3 in

cultured primary mouse microglia (Fernandez-Lizarbe
et al., 2009). However, we observed no Poly(I:C) or EtOH-
induced changes in IFN-f in SH-SYS5Y cell lysates, suggest-
ing that either different IFNs are being targeted or that a
noncanonical role for IRF3 exists in neurons. It is impor-
tant to note that while we observed that 30 minutes of
EtOH increased p-NFxB and p-p38 in SH-SYS5Y, no
change was seen in BV2 at this time point, although other
studies in our laboratory find an increase in p-NFkB at
6 hours in BV2 (data not shown). This may suggest greater
importance of other transcription factors (e.g., IRF3) early
after EtOH exposure in BV2. Given these results, we sur-
mise that EtOH causes a unique activation of kinases/tran-
scription factors in SH-SYSY and BV2, with a broader
range of activation in neuron-like SH-SY5Y. While it is not
clear why these neuron-like and microglia-like cells show
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Fig. 6. Poly(l:C) and EtOH, but not LPS, activate proinflammatory-
related kinases/transcription factors in neuron-like SH-SY5Y. SH-SY5Y
were treated with indicated drug for 10 or 30 minutes. Cell lysates
were collected for Western blot analysis. (A) LPS (100 ng/ml) had no
detectable effect on any of the kinases/transcription factors examined.
(B) Poly(I:C) (50 ug/ml) increased p-p38 by 88% and p-IRF3 by 38%
by 30 minutes. (C) Ten minutes of EtOH (150 mM) decreased p-
ERK1/2 by 55%, and increased p-p38 by 49%, p-IRF3 by 41%, p-
TBK1 by 74%, and p-NFkB by 56%. Thirty minutes of EtOH
decreased p-ERK1/2 by 49%, and increased p-p38 by 222%, p-IRF3
by 125%, p-TBK1 by 94%, and p-NFxB by 73%. Data are repre-
sented as %CON following p-actin normalization. n =3 per group;
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus CON.

different responses to EtOH, it may be related to differen-
tial kinase activation in neurons versus microglia. Immune
induction by EtOH is complex and includes TLR clustering
in lipid rafts, release of endogenous TLR agonists, and
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oxidative stress activation of NFxB (Fernandez-Lizarbe
et al., 2013; Qin and Crews, 2012b; Zou and Crews, 2014).
Although complex, our findings suggest EtOH uniquely
activates proinflammatory signaling pathways in both
microglia-like BV2 and neuron-like SH-SYSY.

Microglia-like BV2 and neuron-like SH-SYS5Y demon-
strated unique responses to TLR3 and TLR4 agonists.
Microglial responses were canonical with both TLR3 ago-
nist Poly(I:C) and TLR4 agonist LPS increasing activated
p-NF«B, p-p38, and p-ERK1/2, consistent with findings in
primary microglia cultures (Town et al., 2006). However,
neuron-like SH-SYS5Y displayed a response only to TLR3
stimulation. TLR3 agonist Poly(I:C) activated p38 and
IRF3 in SH-SYSY, consistent with previous studies in SH-
SYS5Y (Nessa et al., 2006). We also found that Poly(I:C)
also greatly up-regulated TNF-o, IL-1f, and IL-6 mRNA
in SH-SY5Y, whereas LPS had no effect, consistent with
previous studies (Klegeris and McGeer, 2001; Prehaud
et al., 2005). Importantly, Poly(I:C) can bind other recep-
tors (RIG-I, MDAY) in some cells, but studies in human
neuronal cells indicate that extracellular Poly(I:C) specifi-
cally utilizes TLR3 (Peltier et al., 2010). Although we
detected TLR4 mRNA and protein, we were unable to
detect MD-2 expression in SH-SYS5Y. MD-2 is a critical
accessory protein that is necessary for both LPS- and
HMGBI-induced TLR4 signaling (Nagai et al,, 2002;
Yang et al., 2015). This absence of MD-2 might explain
the lack of detectable TLR4 response in SH-SYSY. Thus,
our findings indicate LPS and Poly(I:C) activate canonical
immune signaling kinases and induce immune signaling
mRNA in microglia-like BV2, but only Poly(I:C) and not
LPS activates proinflammatory signaling in neuron-like
SH-SYSY.

EtOH did not increase TLR4 expression in either cell type
at the concentration and time point (24 hours) utilized in this
study, although our previous in vivo study found TLR4
mRNA up-regulated in mouse brain following 10 daily
binges of 5 g/kg EtOH (Crews et al., 2013). Primary rodent
microglia, however, have maximally up-regulated TLR4
protein at 30 minutes that decreases to nonsignificantly ele-
vated levels by 24 hours (Fernandez-Lizarbe et al., 2013),
indicating a time point specificity of EtOH-induced TLR4
expression in cultured microglia. Despite the lack of TLR4
induction, we found that TLR3 mRNA was increased by
EtOH and Poly(I:C) in SH-SY5Y, suggesting possible EtOH
activation of TLR3 signaling in neurons. Fewer studies have
examined possible EtOH proinflammatory signaling through
TLR3, although a recent study showed that TLR3 KO mice
consume more EtOH (Jang et al., 2016). More research is
needed to elucidate the possible neuronal role of TLR3 in
EtOH-induced innate immune signaling. Furthermore, the
up-regulation of both TLR7 and TLRS by EtOH in both
BV2 and SH-SYS5Y indicates a commonalty shared between
the 2 cell types, indicating more research is needed to
understand the complexity of EtOH proinflammatory
signaling.
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Fig. 7. Poly(l:C), but not LPS, up-regulates cytokine expression in neuron-like SH-SY5Y. SH-SY5Y were treated with either LPS (100 ng/ml) or Poly
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HMGB1 (125%), TNF-« (10,426%), IL-1/ (2,860%), and IL-6 (591%) mRNA. (D) Poly(l:C) had no effect on HMGBH1 release in media. Data for mRNA are
expressed as %control (%CON), with CON set at 100%. n = 3 per group; n.d. = not detectable; *p < 0.05, **p < 0.01 versus CON.

We also found that EtOH increased HMGBI release in
both BV2 and SH-SYS5Y, consistent with EtOH-induced
HMGBI in hippocampal brain slices, brains of binge EtOH-
treated mice, and postmortem human alcoholic brain (Crews
et al., 2013). Similar to our data, HMGBI is also released
from EtOH-treated (50 mM, 24 hours) nondifferentiated
neuroblastoma SH-SYS5Y (Wang et al., 2015). As HMGBI
activates multiple TLRs (Park et al.,, 2004; Yang et al.,
2013), RAGE (Kokkola et al., 2005), and can enhance sig-
naling of cytokines such as IL-1f (Sha et al., 2008), the
EtOH-induced HMGBI release we observe may play a role
in proinflammatory signaling in both microglia and neurons.
We also found that RAGE, a receptor that binds HMGBI1
and enhances NFxB signaling (Han et al., 2011), was
up-regulated in EtOH-treated SH-SY5Y but not in BV2,
consistent with an increase in neuronal RAGE in adolescent-
intermittent EtOH-treated rats (Vetreno et al., 2013). Over-
all, we report here that EtOH up-regulates proinflammatory
genes and releases HMGBI in both cell types, as well as

specific TLR3 and RAGE mRNA up-regulation in neuron-
like SH-SYSY but not in microglia-like BV2.

It is important to note that SH-SY5Y is a neuroblastoma
cell line derived from human tissue and may be different than
rodent neurons. However, primary rodent cortical neuronal
cultures express and releass HMGBI similar to our findings
in human SH-SYS5Y (Perez-Carrion and Cena, 2013). We
also found that TLR2, 3, 4, 7 and 8 mRNA are expressed in
neuron-like SH-SY5Y, consistent with previous studies in
mouse (Lehmann et al., 2012; Lok et al., 2015; Tang et al.,
2007). However, as BV2 and SH-SYSY are an in vitro model
consisting of immortalized and cancer-derived cells, respec-
tively, their responses may differ from a microglial or neu-
ronal phenotype in vivo. Nonetheless, reports suggest a
negligible difference between gene induction by LPS in pri-
mary microglia and BV2 (Henn et al., 2009), and SH-SY5Y
are a well-accepted model for studying dopamine neurons in
Parkinson’s disease (Korecka et al., 2013). Furthermore,
examination of any single cell type outside of its intact
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Fig. 8. EtOH up-regulates proinflammatory genes in neuron-like SH-SY5Y. SH-SY5Y were treated with EtOH (150 mM) for 24 hours and analyzed
for mMRNA expression of cytokines, TLRs and TLR-associated signals, and HMGB1 release in media. (A) EtOH had no detectable effect on HMIGB1,
TNF-o, IL-18, or IL-6 mRNA. (B) EtOH increased expression of TLR3 (398%), TLR7 (574%), TLR8 (319%), and RAGE (170%) mRNA. (C) EtOH
increased release of HMGB1 in the media by 161%. (D) Concentration curve of 24 hours of EtOH treatment on mRNA expression in SH-SY5Y. EtOH
increased expression of TLR3, TLR7, and RAGE mRNA by 15 mM. Data for mRNA are expressed as %control (%CON), with CON set at 100%. n = 3
per group; n.d. = not detectable; *p < 0.05, **p < 0.01, ***p < 0.001 versus CON.

environment may alter results, making it worthwhile for our
future studies to examine both interaction between these cell
types as well using in vivo studies.

Although not utilized in this study, astrocytes are also
involved in alcohol use disorders and display proinflam-
matory immune signaling following EtOH treatment
(Adermark and Bowers, 2016; Alfonso-Loeches et al., 2010).
Astrocytes would then make an interesting future point of
comparison of innate immune signaling versus the canonical
macrophage signaling in microglia.

In summary, this study supports that neurons may con-
tribute to proinflammatory signaling, and suggests a novel
role of neurons in EtOH-induced innate immune signal-
ing. Microglia-like BV2 displayed activated kinases fol-
lowing LPS, Poly(I:C), and EtOH treatment, as well as
induction of cytokines like TNF-o and IL-1f5. Although
neuron-like SH-SYSY had no detectable response to LPS,
Poly(I:C) and EtOH increased activated kinases and

proinflammatory genes. EtOH displayed a different pat-
tern of activated kinases/transcription factors compared
with Poly(I:C) or LPS treatment in either cell type. EtOH
also increased release of HMGBI in both cell types and
increased expression of RAGE in SH-SYS5Y, indicating a
possible role of HMGB1/RAGE signaling in this model.
These findings are consistent with EtOH activating proin-
flammatory signaling in both neuron-like SH-SYS5Y and
microglia-like BV2. Further work is needed to examine
EtOH-induced immune signaling in both neurons and
microglia.
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