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Abstract Microglia, the major immune cells of the central
nervous system (CNS), can be driven to adopt M1 and M2
phenotypes. Recently, the distinct functions of M1 and M2
microglia have been intensively studied. M1-activation mi-
croglia are pro-inflammatory and may contribute to the devel-
opment of several CSN disorders, while M2-activation mi-
croglia are anti-inflammatory and may promote tissue recon-
struction. TRAM1 is a protein involved in translocation of
nascent polypeptides and functions as a sorting adaptor of
TLR4. Here, we found that TRAM1 plays an important role
in microglia M1 polarization. Our results showed that the
expression of TRAM1 is highly induced in LPS/interferon
(IFN)-γ-stimulated BV2 cells and primary microglia cells.
Flag-TRAM1 transfection, but not Flag-GFP used as a con-
trol, significantly enhanced M1 polarization by strongly in-
creasing expression of M1 makers, such as IL-6, IL-1β,
iNOS, and so on. Silence of TRAM1 effectively inhibited
LPS/IFN-γ-induced expression of M1-related genes in BV2
cells. In addition, TRAM1 was found to cooperate with TLR4
to induce anM1 genetic program in Flag-TRAM1-transfected
and LPS/IFN-γ-induced BV2 cells. TRAM1 is essential for

LPS/IFN-γ induced expressions of adapter molecule (IRAK1,
phosphorylation of TBK1, and IRF3) of TLR4. TRAM1 is
also essential for phosphorylation of IκB and P65 and for
P65-NF-kB translocation to nucleus. Overall, our findings
showed that TRAM1 could promote microglia M1
polarization.
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Introduction

Microglia are resident immune cells of the central nervous
system (CNS) which possess the ability to react to diverse
physiological and pathological stimuli (Hanisch and
Kettenmann 2007; David and Kroner 2011). In normal brains,
microglia exist as a Bresting^ phenotype and play the role of
immune supervision (Tremblay et al. 2011). However, activat-
ed microglia have different functions in several CNS neuro-
degenerative pathologies covering Alzheimer’s disease (AD)
(Colton et al. 2006; Shimizu et al. 2008; Colton and Wilcock
2010), Parkinson’s disease (PD) (Ponomarev et al. 2007,
2011), and multiple sclerosis (MS) (Smith 2008; Rojo et al.
2010). Because of different properties of microglia, there is
increasing debate on whether the response of microglia is
beneficial or detrimental for tissue repair (David and Kroner
2011). Previous study has found that like peripheral macro-
phage, microglia exhibit a high morphological and functional
plasticity (Hanisch and Kettenmann 2007; Ajmone-Cat et al.
2013). Under various stimulations, microglia can be polarized
into different phenotypes, the M1 and M2 (Lawrence and
Natoli 2011). Stimulated by lipopolysaccharides (LPS) ac-
companied by interferon (IFN)-γ, M1-polarized microglia
over-express lots of inflammatory cytokines including
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interferon (IL)-1β, tumor necrosis factor (TNF)-α, IL-6, and
inducible nitric oxide synthase (iNOS), which are involved in
cytotoxicity and microbial killing (Verreck et al. 2004; Gwack
et al. 2007). However, under the treatment with IL-4, M2-
polarized microglia can upregulate chitinase 3-like 3
(Chi3l3, Ym1), arginase-1 (Arg1), and IL-10 which are related
to neuroprotection (Mantovani et al. 2002; Martinez et al.
2009). The difference of the functions of M1 and M2 microg-
lia has offered an important tool for studying the mechanism
of the inflammatory process in the central neural system.
However, till now, little is known about molecular mecha-
nisms that regulate microglia polarization.

Increasing study have shown that Toll-like receptors
(TLRs) are a family of pathogen recognition receptors
(PRRs) that play an important role in the innate immune sys-
tem by triggering pro-inflammatory pathways in response to
microbial pathogens such as LPS (Wang et al. 2009). TLR4
especially has been reported to play an important role in initi-
ating the M1 polarization of microglia and is necessary for
activated microglia to induce neuronal injury in vivo
(Verstak et al. 2009). When activated, TLR4 recruits distinct
of intracellular adaptor proteins including translocation asso-
ciated membrane protein 1 (TRAM1) and then initiates di-
verse downstream signaling, resulting in activation of nuclear
factor-κB (NF-κB), and then promotes the release of down-
stream pro-inflammatory cytokines (Akira and Takeda 2004).
TRAM-1 belongs to steroid receptor coactivator-3 (SRC-3)
subtype. Previous study showed that TRAM1 is involved in
translocation of nascent polypeptides and the dislocation of a
type I membrane protein under viral influences (Ng et al.
2010). However, its role in microglia polarization is still with
limited acquaintance.

Here, our results confirm that TRAM1 plays an essential
role in theM1 polarization ofmicroglia. In particular, TRAM1
increases M1-related gene expression. Mechanistically, we
demonstrated for the first time that TRAM1 regulates microg-
liaM1 polarization through TLR4-mediated NF-κB activation
via a TIR-domain-containing adapter-inducing interferon-β
(TRIF)-dependent mechanism.

Materials and Methods

Reagents and Antibodies

LPSwas obtained from Sigma-Aldrich (St. Louis, MO, USA).
Cytokines IL-4 and IFN-γ were obtained from Stemcell
Technologies (Vancouver, BC, Canada). Antibodies anti-
TLR4, anti-TRAM1, anti-iNOS, anti-CD86, anti-Rab5, anti-
TRIF, anti-TBK1, anti-phospho-TBK1, anti-IRF3, anti-
phospho-IRF3, anti-IκB, anti-phosphor-IκB, anti-NF-kB-
P65, and anti-phospho-NF-kB-P65 were purchased from

Santa Cruz Biotechnology (1:500; Santa Cruz, CA). Anti-
GAPDH antibody (1:1000) was purchased from Sigma.

Cell Culture and Treatments

Microglia secondary cultures were prepared from 10 to 14 day
mixed primary glial cultures. Zero to 24-h-old C57BL/6 mice
pups, which were purchased from the Experimental Animal
Center of Nantong University, were rendered hypothermic
and decapitated and cerebral cortex dissected out, as previous-
ly described. Briefly, microglia cells were detached by mild
shaking, plated on uncoated well plates or coverslides at a
density of 1.25 × 105 cells/cm2, allowed to adhere for
20 min, and washed to remove nonadhering cells. After incu-
bation for 24 h, the medium was replaced with fresh medium,
containing the stimulating agents. All animal procedures in
this study were admitted by the Department of Animal
Center, Medical College of Nantong University. All animal
protocols were approved by the Institutional Animal Care
and Use Committee according to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals
and guidelines of the International Association for the Study
of Pain (Zimmermann 1983).

The murine microglia cell line BV2 was cultured in
DMEM that was supplemented with 10 % heat-inactivated
fetal bovine serum (FBS, Hyclone, Logan, UT, USA) and
0.1 % antibiotics (penicillin and streptomycin). Cultures were
kept at 37 °C in 5 % CO2/95 % humidified air atmosphere.
Prior to treatment, cells were washed with phosphate-buffered
saline (PBS) and serum-free medium was added.

For mRNA and protein analysis, primary microglia were
cultured with DMEM/F12 media to generate M0microglia, or
cultured with DMEM/F12 including 100 ng/ml LPS and
10 ng/ml INF-γ for 12 h to generate M1microglia, or cultured
in DMEM/F12 media including 10 ng/ml IL-4 for 36 h to
generate M2 microglia. BV2 cells were cultured with
DMEM media to generate M0 microglia, or including
100 ng/ml LPS and 10 ng/ml INF-γ for 12 h to generate M1
microglia, or cultured in DMEM media including 10 ng/ml
IL-4 for 36 h to generate M2 microglia.

Quantitative Reverse Transcription-PCR

Total RNAwas isolated from the frozen specimens. The cDNA
synthesis was carried out with RevertAidTM RT Kit
(Fermentas) in a 25-μl reaction volume according to the manu-
facturer’s protocol. A specific cDNA fragment was amplified by
TaqDNApolymerase (Life Technologies) using specific primers
for Tram1 and GAPDH. The primer sequences used were as
follows: TRAM1 (F) 5′-CTGGTCAGCTTAGTGCGTTC-3′
and (R) 3′-CTCCAGCAATGTGGAAGAGG-5′ and GAPDH
(F) 5′-TGATGACATCAAGAAGGTGGTGAAG-3′ and (R)
5′-TCCTTGGAGGCCATGTGGGCCAT-3′. PCR (25 cycles)
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was performed as follows: denaturation for 30 s, annealing at
58 °C for 40 s, and elongation at 72 °C for 40 s. PCR products
were electrophoresed through 1.5 % agarose gel containing
ethidium bromide (0.5 μg/ml). Gels were visualized under UV
light and photographed, and optical densities of the bands were
analyzed with Molecular Dynamics densitometer (Scion).

Double Immunofluorescence Staining

For in vitro immunocytochemistry, microglia were plated
in 24-well plates. After 2 days, the cultures were switched
to serum-free DMEM (HyClone) for 36 h, or exposed to
100 ng/ml LPS and 10 ng/ml INF-γ for 12 h, or exposed
to 10 ng/ml IL-4 for 36 h. Washed three times for 5 min
each in cold PBS, cells were fixed at 4 °C for 20 min
with precooled PBS that contained 4 % formaldehyde,
permeabilized with 0.1 % Triton X-100 for 10 min, and
then blocked by 1 % BSA for 2 h. After washing in PBS,
the cells were incubated at 4 °C overnight with anti-
TRAM1and anti-Rab5 antibody at 1:200 dilutions, follow-
ed by incubation with corresponding TRAM1 and Rab5
secondary antibodies at 1:1000. Nuclei were counterstained
using 4′,6-diamidino-2-phenylindole (DAPI, Roche). Phase
contrast and fluorescence images were captured using the
Leica AF6000 imaging system.

Enzyme-Linked Immunosorbent Assay

The BV2 cells were cultured with DMEM media to generate
M0 microglia, or including 100 ng/ml LPS and 10 ng/ml
INF-γ for 12 h to generate M1 microglia, or cultured in
DMEM media including 10 ng/ml IL-4 for 36 h to generate
M2 microglia. The concentrations of IL-6, IL-1β, and TNF-α
in different culture supernatants were determined using
enzyme-linked immunosorbent assay (ELISA) kit
(BioSource Europe, SA). The assays were performed accord-
ing to the manufacturer’s protocol.

Small Interfering RNA, Flag-TRAM1, and Transfection

For over-expression and knockout of TRAM1, a custom-
designed Flag-TRAM1 and siRNA was chemically synthe-
sized and annealed (GeneChem, Shanghai, China). TRAM1
siRNA, control small interfering RNA (siRNA) and Flag-
TRAM1 control expression vector which were transfected
by Lipofectamine 2000 (Invitrogen, Shanghai, China) and
Plus reagents in OptiMEM (Invitrogen, Shanghai, China) as
suggested by the manufacturer. Twenty hours after transfec-
tion of siRNA and Flag-TRMA1, LPS/INF-γ was added to
treat the BV2 cells for 12 h or IL-4 was added to treat for 36 h.

Coimmunoprecipitation

The physical interaction of TRAM1 with TLR4 was assessed
in coimmunoprecipitation assays. BV2 cells were transfected
with plasmids encoding Flag-TRAM1. Twenty-four hours af-
ter transfection, cells were stimulatedwith LPS/IFN (10 ng/ml)
for 12 h. TRAM1S conta in ing complexes were
immunoprecipitated using the Flag antibody (Sigma), re-
solved on a denaturing gel and immunoblotted for TLR4
(1:500; Santa Cruz, CA).

Preparation of Cytosolic and Nuclear Extracts

Cells were lysed on ice for 20 min in cytosolic buffer (10 mM
HEPES, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 2 mM
dithiothreitol), after which NP-40 was added to a final con-
centration of 1 %, and the cells were then vortexed for 10 s.
Nuclei were sedimented by 30 s of centrifugation at 13,000×g,
and the supernatant containing the cytoplasmic fraction was
snapfrozen. The pellet containing the nuclei was resuspended
in cytosolic buffer with 400 mMNaCl-1 % NP-40 and rotated
at maximum speed on a wheel at 4 °C for 15min. The samples
were then centrifuged at 4 °C for 5 min at 13,000×g. The
supernatant containing the nuclear fraction was snapfrozen
and kept at −70 °C.

Western Blot Analysis

After the indicated treatments, cells were washed three times
with cold PBS and lysed in a cell lysis buffer for 30min on ice.
The lysates were then centrifuged at 12,000 rpm, at 4 °C for
15 min. The protein concentration of the supernatant obtained
was measured by the Bradford assay (Bio-Rad, Hercules, CA,
USA), and equal amounts of supernatant from each sample
were subjected to SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and electrotransferred to polyvinylidene
difluoride membranes (Millipore, Bedford, MA, USA). The
membrane was blocked in 20 mM Tris HCl, 137 mM NaCl,
and 0.1 % Tween 20 (pH 7.4) containing 5 % nonfat milk for
2 h at room temperature. Then, the membranes were
immunoblotted with primary antibodies for 6–8 h followed
by incubation with a horseradish peroxidase secondary anti-
body (1:2000; SouthernBiotech) for 1–2 h. They were then
visualized using an enhanced chemiluminescence system
(ECL; Pierce Company, Woburn, MA, USA). ImageJ (NIH)
was used to analyze the densities of the bands.

Statistical Analyses

All data were analyzed with Stata 7.0 statistical software. All
values were expressed as mean ± SEM. One-way ANOVA
followed by Tukey’s post hoc multiple comparison tests was
used for statistical analysis. P values less than 0.05were
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considered statistically significant. Each experiment consisted
of at least three replicates per condition.

Results

The Expression of TRAM1 Is Highly Increased
in LPS/IFN-γ-Induced Microglia Cells

Previous reports showed that TLR4 agonist LPS, IFN-γ, and
TNF-a can induce microglia M1 polarization, while IL-4 and
IL-13 can lead to microglia M2 polarization (Chhor et al.
2013). Our results showed that the expressions of iNOS,
TNF-α, and IL-6, which are markers of the M1 phenotype,
were highly increased by LPS/IFN-γ but not by IL-4 stimula-
tion in microglia (Fig. 1a). TRAM1 reportedly function as a
sorting adaptor to recruit TRIF to TLR4 that controls the ini-
tiation of the TRIF-dependent signaling pathway from an
endosomal compartment (Kagan et al. 2008). To determine
whether the expression of TRAM1 is related to microglia
polarization, we performed real-time PCR and Western blot
analysis for TRAM1 in BV2 cells and primary microglia cells
after stimulation with the well-established M1-polarizing
agent LPS/IFN-γ and well-established M2-polarizing agent
IL-4. In BV2 cells, LPS/IFN-γ increased the expression of
TRAM1 at both messenger RNA (mRNA) and protein levels
(Fig. 1b). Consistent results were found in primary microglial
cells (Fig. 1c). To further determine the expression and sub-
cellular localization of TRAM1, we performed double immu-
nofluorescence staining analysis. Our results revealed that
LPS/IFN-γ highly increased the expression of TRAM1 in
cultured BV2 cells and TRAM1 was present at both the plas-
ma membrane and in Rab5+ early endosomes (Fig. 1d).
Altogether, the expression of TRAM1 is highly increased by
well-established M1-polarizing agent LPS/IFN-γ.

TRAM1 over-Expression Increases the Expression
of iNOS and CD86 as well as the Production of Cytokine
IL-6, IL-1β and TNF-α

As the TRAM1 expression level was significantly higher in
LPS/IFN-γ-induced microglia cells, we further explored
whether TRAM1 influences the M1 microglia polarization.
Over-expression of TRAM1 in BV2 cells was conducted
through Flag-TRAM1 plasmid transfection with Flag-GFP
as a control. Briefly, BV2 cells were infected with either
Flag-GFP or Flag-TRAM1 for 24 h prior to treatment with
LPS/IFN-γ for 12 h. The protein and mRNA levels of
TRAM1 were detected by Western blot and real-time PCR
analysis. Compared with those in Flag-GFP BV2 cells,
TRAM1mRNA and protein levels in Flag-TRAM1BV2 cells
were markedly upregulated before LPS/IFN-γ stimulation
(Fig. 2a). The increased expression of TRAM1 may further

regulate microglial polarization. To test this hypothesis, we
next determined how TRAM1 influences M1-related gene
expression in Flag-TRAM1 BV2 cells. Compared with those
in Flag-GFP BV2 cells, iNOS protein and mRNA levels in
Flag-TRAM1 BV2 cells were markedly upregulated after
LPS/IFN-γ stimulation (Fig. 2b). Moreover, TRAM1 over-
expression significantly elevated the expression of several
other important M1 markers, such as IL-6, IL-1β, and
TNF-α, which were analyzed through ELISA (Fig. 2c, d, e).
Consistently, the expression level of CD86 was also highly
increased in Flag-TRAM1 BV2 cells than in Flag-GFP BV2
cells (Fig. 2f). Altogether, TRAM1 increases the expression of
iNOS and CD86 as well as the production of M1-related cy-
tokine IL-6, IL-1β, and TNF-α.

Silence of TRAM1 Inhibits the Expression of M1-Related
Markers in LPS/IFN-γ-Induced BV2 Cells

To further characterize the role of TRAM1 in microglia M1
and M2 polarization, we synthesized siRNA specifically
against TRAM1 (si-TRAM1) and examined the effect of
TRAM1 silence on M1 microglia polarization. BV2 cells
were transfected with scrambled control siRNA (si-Ctrl) or
si-TRAM1 for 24 h prior to treatment with LPS/IFN-γ for
12 h. We found that siRNA-TRAM1c effectively decreased
the protein level of TRAM1 in BV2 cells compared with other
si-TRAM1s and scrambled control siRNA (si-Ctrl) (Fig. 3a).
Thus, we employed si-TRAM1 in the following experiments.
Interestingly, TRAM1 silence effectively blocked the upregu-
lation of iNOS triggered by LPS/IFN-γ in BV2 cells (Fig. 3b).
Moreover, siRNA-TRAM1 largely decreased the LPS/IFN-γ-
induced expression of M1-related markers mentioned above,
including IL-6, IL-1β, and TNF-α (Fig. 3c, d, e). In addition,
siRNA-TRAM1 also effectively blocked the upregulation of
CD86 triggered by LPS/IFN-γ in BV2 cells (Fig. 3f). All
these results show that silencing TRAM1 can hamper LPS/
IFN-stimulated M1 microglia activation.

�Fig. 1 The expression of TRAM1 is highly increased in LPS/IFN-γ-
induced microglia cells. a BV2 cells were treated with LPS (100 ng/ml)
plus IFN-γ (10 ng/ml)for 12 h and IL-4 (10 ng/ml) for 36 h. The protein
levels of iNOS were detected by Western blot and the expression of
selected M1 genes (TNF-α, IL-6) were assessed by ELISA (*P < 0.01
vs. untreated control or IL-4, n = 5). b BV2 cells were treated with LPS
(100 ng/ml) plus IFN-γ (10 ng/ml) for 12 h and IL-4 (10 ng/ml) for 36 h.
The mRNA and protein levels of TRAM1 were determined by real-time
PCR or Western blot analysis (*P < 0.05 vs. untreated control or IL-4,
n = 4). c Murine primary microglia cells were treated with LPS
(100 ng/ml) plus IFN-γ (10 ng/ml) for 12 h and IL-4 (10 ng/ml) for
36 h. The mRNA and protein levels of TRAM1 were determined by
real-time PCR or Western blot analysis (*P < 0.05 vs. untreated control
or IL-4, n = 4). dBV2 cells were treatedwith LPS (100 ng/ml) plus IFN-γ
(10 ng/ml) for 12 h and IL-4 (10 ng/ml) for 36 h. Immunofluorescence
was used to detect the subcellular localization of TRAM1 (green) and
Rab5+ (red). The data were the representative images from three
independent experiments. Scale bars, 20 μm
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Effect of TRAM1 on Activation of TLR4-Dependent
Pathway and NF-κB Nuclear Translocation
in LPS/IFN-γ-Induced BV2 Cells

TLR4 has been shown to play an important role in initiating the
inflammatory response, and myeloid differentiation factor 88
(MyD88), an adapter protein for TLR4, leads to the activation
of downstream NF-κB and the subsequent production of pro-
inflammatory cytokines implicated in neurotoxicity (Wang
et al. 2009) TRAM is targeted to the plasma membrane by
myristoylation, and the present model of TRAM function is
that it recruits TRIF to the plasma membrane, where TLR4 is
located (Oshiumi et al. 2003; Rowe et al. 2006). Therefore, we
investigated whether TRAM1 affected the polarization of mi-
croglia through the TLR4-dependent pathway in LPS/IFN-γ-
induced BV2 cells. BV2 cells were infected with either Flag-
GFP or Flag-TRAM1 for 24 h prior to treatment with LPS/
IFN-γ for 12 h. Then, the cell lysate was immunoprecipitated
with anti-Flag antibody and the pellet was used forWestern blot
analysis with anti-TLR4 antibody. As predicted,
coimmunoprecipitation assays revealed the interaction of
Flag-TRAM1 and TLR4 in BV2 cells, which was significantly
increased by LPS/IFN-γ-stimulation (Fig. 4a). Furthermore,
LPS/IFN-γ significantly increased the expression of TRIF
and phosphorylation of TBK1 and IRF3 protein in BV2 cells,
indicating the TLR4-independent signaling activation (Fig. 4b),

which was strongly downregulated by silence of TRAM1 in
BV2 cells. TLR4 stimulation reportedly leads to NF-κB activa-
tion and the subsequent target M1-related gene transcription. In
consistence with this notion, we found that LPS/IFN-γ signif-
icantly upregulated IκB and P65 phosphorylation (Fig. 4c) and
increased P65-NF-κB nuclear transportation (Fig. 4d).
Interestingly, inhibiting TRAM1 expression by RNAi signifi-
cantly aborted the LPS/IFNγ-triggered NF-κB activation
events (Fig. 4c, d). All results showed that TRAM1 promotes
microglia M1 polarization through a TLR4-NF-κB-dependent
pathway.

Discussion

Microglia exhibit various activation states in response to dif-
ferent stimulus (LPS/IFN-γ, IL-4) (Crain et al. 2013).
Previous studies have demonstrated that pro-inflammatory
stimuli (e.g., LPS, IFN-γ, TNF-α, and IL-1β) induce microg-
lia to produce pro-inflammatory cytokines and to contribute to
tissue destruction, which are referred to as M1-like microglia
(David and Kroner 2011; Chhor et al. 2013; Ellert-
Miklaszewska et al. 2013). M1-mediated neuroinflammation
is a major component enhancing neurodegeneration and caus-
ing neuronal death and brain injury, most likely due to the
production of high levels of cytotoxic and pro-inflammatory

Fig. 2 TRAM1 increases the expression of iNOS and CD86 as well as
the production of cytokine IL-6, IL-1β, and TNF-α. BV2 cells were
infected with either Flag-GFP or Flag-TRAM1 for 24 h prior to
treatment with LPS/IFN for 12 h. a The protein levels of TRAM1 in
BV2 cells transfected with either Flag-GFP or Flag-TRAM1 were
detected by Western blot and quantification of TRAM1 levels in the

indicated groups. b, f Protein levels of iNOS and CD86 were
determined by Western blot analysis and quantification of iNOS and
CD86 levels in the indicated groups. c–e the expression of selected M1-
related genes (TNF-α, IL-6, and IL-1β) were assessed by ELISA
(*P < 0.05 between groups; #P < 0.05 vs. within groups; n = 3–5)
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factors (Minghetti and Levi 1998; Liu and Hong 2003; Rivest
2011; Kim et al. 2015). Thus, downregulation of these inflam-
matory molecules could be beneficial for alleviating the pro-
gression of neurodegeneration caused bymicroglial activation
(Kim et al. 2015). However, the mechanisms that regulate the
polarization of microglia remain unclear (Shimizu et al. 2008;
Hu et al. 2012; Tanaka et al. 2015). Our results demonstrated
that TRAM1 promotes microglia M1 polarization. The mech-
anisms underlying this polarized effect might be related to an
increase in TLR4-induced NF-kB activation via regulating
TRIF-dependent pathways.

TRAM1 is a multi-pass membrane protein that is part of
the mammalian endoplasmic reticulum (Kagan et al. 2008).
TRAM1 is a sorting adaptor used by TRL4 signals through
TRIF (Kagan and Medzhitov 2006; Kagan et al. 2008).
TRAM1 seems to be necessary for coupling of the TLR4
located on the cell surface to the endosomal activation of
TRIF–TRAF3 (Kagan et al. 2008). In addition, previous
studies have defined that IL-6 release were predominately
mediated by a TRAM–TRIF-dependent pathway (Hirotani
et al. 2005; Kagan et al. 2008). Notably, previous studies
have demonstrated that TRAM1 did not induce TRIF-
dependent signaling from the plasma membrane. Instead,
delivery of TLR4 and TRAM to endosomes was necessary

for activation of the IRF3 signaling pathway (Kagan et al.
2008). However, little information on the roles of the
TRAM1 on microglia polarization has been reported be-
fore. Our results showed that the level of protein and
mRNA of TRAM1 is much highly increased in M1-
polarized BV2 cells and primary microglia. TRAM1 over-
expression increases the expression of iNOS and CD86 as
well as the production of cytokines IL-6, IL-1β, and
TNF-α. TRAM1 silence restrained the expression of M1-
related molecules (CD86, iNOS, IL-6, IL-1β, and TNF-α).
Furthermore, we performed immunofluorescent staining to
determine the location of TRAM1. As expected, the total
expression level of TRAM1 was highly increased in LPS/
IFN-γ-stimulated BV2 cells compared with WT or IL-4-
activated cells and TRAM1 was present at both the plasma
membrane and in Rab5+ early endosomes. These demon-
strate that TRAM1 plays an essential role in microglia M1
polarization in vitro.

Increasing studies have showed that TLRs are a family of
pathogen-recognition receptors that play an important role in
the innate immune system by triggering pro-inflammatory
pathways in response to microbial pathogens such as LPS
(Wang et al. 2009). TLR4 especially has been reported to play
an important role in initiating the polarization of microglia and

Fig. 3 Silence of TRAM1 inhibits the expression of M1-related markers
in LPS/IFN-γ-induced BV2 cells. BV2 cells were transected with
scrambled control si-RNA (si-Ctrl) or si-TRAM1 for 24 h prior to
treatment with LPS/IFN for12h. a The protein levels of TRAM1 in
BV2 cells transfected with nonspecific si-RNA or TRAM1 si-RNA
were detected by Western blot and quantification of TRAM1 levels in

the indicated groups. b, f Protein levels of iNOS and CD86 were
determined by Western blot analysis and quantification of iNOS and
CD86 levels in the indicated groups. c–e The expression of selected M1
genes (TNF-α, IL-6, and IL-1β) were assessed by ELISA (*P < 0.05
between groups; #P < 0.05 vs. within groups; n = 3–5)
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is necessary for activated microglia to induce neuronal injury
in vivo (Verstak et al. 2009). When activated, TLR4 recruits
distinct of intracellular adaptor proteins MyD88, TIRAP,
TRAM, and TRIF. To date, the control of microglia

polarization has largely been attributed to the function of a
small group of factors including nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB, the activator pro-
tein 1 (AP-1, hypoxia-inducible factors (HIFs), signal

Fig. 4 Effect of Tram1 on activation of the TLR4-dependent pathway
and NF-κB nuclear translocation in LPS/IFN-γ-induced BV2 cells. a
Coimmunoprecipitation of TRAM1 and TLR4. Cells were transfected
with Flag-TRAM1, and cell lysate was immunoprecipitated with anti-
flag antibody, and the pellet was used for Western blot analysis with
anti-TLR4 antibody. The experiment was repeated three times. b BV2
cells were transfected with si-TRAM1 for 24 h prior to treatment with
LPS/IFN for 12 h. Protein levels of TRIF, p-TBK1, and p-IRF3 were
evaluated by Western blot analysis and quantification of protein levels

in the indicated groups (*P < 0.05 between groups; #P < 0.05 vs. within
groups; n = 3–5). c The levels of P65-NF-κB in both cytosol and nuclear
fractions were measured by Western blot assay. Quantification of protein
levels in the indicated groups (*P < 0.05 between groups; #P < 0.05 vs.
within groups; n = 3–5). d Protein levels of p-IκB and p-P65 were
evaluated by Western blot analysis and quantification of protein levels
in the indicated groups (*P < 0.05 between groups; #P < 0.05 vs. within
groups; n = 3–5)
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transducers and activators of transcription (STATs), and per-
oxisome proliferator-activated receptors (PPARs) (Ajmone-
Cat et al. 2013). TRAM1 plays an important role of promoting
inflammation through the TLR4-TRAM-NF-ΚB pathway
(Ghosh et al. 2015). TRIF is recruited by TRIF-related adaptor
molecule (TBK1) and has a critical role for the activation of
IRF3 and the late activation of NF-kB (Plociennikowska et al.
2015). However, little is known about whether TRAM1 pro-
motes microglia M1 polarization via regulating TRIF-
dependent pathways. In the present study, our data indicated
that LPS/IFN-γ caused a greater activation of the TRIF-
dependent (upregulation of TRIF, p-TBK1, and p-IRF3 pro-
tein levels) pathway. Silence of TRAM1 exhibited a statisti-
cally significant inhibitory effect on the increased protein
levels of TRIF, p-TBK1, and p-IRF3. In addition, TRAM1
silence also decreased the formation of the complexes of
TLR4 with TRAM1.

In summary, the expression of TRAM1 is highly up-
regulated in LPS/IFN-γ-induced BV2 and primary mi-
croglia cells, and TRAM1 promotes LPS/IFN-γ-induced
M1 microglia polarization. The mechanisms underlying
this polarized effect might be related to an increase in
TLR4-induced NF-kB activation via regulating TRIF-
dependent pathways. Given the critical role of M1 mi-
croglia in the regulation of immune responses and the
pathogenesis of diseases (Minghetti and Levi 1998; Liu
and Hong 2003), a better understanding of the role and
molecular mechanisms by which TRAM1 regulates M1
microglia will be helpful to develop a novel therapeutic
strategy for diseases such as protozoan infection, cancer,
and allergic and metabolic diseases.
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