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Gangliosides participate in various cellular events of
the central nervous system and have been closely
implicated in many neuronal diseases. However, the
precise molecular mechanisms underlying the pathological activity of gangliosides are poorly understood.
Here we report that toll-like receptor 4 (TLR4) may
mediate the ganglioside-triggered inflammation in
glia , brain resident immune cells. Gangliosides rapidly altered the cell surface expression of TLR4 in
microglia and astrocytes within 3 hours. Using TLR4specific siRNA and a dominant-negative TLR4 gene,
we clearly demonstrate the functional importance of
TLR4 in ganglioside-triggered activation of glia. Inhibition of TLR4 expression by TLR4-siRNA suppressed
nuclear factor (NF)-B-binding activity , NF-B-dependent luciferase activity , and transcription of inflammatory cytokines after exposure to gangliosides.
Transient transfection of dominant-negative TLR4
also attenuated NF-B-binding activity and interleukin-6 promoter activity. In contrast , these activities
were slightly elevated in cells with wild-type TLR4. In
addition , CD14 was required for ganglioside-triggered
activation of glia , and lipid raft formation may be
associated with ganglioside-stimulated signal propagation. Taken together , these results suggest that
TLR4 may provide an explanation for the pathological
ability of gangliosides to cause inflammatory conditions in the brain. (Am J Pathol 2006, 168:1619 –1630; DOI:
10.2353/ajpath.2006.050924)

Microglia and astrocytes are resident immunoeffector
cells of the central nervous system. Although these cells
are quiescent under normal conditions, they are rapidly
activated in response to pathological stimuli. On activation, astrocytes and microglia change their morphology,

immunophenotype, and expression pattern of inflammatory mediators, leading to immune and inflammatory responses.1,2 Although transient activation of glial cells is
beneficial for defense processes against pathogens, either chronic activation or overactivation can cause or
exacerbate neuronal diseases such as Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, ischemia,
and human immunodeficiency virus encephalitis.3,4
Gangliosides are sialic acid-containing glycosphingolipids that are constituents of mammalian cell membranes. Increasing evidence suggests that gangliosides
are not passive structural components of cell membranes
but rather are modulators of important biological processes such as proliferation, adhesion, differentiation,
and inflammation.5–11 Neuronal cell membranes are particularly rich in gangliosides, which play important roles in
brain physiology and pathology.12,13 Some researchers
have reported that brain injury can lead to the release of
gangliosides from damaged neuronal cells into the extracellular space, possibly resulting in pathophysiological
conditions.14 –16 Several studies have shown that exposure to gangliosides both in vivo and in vitro can induce
the production of various inflammatory mediators, such
as cytokines and inducible nitric oxide synthase in brain
microglia and astrocytes.11,17–19 Gangliosides have also
been reported to play a role in A␤ toxicity as well as in the
deposition of A␤ into senile plaques associated with Alzheimer’s disease.20 –23 Thus, gangliosides have recently
been recognized as being important contributors to
pathological inflammatory conditions in the brain. However, little is known about the molecular mechanisms
through which gangliosides trigger pathological immune
responses.
Toll-like receptors (TLRs), which are the mammalian
homologues of the Drosophila Toll receptor, act as primary sensors of various pathogens and trigger inflammaSupported by the Korean Science and Engineering Foundation through
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tory and immune responses.24 TLRs are defined by the
presence of the Toll/interleukin (IL)-1 receptor (TIR) domain in their cytosolic regions and an extracellular domain comprising leucine-rich repeats. To date, 13 TLRs
have been described in mice and 10 in humans, and
potential ligands have been identified for several of these
receptors.25,26 Each TLR recognizes a distinct pathogen
and elicits different, but sometimes overlapping, immune
responses.27 TLR4, the first mammalian TLR identified in
mammals, is involved in signaling responses elicited by
various exogenous and endogenous molecules, including lipopolysaccharide (LPS).28 Activation of TLRs initiates complex signal transduction cascades that activate
many signaling proteins, such as nuclear factor (NF)-B,
thereby resulting in transcription of genes encoding inflammation-associated molecules and cytokines.29 Different cell types express distinct combinations of TLRs.
Moreover, TLR expression appears to be modulated
based on the activation and maturation state of a
cell.30,31 That is, TLR expression levels are strictly regulated in both a cell type- and state-specific manner as
well as in a stimulus-dependent manner.32,33
We have previously shown that gangliosides are capable of activating glia, thereby leading to inflammatory
responses in the brain. Gangliosides can alter the morphology of microglia and trigger the production of inflammatory mediators through activation of various inflammation-associated signaling molecules including NF-B,
Janus kinase (JAK), signal transducer and activator of
transcription (STAT), and mitogen-activated protein kinase (MAPK).11,19,22,34 In the present report, we show
that TLR4 expression levels rapidly change after treatment with gangliosides in rat primary glia and demonstrate that TLR4 is essential for ganglioside-triggered
inflammatory signaling pathways using TLR4-specific
siRNA and a dominant-negative TLR4 gene. These results suggest that TLR4 can function as an upstream
sensor for gangliosides and provoke intracellular inflammatory signaling in the brain. Our data provide interesting
insights into the understanding of the signaling pathways
through which gangliosides cause pathological conditions in the brain.

Materials and Methods
Reagents
Purified ganglioside mixture (Gmix), monosialo-ganglioside (GM) 1, disialo-ganglioside (GD) 1a, and trisialoganglioside (GT) 1b from bovine brain were purchased
from Matreya (Pleasant Gap, PA) and Sigma (St. Louis,
MO). Endotoxin-tested GM1 and asialo-GM1 were obtained from Sigma. Rat interferon (IFN)-␥ was obtained
from Calbiochem (La Jolla, CA). Salmonella typhimurium
LPS, polymyxin B sulfate, filipin, and methyl ␤-cyclodextrin (M␤CD) were purchased from Sigma. Minimal essential medium, Lipofectamine plus, oligofectamine, and
G418 antibiotics were obtained from Life Technologies,
Inc. (Gaithersburg, MD). Dulbecco’s modified Eagle’s

medium and fetal bovine serum were purchased from
Hyclone (Logan, UT).

Cell Culture
Primary microglia were cultured from the cerebral cortices of 1- to 3-day-old Sprague-Dawley rats. Briefly, cortices were triturated into single cells in minimal essential
medium containing 10% fetal bovine serum and were
plated in 75-cm2 T-flasks (0.5 hemisphere/flask) for 2
weeks. The microglia were detached from the flasks by
mild shaking and applied to a nylon mesh to remove
astrocytes and cell clumps. Cells were plated in six-well
plates (5 ⫻ 105 cells/well), 60-mm2 dishes (8 ⫻ 105
cells/dish), or 100-mm2 dishes (2 ⫻ 106 cells/dish). One
hour later, the cells were washed to remove unattached
cells before being used in experiments. After removal of
the microglia, primary astrocytes were prepared using
trypsinization. Cells were demonstrated to be more than
95% authentic microglia and astrocytes because of their
characteristic morphology and the presence of the astrocyte marker glial fibrillary acidic protein and the microglia
marker CD11b. For blocking of CD14 or LPS-binding
protein (LBP), cells were preincubated for 30 minutes
with 10 g/ml of anti-CD14 monoclonal antibody (mAb),
anti-LBP mAb, or isotype control mAb (HyCult Biotechnology, Liden, The Netherlands), and then the cells were
treated with LPS or gangliosides for indicated times.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR) Analysis
Total RNA was isolated using RNAzolB (Tel-Test Inc.,
Friendswood, TX), and cDNA was synthesized using
avian myeloblastosis virus reverse transcriptase
(TaKaRa, Japan) according to the manufacturer’s instructions. PCR was performed with 25 cycles of sequential reactions. Oligonucleotide primers were purchased
from Bioneer (Seoul, Korea). The sequences for PCR
primers were as follows: (forward) 5⬘-TCC CTC AAG ATT
GTC AGC AA-3⬘ and (reverse) 5⬘-AGA TCC ACA ACG
GAT ACA TT-3⬘ for GAPDH; (forward) 5⬘-TGA TGT TCC
CAT TAG ACA GC-3⬘ and (reverse) 5⬘-GAG GTG CTG
ATG TAC CAG TT-3⬘ for IL-1␤; (forward) 5⬘-GTA GCC
CAC GTC GTA GCA AA-3⬘ and (reverse) 5⬘-CCC TTC
TCC AGC TGG GAG AC-3⬘ for tumor necrosis factor
(TNF)-␣; (forward) 5⬘-TTG AAG ACA AGG CAT GGC ATG
G-3⬘ and (reverse) 5⬘-TCT C CCC AAG ATC AAC CGA
TG-3⬘ for TLR4.

Flow Cytometric Analysis
Cells were treated with gangliosides or LPS in the presence of 5% serum for the indicated times. The cells were
washed twice with phosphate-buffered saline containing
1% fetal bovine serum, collected, and stained with phycoerythrin-conjugated anti-mouse TLR4/MD2 antibody
(eBioscience, CA) for 30 minutes at 4°C. After washing,
the cells were analyzed with a FACS Vantage (BD Bio-
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sciences, CA), and the data were processed using the
CellQuest program and WinMDI. The mean fluorescence
intensity (MFI) was analyzed by CellQuest software, and
the change in MFI of cells incubated with TLR4/MD2
antibody was calculated for LPS- or ganglioside-treated
and untreated cells after subtraction of the MFI obtained
with the isotype control antibody (eBioscience).

Plasmids
Wild-type TLR4 [pDisplay-Tlr4(wt)] and a dominant-negative mutant of TLR4 [pDisplay-Tlr4(P712H)], were gifts
from Dr. Lynn Hajjar and C. Wilson (University of Washington, Seattle, WA). The 5⫻NF-B-luciferase reporter
construct and IL-6-luciferase reporter construct were
from Dr. Seong Ho Jeon (Hanllym University, Korea).

Synthesis and Transfection of siRNAs
Chemically synthesized, double-stranded small interfering RNAs (siRNAs), with 19-nucleotide duplex RNA and
2-nucleotide 3⬘ dTdT overhangs, were purchased from
Dharmacon Research (Lafayette, CO) in a deprotected
and desalted form. To design TLR4-specific siRNA duplexes, the mRNA sequence for TLR4 was screened for
unique 21-nucleotide sequences in the National Center
for Biotechnology Information database using the BLAST
search algorithm. The siRNA sequence targeting TLR4 in
this study is 5⬘-ACG CUG UUC UGC UCA GGA GdTdT3⬘. Forty to fifty percent of confluent cells were transfected with siRNA oligonucleotides using oligofectamine
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. All assays were performed at least 24
hours after RNA transfection.

Luciferase Assay
Transient transfections were performed in triplicate on
35-mm dishes using Lipofectamine plus reagents as instructed by the manufacturer (Life Technologies, Inc.). To
normalize the variations in cell number and transfection
efficiency, all cells were co-transfected with pCMV-␤GAL for 24 hours. Luciferase assays were performed
according to the manufacturer’s instructions (Promega,
Madison, WI). Luciferase activity was measured using 20
l of cell extract in 100 l of assay buffer. Light intensity
was measured for 30 seconds on a luminometer
(Berthold Lumat LB9501). Luciferase activity was normalized by measuring ␤-galactosidase activity (in OD420). All
plasmid DNAs were prepared using endotoxin-free DNA
isolation kit (Qiagen, Valencia, CA).

Electrophoretic Mobility Shift Assay
Cells were stimulated in the presence of 2.5% serum,
and then the cell extracts were suspended in 9⫻ packaged cell volume of a hypotonic solution (10 mmol/L
HEPES, pH 7.9, 10 mmol/L KCl, 0.1 mmol/L EDTA, 0.1
mmol/L EGTA, 1 mmol/L dithiothreitol, 0.5 mmol/L phe-

nylmethyl sulfonyl fluoride, 0.5% Nonidet P-40) and
centrifuged at 5000 rpm for 10 minutes at 4°C. The
pellet (nuclear fraction) was resuspended in 20 mmol/L
HEPES (pH 7.9), 20% glycerol, 0.4 mol/L NaCl, 1
mmol/L EDTA, 1 mmol/L EGTA, 1 mmol/L dithiothreitol,
1 mmol/L phenylmethyl sulfonyl fluoride, incubated on
ice for 60 minutes with occasional gentle shaking, and
centrifuged at 13,000 rpm for 20 minutes. The crude
nuclear proteins in the supernatant were collected and
stored at ⫺70°C. Electrophoretic mobility shift assay
was performed for 30 minutes on ice in a volume of 20
l containing 2 g of nuclear protein extract in a reaction buffer containing 8.5 mmol/L EDTA, 8.5 mmol/L
EGTA, 8% glycerol, 0.1 mmol/L ZnSO4, 50 g/ml poly
(dI-dC), 1 mmol/L dithiothreitol, 0.3 mg/ml bovine serum albumin, 6 mmol/L MgCl2, and ␥-32P-radiolabeled
oligonucleotide probe (3 ⫻ 104 cpm), with or without a
20- to 50-fold excess of unlabeled probe. DNA-protein
complexes were separated on 6% polyacrylamide gels
in Tris/glycine buffer, and the dried gels were exposed
to X-ray film. The following double-stranded oligonucleotides were used in these studies: NF-B gel shift
oligonucleotides, 5⬘-AGT TGA GGG GAC TTT CCC
AGG C-3⬘, 25 bp (sc-2505; Santa Cruz Biotechnology,
Inc., Santa Cruz, CA). 5⬘-End-labeled probes were prepared with 40 Ci of [␥-32P]-ATP using T4 polynucleotide kinase (Promega) and purified on Sephadex
G-25 quick spin columns (Roche Molecular Biochemicals, Indianapolis, IN).

Endotoxin Assay
All ganglioside preparations were tested for bacterial
contamination using the chromogenic Limulus amebocyte lysate assay according to the manufacturer’s specifications (WinKQCL, Bio-Whittaker). The purity of ganglioside mixture by thin layer chromatography was more
than 98% according to the manufacturers’ reports (Matreya and Sigma), and the purity of individual ganglioside
was 93 to 98%.

Determination of Nitric Oxide (NO) Release
Media nitrite concentration was measured as an indication of NO release. After the indicated cell incubations, 50 l of culture medium was removed and
mixed with an equal volume of Griess reagent (0.1%
naphthylethylene diamine, 1% sulfanilamide, 2.5%
H3PO4), and absorbance of the mixture at 540 nm was
measured.

Statistical Analysis
All data are expressed as the mean ⫾ SD. Statistical
analysis was performed using Student’s t-test.
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Results
Brain Gangliosides Rapidly Alter Cell Surface
Expression of TLR4 in Primary Microglia from
Cerebral Cortices
In an effort to address how gangliosides initiate inflammatory conditions in the brain, we examined whether
TLR4 could function as an upstream sensor for gangliosides in rat primary microglia. First, we tested the engagement of TLR4 in ganglioside-induced inflammation
by its expression level because TLR4 expression has
been shown to be strictly regulated in a stimulus-dependent manner.35,36 Rat primary microglia were treated with
50 g/ml of brain ganglioside mixture (Gmix) for 18
hours, and TLR4 cell surface expression levels were analyzed by flow cytometric analysis using phycoerythrinconjugated TLR4/MD2 (MTS510) antibody. Interestingly,
we found that cell surface expression of TLR4 was markedly low in ganglioside-treated primary glia and that the
reduced level of TLR4 in ganglioside-treated cells was
similar to that in cells treated with 100 ng/ml of LPS, a
representative TLR4 ligand (Figure 1A). We also observed that gangliosides significantly reduced TLR4 cell
surface expression in BV2 mouse microglia (Figure 1A).
To evaluate further the effect of gangliosides on TLR4
surface expression, we examined the time- and dosedependent effects of gangliosides in primary microglia.
Cell surface expression of TLR4 was rapidly reduced
within 3 hours of exposure to Gmix (Figure 1B). Moreover,
TLR4 cell surface expression was slightly changed even
in 10 g/ml ganglioside-treated cells, and the increasing
concentrations of gangliosides further diminished TLR4
expression (Figure 1C). These results indicate that gangliosides rapidly modulate TLR4 expression in primary
microglia, suggesting the possibility that gangliosides
may trigger inflammation through TLR4 in the brain.

The Sialic Acid Residue of Gangliosides Is
Essential for Modulation of TLR4 Expression
The major types of gangliosides in the brain are GM1,
GD1a, GD1b, GT1b, and GQ1b, each of which have a
different number and position of carbohydrate-linked
sialic acid residues.37 We therefore investigated the role
of the sialic acid residues in the regulatory effect of
gangliosides on TLR4 expression. We first compared the
effects of GM1, which has one sialic acid residue, with
Gmix on TLR4 expression. As shown in Figure 2A, no
significant differences in the surface expression level of
TLR4 were observed between GM1- and Gmix-treated
primary microglia. Reduced TLR4 surface expression
was observed in cells treated with either GD1a, which
has two sialic acid residues, or GT1b, which has three
sialic acid residues; this decrease was also similar to that
caused by Gmix (Figure 2, A and B). These results indicate that the number of sialic acid residues per ganglioside molecule has little effect on modulation of TLR4
expression at the cell surface expression level.

Figure 1. Gangliosides rapidly modulate cell surface expression of TLR4 in
microglia. Rat primary microglia and BV2 microglial cells (A) were treated
with 50 g/ml of brain ganglioside mixture (Gmix) or 100 ng/ml of LPS for
18 hours, and the TLR4 surface expression level was analyzed by flow
cytometric analysis using phycoerythrin-conjugated TLR4/MD2(MTS510) antibody. Data shown are representative of at least four independent experiments. The MFI was analyzed by CellQuest software (BD Biosciences), and
the change in MFI of cells incubated with TLR4 antibody was calculated for
LPS- or Gmix-treated cells and untreated cells after subtraction of the MFI
obtained with the isotype control antibody. The MFI values are mean ⫾ SD
of three independent experiments. *P ⬍ 0.01 when compared with control
samples. B: Primary microglia were treated with 50 g/ml of Gmix for the
indicated times, and TLR4 surface protein expression was determined by
FACS analysis. C: Primary microglia were treated with the indicated concentrations of Gmix for 18 hours. Data shown are representative of at least four
independent experiments.

To further examine the role of sialic acid residue in
ganglioside-induced changes of TLR4 expression, we
compared the effects of Gmix and asialo-GM1, which has
no sialic acid residue, on TLR4 expression. Compared to
untreated control cells, cell surface expression of TLR4
was decreased in microglia treated with 25 g/ml of
Gmix, whereas transcription of IL-1␤ was markedly increased. In contrast, cell surface expression of TLR4 as
well as IL-1␤ transcription was unchanged in cells treated
with asilao-GM1 (Figure 2C). Taken together, these results suggest that the sialic acid residue is necessary for
ganglioside-induced modulation of TLR4 expression, although the number of sialic residues per ganglioside
molecule is not relevant.

Ganglioside-Dependent Modulation of TLR4 Is
Not Attributable to LPS Contamination in
Preparation of Gangliosides
To investigate whether ganglioside-dependent modulation of TLR4 could be attributable to LPS contamination in
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Figure 3. Polymyxin B, a LPS scavenger, does not affect the gangliosidedependent expression of TLR4 and cytokine. A: Primary microglia were
stimulated with Gmix in the presence or the absence of 10 g/ml of polymyxin B, after which TLR4 expression was analyzed at the cell surface
protein level. B: Primary microglia were pretreated with polymyxin B for 1
hour, and stimulated with Gmix or LPS for 3 hours. mRNA expression of
TNF-␣ and IL-1␤ was detected using a RT-PCR-based assay.

Figure 2. Sialic acid residue is essential for ganglioside-modulated TLR4
expression. A: Microglia were stimulated with GM1, GD1a, GT1b, or Gmix
for 12 hours, and TLR4 expression was analyzed at the cell surface protein
levels. B: Microglia were treated with the indicated concentrations of GT1b
for 12 hours, after which expression of TLR4 and IL-1␤ was determined by
FACS and RT-PCR analysis, respectively. C: TLR4 cell surface expression
levels were determined in cells with 25 g/ml of Gmix or asialo GM1. Data
shown are representative of at least three independent experiments.

preparation of gangliosides, we carefully tested all ganglioside preparations using chromogenic Limulus amebocyte lysate assay (WinKQCL, Bio-Whittaker). The average endotoxin level of Gmix was ⬃0.007 EU/ml (⫾0.002),
which was not sufficient to induce LPS-induced inflammatory effects including modulation of TLR4 expression
in glia. Endotoxin levels for GT1b, GD1a, GM1, and
asialo-GM1 used for this study were 0.008 (⫾0.002),
0.009 (⫾0.002), 0.005 (⫾0.003), 0.009 (⫾0.002) EU/ml,
respectively. To further eliminate the possibility for misinterpretation of our results by endotoxin contamination of
gangliosides, we examined the effect of polymyxin B, a
well-known pharmacological LPS scavenger, on the ganglioside-dependent change of TLR4 expression. As expected, pretreatment of polymyxin B did not affect ganglioside-induced modulation of TLR4 expression as well
as ganglioside-triggered transcription of inflammatory cytokines (Figure 3). These results suggest that TLR4 may
specifically recognize gangliosides in microglia.

glioside-treated astrocytes. Primary astrocytes were
treated with 50 g/ml of Gmix or 100 ng/ml of LPS for
18 hours, and the TLR4 surface expression level was
analyzed by flow cytometry. Consistent with the results
in microglia, cell surface expression of TLR4 was significantly reduced on primary astrocytes treated with
Gmix as well as LPS (Figure 4). Similar patterns of
reductions in TLR4 expression were observed in astrocytes treated with GM1, GD1a, or GT1b (Figure 4).
These results indicate that ganglioside treatment can
alter TLR4 expression in both astrocytes and microglia,
suggesting that TLR4 may play important roles in ganglioside-triggered inflammatory responses.

siRNA-Mediated Suppression of TLR4 Reduces
Ganglioside-Induced Transcription of
Inflammatory Cytokines
Because our results suggest a possible involvement of
TLR4 in ganglioside-induced inflammatory events, we
examined whether TLR4 could indeed contribute to
ganglioside-triggered inflammatory signaling using
TLR4-specific short interfering RNA (siRNA). To do
this, we designed the synthetic siRNA that targets the
TLR4 and chemically synthesized the small RNA duplexes corresponding to TLR4 (Dharmacon). After validating our siRNA as an inhibitory reagent capable of
depleting TLR4 levels in rat primary astrocytes (Figure

Gangliosides Alter Cell Surface Expression of
TLR4 Also in Primary Astrocytes
Astrocytes, which are another glial cell type vital to
brain immune responses, express various cell surface
receptors and produce inflammatory mediators such
as cytokines. To define better the association of TLR4
with brain inflammatory responses, we investigated
whether TLR4 expression levels were altered in gan-

Figure 4. Gangliosides modulate TLR4 expression also in primary astrocytes.
A: Rat primary astrocytes were treated with 50 g/ml of Gmix or 100 ng/ml
of LPS for 18 hours, and the TLR4 surface expression levels were analyzed by
flow cytometric analysis. B: Rat primary astrocytes were stimulated with 25
g/ml of GM1, GD1a, or GT1b, after which TLR4 expressions were analyzed
at cell surface protein levels.
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Figure 5. siRNA-mediated suppression of TLR4 reduces ganglioside-induced
transcription of inflammatory cytokines. A: Rat primary astrocytes were
transfected with a TLR4-specific 21-bp siRNA duplex or a nonsilencing
control siRNA (Scramble 1 duplex, Dharmacon) using oligofectamine. Transcript levels of TLR4 were then detected by RT-PCR. Twenty-four hours after
rat primary astrocytes were transfected with oligofectamine alone (mock), 20
pmol of Scramble 1 (Scr)-siRNA or 20 pmol of TLR4-siRNA, TLR4 cell surface
expression levels were measured by FACS analysis. B: Rat primary astrocytes
were transfected with either 20 pmol of TLR4-siRNA or 20 pmol of Scr
control-siRNA, and the cells were treated with 50 g/ml of brain ganglioside
mixture (a), 100 ng/ml of LPS as a positive control (b), or 10 U/ml of IFN-␥
as a negative control (c) for 3 hours. Total RNA was then extracted for
RT-PCR analysis.

5A), we tested whether siRNA-mediated repression of
TLR4 could specifically inhibit the ganglioside-stimulated transcription of inflammatory cytokines. Rat primary astrocytes were transfected with either TLR4siRNA or nonsilencing control siRNA, and the cells
were treated with Gmix, LPS as a positive control, or
IFN-␥ as a negative control for 3 hours. As shown in
Figure 5B, Gmix as well as LPS significantly increased
the message level of proinflammatory cytokines, including IL-1␤ and TNF-␣, in scramble-siRNA-transfected cells but not in TLR4-siRNA-transfected cells.
Transfection of TLR4-siRNA consistently suppressed
TNF-␣ transcription induced by both Gmix and LPS,
although the reduced extent was slightly different in
experimental conditions such as transfection efficiency. By contrast, IFN-␥-induced transcription of
IL-1␤ and TNF-␣ in TLR4-siRNA-transfected cells was
similar to that in scramble-siRNA-transfected cells.
These results indicate that TLR4 is required for ganglioside-induced transcription of IL-1␤ and TNF-␣ but not
for IFN-␥-induced transcription of these genes.

siRNA-Mediated Inhibition of TLR4 Also
Reduces Ganglioside-Induced NF-B Promoter
Activity
To further address the functional importance of TLR4 in
ganglioside-induced inflammatory signaling, we assayed
whether siRNA-mediated repression of TLR4 could influence ganglioside-stimulated NF-B promoter activity in
rat primary astrocytes. Eighteen hours after transfection
with TLR4-siRNA or scramble control-siRNA, the cells
were transfected with luciferase reporter plasmids con-

Figure 6. siRNA-mediated inhibition of TLR4 also suppresses gangliosideinduced NF-B activity. A: Eighteen hours after transfection with TLR4-siRNA
or Scramble control-siRNA in rat primary astrocytes, cells were transfected
with luciferase reporter plasmids containing 5⫻NF-B binding elements.
After incubation for 24 hours, the cells were stimulated with 50 g/ml of
Gmix for 6 hours. Luciferase activity was then determined, and the result was
normalized for transfection efficiency by comparing ␤-galactosidase activity.
Values are mean ⫾ SD of triplicates. Data are representative of three independent experiments. B: Eighteen hours after transfection with 20 pmol of
control siRNA, 20 pmol of TLR4-siRNA, or oligofectamine alone (mock) in rat
primary astrocytes, cells were serum-starved for 24 hours and then treated
with 50 g/ml of Gmix for 30 minutes in the presence of 2.5% serum. Nuclear
extracts were then prepared and analyzed using a ␥-32P-labled consensus
NF-B binding elements oligonucleotide probe.

taining 5⫻NF-B binding elements. Gmix significantly
enhanced NF-B luciferase activity in scramble-siRNAtransfected control cells, but this enhancement was
markedly attenuated in TLR4-siRNA-transfected cells
(Figure 6A). The ganglioside-induced binding activity of
nuclear factors to NF-B binding elements was also reduced in TLR4-siRNA-transfected cells compared to that
in scramble control-siRNA-transfected cells (Figure 6B).
These results indicate that TLR4 contributes to the ganglioside-stimulated activation of NF-B, thus provoking
inflammatory signaling cascades in brain resident immune cells.

Transient Transfection of Wild-Type or
Dominant-Negative TLR4 Affects the Nuclear
Factors Binding Activity to NF-B Binding
Elements and IL-6 Promoter Activity
Genetic studies in C3H/HeJ mice, which are endotoxinhyporesponsive, have shown that a P712H substitution in
the related TLR4 acts as a dominant-negative mutation of
the receptor and blocks endotoxin signaling.37,38 To further evaluate the contribution of TLR4 to gangliosideinduced inflammatory responses, we examined the effect
of wild-type TLR4 gene [pDisplay-Tlr4(wt)] or a dominantnegative TLR4 mutant gene [pDisplay-Tlr4(P712H)] on
transcriptional activation of various inflammatory mediators.27,38,39 After confirming the expressions of wild-type
and mutant TLR4 genes in rat primary astrocytes (Figure
7A), we examined whether transient transfection of these
genes could influence the ganglioside-induced binding
of nuclear factors to NF-B binding elements using an
electrophoretic mobility shift assay. Gmix markedly stimulated nuclear factor binding within 5 minutes in vectortransfected cells, and the binding activity was significantly reduced in mutant TLR4-transfected cells [Figure
7B(a)]. In contrast, the binding activity was slightly en-
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Figure 7. Transient transfection of wild-type or mutant TLR4 genes affects
the ganglioside-dependent nuclear factor binding activity to NF-B binding
elements as well as IL-6 promoter activity. A: Rat primary astrocytes were
transiently transfected with wild-type TLR4 [pDisplay-Tlr4(wt)], dominantnegative TLR4 [pDisplay-Tlr4(P712H)], or vector alone, and their expressions
were determined at the transcript and surface protein expression level using
RT-PCR and FACS analysis. The sequences for mouse-specific TLR4 primer
used in this study were (forward) 5⬘-GAACAAACAGCCTGAGAC-3⬘ and (reverse) 5⬘-GACTGGTCAAGCCAAGAA-3⬘. B: Rat primary astrocytes were transiently transfected with pDisplay-Tlr4(P712H) (a), pDisplay-Tlr4(wt) (b), or
vector, and then incubated for 18 hours. The cells were serum-starved for 24
hours, and treated with 50 g/ml of Gmix for the indicated times in the
presence of 2.5% serum. Nuclear extracts were then prepared and analyzed
using a ␥-32P-labled consensus NF-B binding elements oligonucleotide
probe. C: Eighteen hours after transfection with luciferase reporter plasmids
containing IL-6 promoter elements and pDisplay-Tlr4(wt), pDisplayTlr4(P712H), or control vector, cells were serum-starved for 24 hours and
stimulated with 50 g of Gmix for 6 hours. Luciferase activity was then
determined, and the result was normalized for transfection efficiency by
comparison with ␤-galactosidase activity. Values are mean ⫾ SD of triplicates. Data shown are representative of at least three independent
experiments.

hanced in cells transfected with wild-type TLR4 compared to that in cells transfected with control vector [Figure 7B(b)].
Next, we examined whether expression of wild-type or
mutant TLR4 influenced the promoter activity of IL-6,
which has many proinflammatory roles and contains NFB-binding sites in its promoter. Rat primary astrocytes
were transiently transfected with luciferase reporter plasmids containing IL-6 promoter elements and pDisplayTlr4(wt), pDisplay-Tlr4(P712H), or control vector.
Compared to cells transfected with vector alone, Gmixinduced IL-6 promoter activity was increased in cells
transfected with wild-type TLR4 but reduced in cells
transfected with mutant TLR4 (Figure 7C). These results
further demonstrate that TLR4 can transduce ganglioside-derived signals to downstream molecules, thus
leading to inflammatory responses in brain glial cells.

CD14 Also Contributes to Ganglioside-Induced
Activation of Glia
CD14 has been shown to recognize several microbial
and cellular products including TLR ligands and plays
essential roles in certain TLR4-mediated inflammatory
signaling events. Thus, we examined whether CD14
could contribute to ganglioside-induced activation of glia

using blocking antibodies. First, we investigated the effect of CD14 on ganglioside-induced NO release. Primary microglia were preincubated with 10 g/ml of antiCD14 mAb, or isotype control mAb, and then the cells
were treated with 50 g/ml of Gmix or 100 ng/ml of LPS
as a control for 24 hours. The effect of LBP, an essential
molecule for recognition of TLR4 by LPS, was also tested
using anti-LBP mAb as a control. The amount of NO was
determined by measuring the amount of nitrite converted
from NO in the media. Interestingly, treatment of CD14blocking antibody significantly suppressed NO release
by gangliosides (Figure 8A). Compared to cells incubated with isotype control antibody, Gmix-induced NO
release was reduced to 51.9 ⫾ 3.2% and LPS-induced
NO release was reduced to 46.2 ⫾ 5% in cells with CD14
antibody. However, LBP blockade had little effect on NO
release by Gmix while it remarkably reduced NO release
by LPS (Figure 8A). Similar patterns of inhibitory effects
on NO release were observed in GM1-, GD1a-, and
GT1b-treated cells (Figure 8B and data not shown).
To examine events further, we tested the effect of
CD14 or LBP blockade on ganglioside-induced transcription of TNF-␣ and IL-1␤. As shown in Figure 8C, the
result was consistent with that from NO measurement.
Transcription of TNF-␣ and IL-1␤ induced by Gmix was
reduced in cells with CD14 antibody compared to cells
with isotype control. However, treatment with LBP antibody had little effect on Gmix-induced transcription of
TNF-␣ and IL-1␤. These results suggest that CD14 has an
essential role in TLR4-mediated activation of glia by
gangliosides.

Raft-Disrupting Drugs Inhibit GangliosideInduced NO Release
Lipid raft formation has recently been shown to be important for the dynamic association of multiprotein receptor
complex involved in immune responses.40 – 42 Because
CD14 and TLR4 have been found in lipid rafts after ligand
stimulation, we examined if lipid rafts could be involved in
ganglioside-stimulated immune responses. To gain insight into this, we measured the amount of gangliosideinduced NO release in the presence or absence of cholesterol-depleting agents, such as methyl-␤-cyclodextrin
(M␤CD) and filipin. Primary microglia were preincubated
with 1 mmol/L M␤CD or 1 g/ml of filipin for 30 minutes,
and then the cells were treated with 25 g/ml of Gmix for
24 hours. Interestingly, pretreatment with M␤CD or filipin
markedly reduced the ganglioside-stimulated NO release
compared to untreated controls (Figure 9). These results
indicate that lipid raft formation is necessary for ganglioside-stimulated production of NO, suggesting that lipid
rafts may act as a platform for recruitment and association of signaling molecules involved in ganglioside-induced immune responses.

Discussion
Several lines of evidence underscore the importance of
brain-derived gangliosides in immune responses and pa-
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Figure 9. Ganglioside-induced NO release is significantly inhibited by raftdisrupting drugs, such as M␤CD and filipin. Primary microglia were incubated with M␤CD or filipin for 30 minutes and then stimulated with the
ganglioside mixture for 24 hours. The amount of NO produced was determined by measuring the amount of nitrite converted from NO in the media.
Values are mean ⫾ SD of triplicates. *P ⬍ 0.001 when compared with Gmix
alone-treated samples.

Figure 8. CD14 is required for ganglioside-induced inflammatory response.
A: Primary microglia were preincubated with 10 g/ml of anti-CD14 mAb,
anti-LBP mAb, or isotype control mAb, and then the cells were treated with
50 g/ml of Gmix or 100 ng/ml of LPS as a control for 24 hours. B: Primary
microglia with 10 g/ml of anti-CD14 mAb, anti-LBP mAb, or isotype control
mAb were treated with 50 g/ml of GD1a for 24 hours. The amount of NO
produced was determined by measuring the amount of nitrite converted from
NO in the media. Values are mean ⫾ SD of triplicates. **P ⬍ 0.001 when
compared with isotype mAb-treated control samples; *P ⬍ 0.005 when
compared with isotype mAb-treated control samples. C: Cells were treated
with 50 g/ml of Gmix or 100 ng/ml of LPS for 3 hours. Total RNA was then
extracted for RT-PCR analysis.

thologies of the brain.11,16 –23 However, little is known
about the molecular mechanisms underlying the action of
gangliosides as a leading cause for pathological immune
responses in the brain. One intriguing question is how
gangliosides can initiate inflammatory signaling cascades. In the present study, we demonstrate that TLR4,
an important sensor for pathogens, can recognize ganglioside-derived stimuli and transduce inflammatory signaling cascades in brain immune cells. These findings
have helped elucidate the molecular mechanisms by
which gangliosides trigger inflammatory signaling responses in the brain.
TLRs are a family of proteins involved in the initial
phase of host defense against various pathogens. TLRs
have been found in diverse cell types, including peritoneal macrophages, dendritic cells, intestinal epithelial
cells, endothelial cells, and hepatic stellate cells.31,43– 45
These cells have preferential expression of TLRs, and
TLR expression levels differ even in the same cell type
according to the cell state. For example, whereas immature dendritic cells express TLRs 1, 2, 4, and 5, on
maturation expression of these molecules is down-regulated and expression of TLR3 is up-regulated.31,46,47 In
addition, the level of TLR expression changes on ligand
binding, although this differs depending on cell type and
environmental state. Thus, analysis of TLR expression
profiles provides valuable information about the functions
of TLRs in certain immune responses. Recently, several
reports have shown that microglia and astrocytes also
express TLRs and that TLR activation can lead to activation of inflammatory signaling and neurodegeneration.32,33,48,49 We have also observed that TLR4 is
present in rat primary microglia and astrocytes and that
its expression is regulated on exposure to TLR4 ligands.
We therefore hypothesized that TLRs could respond to
gangliosides and trigger ganglioside-stimulated inflammatory signaling in rat brain and tested this hypothesis by
examining TLR expression patterns after exposure to
gangliosides. Interestingly, we found that TLR4 expres-
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sion was rapidly changed after ganglioside treatment in a
manner similar to that induced by LPS treatment (Figure
1). In contrast, IFN-␥, a well known glial activator, had no
effect on surface expression level of TLR4 in rat primary
microglia and astrocytes. TLR4 expression profiles of
ganglioside-treated cells provide a clue that TLR4 may
be involved in inflammatory responses by gangliosides.
Although relatively little is known regarding the
amounts of gangliosides released from injured cells into
the extracellular space (ECS), studies have shown that
the ganglioside content of brain tissue is ⬃1.5 to 24.1 g
per mg dry weight.50 –52 The ECS, which forms the microenvironment of neurons and glia, is in contact with the
cerebrospinal fluid. Thus, it is notable that the concentration of GD3 was found to range from 24 ⫾ 9 to 64.6 ⫾ 13
nmol/L, and the concentration of GM1 was ⬃19 nmol/L in
cerebrospinal fluid from normal individuals.16,53 Under
pathological states such as ischemia, injury, gliosis, and
demyelination, the compositions and volume of the ECS
have been found to be changed, which may cause molecular crowding in the ECS. This may slow the movement
of various molecules and increase their local concentrations at injured sites.54 Thus, the concentration of gangliosides in the ECS at injured sites may be much higher
than the reported level of gangliosides from cerebrospinal fluid. Furthermore, in vitro studies have shown that
ganglioside concentrations ranging from 16 to 100
mol/L are required for protein phosphorylation and/or
modulation of several signaling events.55–59 Based on
these in vivo and in vitro findings, we chose to use ganglioside concentrations of 1 to 100 g/ml (⬃0.7 to 70
mol/L) for the present study. These doses induced the
production of inflammatory signaling molecules such as
NO and cytokines but were nontoxic to the used cells.
Gangliosides contain sialic acid residues (N-acetylneuraminic acids) linked to the sugar residues of a ceramide oligosaccharide. Several types of gangliosides
exist. The approximate percentages of each ganglioside
present in the brain ganglioside mixture (Gmix) used in
the current study are as follows: 18% GM1, 55% GD1a,
15% GD1b, 10% GT1b, and 2% others. We investigated
whether the structural diversity of gangliosides affected
their modulation of TLR4 expression and compared the
effects of GM1, GD1a, GT1b, and Gmix on TLR4 surface
expression. Despite containing different numbers of sialic
acid residues per molecule, GM1, GD1a, and GT1b influence TLR4 expression to a similar extent, which was
similar to that caused by Gmix (Figure 2A). Although the
number of sialic acid residues on gangliosides does not
appear to influence TLR4 expression, the presence of
sialic acids was critical, because asialo-GM1 did not
modulate TLR4 expression (Figure 2C). Thus, it appears
that the sialic acid residues of gangliosides are required
for TLR4 ligation and that one residue per molecule is
sufficient for this process. These results are consistent
with our previous report that the presence of sialic acid
residues is important for ganglioside-stimulated JAKSTAT inflammatory signaling, although the number of
sialic residues per ganglioside molecule does not influence phosphorylation.11

Our above results raised the question of whether TLR4
could function as an upstream signal transducer in inflammatory pathways activated by gangliosides. As a first
step to addressing it, we tested the function of TLR4 in
ganglioside-stimulated intracellular signaling using
siRNA and a dominant-negative gene for TLR4. TLR3
recognizes not only viral double-stranded (ds) RNA but
also synthetic dsRNAs.60 Astrocytes have been reported
to express preferentially TLR3 and produce cytokines on
TLR3 ligation.61 Thus, we used scrambled siRNA as a
control for the effects of TLR4 siRNA and tested the basal
transcript level of inflammatory cytokines in siRNA-transfected cells (Figures 5 and 6). In transfection analysis
with TLR4-wild-type or its mutant plasmid, we used vector
alone as a control because TLR9 can recognize bacterial
DNA and can be activated as a result of the plasmid
transfection.62 Several experimental approaches show
that TLR4 is required for activation of various gangliosideinduced signaling events including NF-B and expression of proinflammatory cytokines (Figures 5, 6, and 7).
These results convincingly demonstrate that TLR4 indeed
plays a role in ganglioside-stimulated intracellular inflammatory signaling.
In addition, we observed that CD14 also participates in
recognition of gangliosides using blocking antibodies
(Figure 8). Increasing evidence has suggested that immune responses are often regulated by dynamic associations among multiple receptors and signaling molecules
rather than by a single receptor, and these associations
may occur within lipid rafts.40 – 42 It has been shown that
the membrane form of CD14 is constitutively present in
lipid rafts, and TLR4 is recruited to rafts after stimulation.
Furthermore, gangliosides, especially GM1, are considered as representative components of lipid rafts. We
therefore asked if lipid raft formation might be associated
with ganglioside-triggered inflammatory responses, and
tested whether ganglioside-induced NO release, a ganglioside-triggered inflammatory response, could be influenced by raft-disrupting agents. Indeed, we found that
lipid raft formation appeared to be necessary for ganglioside-stimulated release of NO, indicating that this response might require lipid raft formation. Mechanistically,
it is possible that ligation of CD14 by gangliosides triggers recruitment of TLR4 to lipid rafts and subsequent
TLR4-activated intracellular signaling. However, further
studies will be needed to ascertain this issue.
It has been reported that the downstream effects after
TLR4 ligand binding are elicited via the TIR domain. On
stimulation, TLR4 recruits adaptor molecules containing
the TIR domain, which activates inflammatory signaling
cascades and ultimately leads to activation of NF-B and
transcription of immunologically relevant genes such as
proinflammatory cytokines.26,29 These adaptors include
myeloid differentiation factor 88 (MyD88), MyD88 adaptor-like protein (Mal, also known as TIRAP), TIR-containing adaptor molecule (TRIF, also known as TICAM-1),
and TRIF-related adapter molecule (TRAM, also known
as TICAM-2). The interaction of TLRs with distinct combinations of adapter molecules creates a platform to
which additional kinases, trans-acting factors, and possibly other molecules are recruited, events that ultimately
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Figure 10. Schematic diagram depicting possible mechanisms for ganglioside-triggered inflammation in the brain. Brain injury causes damage to
neuronal cells, which release gangliosides into the extracellular space. TLR4
and CD14 recognize these gangliosides within lipid rafts and activate downstream inflammatory signaling cascades in glia, leading to pathological conditions in the brain.

lead to gene expression.63 We are therefore currently
investigating ganglioside-engaged adaptor molecules
and kinases, which will provide additional information
about the question of how TLR4 can stimulate specific
inflammatory signaling cascades in response to gangliosides and provide a foundation for the future development of therapeutic methods for inflammation-associated
neuronal diseases including Alzheimer’s disease and
Parkinson’s disease.
TLR4 was first identified as the signal transducer for
LPS in 1998.38 Since then, several other structurally unrelated molecules have been reported to activate TLR4
signaling, including microbial components from bacteria,
fungi, and viruses,64 – 66 as well as endogenous molecules such as heat-shock proteins, fibronectin, fibrinogen, hyaluronan, and lectin surfactant protein A.67–70
However, the molecular basis underlying these ligandreceptor interactions is not yet clear, and in many cases
the stimulatory capacities of these ligands await confirmation in vivo.71 Here we report for the first time that
gangliosides may also function as an endogenous ligand
for TLR4. Recent studies using knockout mice have suggested that danger-induced organ injury, including ischemia, is closely associated with TLR4-dependent signaling. For example, TLR4-deficient mice exhibited reduced
inflammation after myocardial and hepatic ischemiareperfusion injury,72–73 indicating that TLR4 likely plays a
proinflammatory role in ischemia-reperfusion injury.74 In
addition, TLR4-deficient mice showed inadequate chemokine gradient and decreased activation of NF-B after
lung injury, leading to decreased survival.74 Several endogenous TLR4 ligands, such as HMGB1, may be released from injured tissues, providing a critical link between tissue injury and activation of TLR4-mediated
immune responses.72–74 On the basis of these reports

and our results, we propose the following scenario. Brain
injury damages neuronal cells, which release gangliosides into the extracellular space. TLR4 and CD14 recognize the abnormally released gangliosides within lipid
rafts and activate downstream inflammatory signaling
cascades, leading to pathological conditions in the brain
(Figure 10).
Inflammation has emerged as a leading cause of various brain diseases, and defining the inflammatory mechanisms that operate in the brain is thus of great importance. To date, these mechanisms are not completely
understood. The recent discovery of TLRs has led to a
remarkable increase in our knowledge of the immune
system, leading to rapid strides to explain many biological events including inflammation-associated diseases.
Here we report that TLR4 may provide an explanation for
ganglioside-dependent inflammatory events in brain immune cells. Our data provide the first clue regarding the
involvement of TLR4 in ganglioside-stimulated inflammation in the brain. Because gangliosides have been closely
implicated as important endogenous molecules in diverse neuronal diseases, further study of gangliosidedependent inflammatory signaling through TLR4 should
contribute to a better understanding of brain inflammation
and provide interesting insights into potential therapeutic
interventions for inflammation-associated neuronal
diseases.
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