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Toll-like receptors (TLRs) are key molecules in the innate immune system in the central nervous system.
Although astrocytes are believed to play physiological roles in regulating neuronal activity and synaptic
transmission, activated astrocytes may also be toxic to neurons. Here, we show that the ligands for TLRs 2,
4, 5 and 6 induce neuronal cell death in neuron–astrocytes co-cultures through the production of reactive
oxygen species (ROS). Inhibition of ROS production by NADPH oxidase inhibitor apocynin significantly sup-
presses neuronal cell death. ROS induced in astrocytes via TLRs may be involved in neuroinflammation and a
therapeutic target for neurotoxicity by activated astrocytes.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Astrocytes, the major glial cells in the central nervous system (CNS),
have a variety of physiological roles in brain functions, including nutri-
tional support for neurons and brain endothelial cells, maintenance of
extracellular ion balance, glutamate uptake via glutamate transporters
and tissue repair. Astrocytes attenuatemicroglial activation by reducing
microglial production of inflammatory molecules such as interleukin-
12 (IL-12), reactive oxygen species (ROS), and inducible nitric oxide
synthase (iNOS) (Welser and Milner, 2012).

In contrast, activated astrocytes also play pro-inflammatory roles
as innate immune cells. They produce various inflammatory media-
tors such as tumor necrosis factor α (TNF-α), IL-1β and IL-6, and
amplify the local inflammatory reaction (Farina et al., 2007). In
response to tissue damage, astrocytes become reactive and prolifer-
ate to form the glial scar, gliosis. Axonal regeneration is inhibited by
chondroitin sulfate proteoglycans (CSPGs) derived from these reac-
tive astrocytes (Yu et al., 2012). Thus, astrocytes are dual edged
sword as microglia.

Toll-like receptors (TLRs) play pivotal roles in the recognition of
pathogen-specific patterns and the subsequent initiation of innate and
adaptive immune responses (Medzhitov and Janeway, 2000). TLRs are
expressed in microglia and astrocytes (Farina et al., 2007). TLRs 2, 3, 4
and 8 are expressed in neurons (van Noort and Bsibsi, 2009). TLR stimu-
lation promotes microglial activation, especially TLR4 stimulation

induces neurotoxic molecules such as inflammatory cytokines, glu-
tamate and ROS in microglia, which damage the neurons (Takeuchi et
al., 2005; Polazzi and Contestabile, 2006; Yang et al., 2008). While TLR4
signal also induces neurotoxic molecules in astrocytes (Mizuno et al.,
2005), the neurotoxicity by activated astrocytes with TLR stimulation re-
mains largely unknown. In this study, we examined the expression of
TLRs in astrocytes, neurotoxic functions by astrocytes activated with
ligand for TLRs 1–9 in neuron–astrocytes co-cultures, and themajor neu-
rotoxic molecules derived from astrocytes.

2. Materials and methods

2.1. Cell cultures

2.1.1. Astrocytes cultures
The protocols for animal experiments were approved by the Animal

Experiment Committee of Nagoya University. Astrocyte cultures were
prepared from the primary mixed glial cell cultures of newborn C57BL/
6 mice (SLC, Shizuoka, Japan), as described previously (Suzumura et al.,
1987). Astrocytes were purified from the primary mixed glial cell
cultures by three to four repetitions of trypsinization and replating. The
purity of astrocytes was greater than 95% astrocytes when examined
by indirect immunofluorescence staining with an anti-GFAP antibody.
Cultures were maintained with Dulbecco's Modified Eagle Medium
supplemented with 10% fetal bovine serum, 5 μg/ml bovine insulin,
and 0.2% glucose. Astrocytes were grown to confluency and themedium
was exchanged every 3 days.

2.1.2. Neuron-astrocytes co-cultures
Primary neuronal cultures were prepared from the cortices of em-

bryonic day 17 (E17) C57BL/6 mice embryos as described previously
(Doi et al., 2009). Briefly, cortical fragments were dissociated into single
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cells in dissociation solution (Sumitomo Bakelite, Akita, Japan) and
re-suspended in Nerve Culture Medium (Sumitomo Bakelite). Neurons
were plated onto 12 mm polyethyleneimine (PEI)-coated glass cover-
slips (Asahi Techno Glass, Chiba, Japan) at a density of 5×104 cells/
well in 24-well multidishes and incubated at 37 °C in a humidified
atmosphere containing 5% CO2. The purity of the cultures was >95% as
determined by NeuN-specific immunostaining. For neuron–astrocytes
co-cultures, confluent monolayer astrocytes were grown on 12 mm
PEI-coated cover glass in 24-well multidishes. Neuronal cells (5×104

cells/well) in 10 μl neuron medium were added to astrocytes cultures.
After 12 days, cultures were stimulated with TLR 1–9 ligands for 48 h.

2.2. Measurement of IL-1β, TNF-α, NO, and glutamate

To measure molecules produced by astrocytes activated with TLR
1–9 ligands, astrocytes were plated at a density of 3×104 cells/well
(200 μl) in 96-well multidishes and then treated with ligands for
TLRs 1–9 (InvivoGen, San Diego, CA, USA).

TLR1 ligand: Pam3CSK4 (0.1, 1, and 10 μg/mL)
TLR2 ligand: HKLM (1×107, 1×108, and 1×109 cells/ mL)
TLR3 ligand: Poly (I:C) (0.1, 1, 10, and 100 μg/mL)
TLR4 ligand: LPS (0.1, 1, and 10 μg/mL)
TLR5 ligand: ST-FLA (0.1, 1, and 10 μg/mL)
TLR6 ligand: FSL1 (0.1, 1, and 10 μg/mL)
TLR7/8 ligand: ssRNA40/LyoVec (0.1, 1, and 10 μg/mL)
TLR9 ligand: CpG (0.1, 1, and 10 μg/mL)

After 48 h of treatment with TLR ligands, supernatants from astro-
cytes were assessed by ELISA kits for TNF-α and IL-1β (BD Pharmingen,
Franklin Lakes, NJ, USA). Measurement of NO was determined using the
Griess reaction. To measure glutamate, Glutamate Assay Kit colorimetric
assay (Yamasa, Tokyo, Japan) was used as described previously (Doi et
al., 2009).

2.3. Measurement of ROS

Tomeasure ROS, we used a novel cell-permeant dye CellROX™ Deep
Red reagent (Invitrogen). Astrocytes were treated with or without
100 μM apocynin (Calbiochem, San Diefo, CA, USA) for 1 h, and then
treated with TLR 1–9 ligands for 1 h. 5 μM CellROX™ Deep Red reagent
was added to the cultures for 30 min. After washing with PBS, the fluo-
rescence with 630/665 nm was measured using a Wallac 1420
ARVOMX (PerkinElmer Japan, Yokohama, Japan). Live cell staining for
ROS was also performed in astrocytes activated with TLR ligands using
ROS sensor CellROX™ Deep Red reagent (red) and the astrocyte cell
surface marker anti-GLAST (Miltenyi Biotec Gmbh, Bergisch Gladbach,
Germany) (green) with a deconvolution fluorescent microscopy.

2.4. Immunocytochemistry

Neuron–astrocyte co-cultures were fixed with 4% paraformaldehyde
for 30 min at room temperature, then blocked with 5% normal goat
serum in PBS and permeabilized with 0.3% Triton X-100. Neurons were
stained with mouse polyclonal anti-microtubule-associated protein
(MAP)-2 antibody (1:1000; Chemicon, Temecula, CA, USA) and second-
ary antibodies conjugated to Alexa 488 (1:1000; Invitrogen). Astrocytes
were stained with phycoerythrin-conjugated rat anti-mouse GFAP
monoclonal antibody (1:1000; BD Pharmingen) before fixation. Images
were analyzed with a deconvolution fluorescent microscope system
(BZ-8000; Keyence, Osaka, Japan). To assess neuronal death induced by
astrocytes stimulated with TLR 1–9 ligands, purified neurons (5×104

cells/well) were plated in 24-well multidishes. TLR 1–9 ligands were
added to the cultures on day 13 in vitro for 48 h. Surviving neurons
were identified by MAP-2 staining as described previously (Doi et al.,
2009). Viable neurons were stained strongly with an anti-MAP-2

antibody, whereas damaged and dying neurons were little stained. The
number of MAP-2-positive neurons was counted in representative
areas per well. More than 200 neurons were examined in each of five
independent trials by a scorer blind to the experimental condition.
Neuronal survival rate was quantified as follows: the number of MAP-
2-positive survival neurons/the number of non-treated healthyneurons.

2.5. Western blotting

For detection of TLR protein, cell lysates of mouse cortical neurons
and astrocytes were obtained from primary cultures, respectively.
Neuronal cells seeded for 5×105 cells/well and astroctyes seeded for
1×106 cells/well were harvested in 500 μl of solution containing
50 mM Tris–HCl (pH 7.6), 0.01% NP-40, 150 mM NaCl, 2 mM EDTA,
0.1% SDS, and protease inhibitor cocktail. Soluble, extracellular-
enriched proteins were collected from mechanically homogenized
lysates following centrifugation for 5 min at 3000 rpm. Collected
samples were mixed with sample buffer (200 mmol/L Tris–HCl, 8%
SDS, and 1% glycerol). Proteinswere separated on a 5 to 20% Tris–glycine
SDS–polyacrylamide gel and transferred to Hybond-P polyvinylidene
difluoride membrane (GE Healthcare UK, Buckinghamshire, UK). Mem-
branes were blocked with 1% skim milk in Tris-buffered saline (TBS)
containing 0.05% Tween20 (TBS-T). Blots were incubated in the first an-
tibody diluted in 1% skimmilk overnight at 4 °C. Antibodies for TLRs 1, 4,
5, 7 and 9 were obtained from Imgenex (San Diego, CA, USA), and anti-
bodies for TLRs 2, 3, 6 and 8 were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Subsequently, membranes were washed in
TBS-T 3×5 min and incubated with a horseradish peroxidase-
conjugated second antibody diluted in 1% skimmilk for 1 h. After wash-
ing in TBS-T for 1×15 min, 2×5 min, and TBS for 1×5 min, signalswere
visualized with SuperSignal West Pico Chemiluminescent Substrate
(Thermo Fisher Scientific, Rockford, IL). The intensity of the bands was
calculated by using CS Analyzer 1.0 (Atto, Tokyo, Japan).

2.6. Statistical analysis

Statistical significance of the experiments was assessed with one-
way analysis of variance, followed by post hoc Tukey test using
GraphPad Prism version 5.0 (GraphPad Software, La Jolla, CA).

3. Results

3.1. The neurotoxic effect of astrocytes activated with ligands for TLRs 1–9

First, we examined TLR expression in astrocytes and neurons by
Western blot analysis. TLRs 1, 2, 4, 5, 6, 7 and 9 were expressed in astro-
cytes, while the expression of TLRs 3 and 8wasweak. In neurons, TLRs 4,
5 and 9 were clearly expressed, however, the expression of TLRs 2, 3, 6
and 8wasweak, and TLRs 1 and 7were not detected (Fig. 1A).We exam-
ined the neurotoxicity of astrocytes activated with TLR 1–9 ligands in
neuron–astrocytes co-cultures using immunocytochemistry (Fig. 1B).
Neurons stained with anti-MAP-2 antibody (green) and astrocytes
stained with anti-GFAP antibody (red) had no detectable morphologic
abnormalities in unstimulated co-cultures (NT), while both addition of
100 μM glutamate, which are shown as positive control, induced neuro-
nal cell death (Glu 100). Astrocytes were not damaged by glutamate.
When the co-cultures were stimulated with TLR 1–9 ligands, 1×109

cells/mL HKLM (TLR2), 10 μg/mL LPS (TLR4), 10 μg/mL ST-FLA (TLR5)
and 10 μg/mL FSL-1 (TLR6), neuronal damage was observed. However,
10 μg/mL Pam3CSK4 (ligand for TLR1), 100 μg/mL Poly (I:C) (TLR3),
10 μg/mL ssRNA40 (TLR7/8) and 10 μg/mL CpG (TLR9) did not induce
neuronal cell death. The survival rate of neurons was quantified
(Fig. 1C). Treatment with the ligands for TLR2, 4, 5 or 6 significantly
decreased the number of survival neurons.We next examined the direct
toxic effect of TLR 1–9 ligands on neuronal cells. Neuronal cell death was
not induced by these ligands (Fig. 2).
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