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Microglia are the brain’s tissue macrophages and are found in an activated state surrounding �-amyloid plaques in the Alzheimer’s
disease brain. Microglia interact with fibrillar �-amyloid (fA�) through an ensemble of surface receptors composed of the �6�1 integrin,
CD36, CD47, and the class A scavenger receptor. These receptors act in concert to initiate intracellular signaling cascades and phenotypic
activation of these cells. However, it is unclear how engagement of this receptor complex is linked to the induction of an activated
microglial phenotype. We report that the response of microglial cells to fibrillar forms of A� requires the participation of Toll-like
receptors (TLRs) and the coreceptor CD14. The response of microglia to fA� is reliant upon CD14, which act together with TLR4 and TLR2
to bind fA� and to activate intracellular signaling. We find that cells lacking these receptors could not initiate a Src-Vav-Rac signaling
cascade leading to reactive oxygen species production and phagocytosis. The fA�-mediated activation of p38 MAPK also required CD14,
TLR4, and TLR2. Inhibition of p38 abrogated fA�-induced reactive oxygen species production and attenuated the induction of phago-
cytosis. Microglia lacking CD14, TLR4, and TLR2 showed no induction of phosphorylated I�B� following fA�. These data indicate these
innate immune receptors function as members of the microglial fA� receptor complex and identify the signaling mechanisms whereby
they contribute to microglial activation.

Introduction
Alzheimer’s disease (AD) is the most common cause of dementia
in the elderly, and is characterized by extensive extracellular de-
posits of insoluble �-amyloid (A�) in the brain. The most widely
held hypothesis for AD pathogenesis posits that a chronic imbal-
ance in the production and clearance of A� results in a persistent
increase in its steady-state levels, ultimately leading to the com-
plex molecular and cellular changes within the brain that typify
AD (Selkoe, 2000). A� deposition is accompanied by a robust
microglial-mediated inflammatory response within the brain
(Akiyama et al., 2000). Microglia surrounding A� plaques show
an activated phenotype and extend processes that envelop the
plaque (Itagaki et al., 1989; Perlmutter et al., 1990; Bornemann et
al., 2001).

Microglia are the brain’s tissue macrophage and continu-
ously survey their immediate environment (Davalos et al.,
2005; Nimmerjahn et al., 2005). Following insult, microglia shift
from a surveillance to a reactive mode, engaging their immune
effector roles to respond to the injury or pathogens. Myeloid
lineage cells use ensembles of cell surface receptors to bind com-

plex entities, including fibrillar proteins (Ishibashi et al., 1994;
Bornstein, 1995; Wong et al., 1996). Bamberger et al. identified a
complex of microglial membrane receptors for fibrillar A� (fA�)
consisting of the �6�1 integrin, CD36, CD47, and the class A
scavenger receptor (SRA) (Bamberger et al., 2003). Engagement
of this receptor complex activates tyrosine kinase-based signaling
cascades (McDonald et al., 1997; Combs et al., 1999; Bamberger
et al., 2003) resulting in reactive oxygen species (ROS) produc-
tion, secretion of cytokines, and phagocytosis (Koenigsknecht
and Landreth, 2004; Wilkinson et al., 2006).

Toll-like receptors (TLRs) are expressed on cells of the innate
immune system, and act to mobilize a robust immune reaction in
response to pathogens (Akira, 2001; Medzhitov, 2001). TLRs
function as dimers and often use coreceptors such as CD14 to
assist in pathogen recognition. Specifically, CD14 interacts with
TLR4- and TLR2-containing dimeric complexes to transduce ac-
tivation signals in response to bacterial pathogens (Kielian,
2006). Importantly, TLRs have been found to associate with
other receptors, such as CD36 and CD47 (Pfeiffer et al., 2001;
Triantafilou et al., 2006) to elicit monocyte/macrophage acti-
vation (Triantafilou et al., 2004). A number of studies have
reported an association between TLRs and AD, but have not
defined a mechanistic link for how they participate in the
microglial response to fA� (Fassbender et al., 2004; Liu et al.,
2005; Walter et al., 2007; Jana et al., 2008; Richard et al., 2008;
Udan et al., 2008).

We report that microglia cultured from CD14-, TLR4-, or
TLR2-null mice were unable to initiate signaling through a Src-
Vav-Rac signaling cascade necessary for the induction of ROS
and of phagocytosis following exposure to fA�. Furthermore,
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fA�-induced activation of p38 MAP kinase was abrogated in mi-
croglia deficient in CD14, TLR4, or TLR2, preventing subsequent
ROS and phagocytosis. Together, these data indicate CD14,
TLR4, and TLR2 functionally interact with other members of the
microglial fA� receptor complex to initiate intracellular signaling
cascades resulting in an activated phenotype.

Materials and Methods
Reagents. A�1-42 peptide was purchased from American Peptide Com-
pany, dissolved in endotoxin-free sterile water and incubated at 37°C for
24 h to induce fibril formation. The initial concentration reflects that of
the monomeric peptides used to generate the fibrils. This preparation has
been well described (Burdick et al., 1992; Lorenzo and Yankner, 1994). E.
coli K12 lipopolysaccharide (LPS) was purchased from List Biological
Laboratories and dissolved in endotoxin-free sterile water at 1 mg/ml.
Pam3CSK4 purchased from InvivoGen was dissolved in endotoxin-free
sterile water. Phorbol 12-myristate 13-actetate (PMA) was purchased
from Sigma and dissolved in ethanol. Immune IgG was prepared from
goat anti-rabbit IgG from Sigma and rabbit anti-mouse IgG from Cappel
in a 5:1 ratio as described previously (Koenigsknecht and Landreth,
2004). Nitroblue tetrazolium chloride (NBT) was purchased from
Roche. FluoSpheres (1 �m microspheres) were purchased from Invitro-
gen. The CD14 antibody MY4 was purchased from Beckman Coulter.
Function blocking antibodies to TLR4 (HTA-125), TLR2 (T2.5), CD47
(B6H12), and isotype control antibodies (IgG1, IgG2a, IgG2b) were pur-
chased from eBioscience. The CD36 antibody FA6-152 was from Abcam.
Antibodies detecting phospho-Src, and phospho-p38, were purchased
from Cell Signaling Technology. The anti-phospho-tyrosine antibody
4G10 and Rac antibody were purchased from Upstate Biotechnologies.
Antibodies to Phospho-I�B�, c-Src, Vav, p38, and actin were purchased
from Santa Cruz Biotechnology. The antibody to flotillin was purchased
from BD Transduction Laboratories. Polymixin B was purchased from
Sigma, and SB203580 from Invivogen.

Cell culture. CD14 �/� and C57BL/6J mice were from Jackson Labora-
tories, TLR4 �/� and TLR2 �/� mice were generated by Shizuo Akira
(Osaka University, Osaka, Japan). Primary microglia were cultured from
postnatal day 0 –3 CD14 �/�, TLR4 �/�, TLR2 �/�, or C57BL/6J mice as
previously described by us (McDonald et al., 1997). Briefly, pups were
decapitated, and meninges and blood vessels were completely removed
from the cortices, which were minced and trypsinized with 0.05%
Trypsin-EDTA (Invitrogen) for 20 min at 37°C. DMEM/F12 (Invitro-
gen) containing 10% heat-inactivated fetal bovine serum (HI-FBS; At-
lanta Biologicals) and 1% penicillin-streptomycin (Invitrogen) was used
to stop the digestion. Cells were then triturated and plated on 150 mm
dishes (Corning). Media was changed the following day to fresh DMEM/
F12 with 10% HI-FBS for 14 –21 d at 37°C, 5% CO2. Microglia were
isolated as described by Saura et al. (2003) by shaking the tissue culture
plates for 30 min at room temperature to remove loosely adherent mi-
croglia. Astrocytes were next removed by 0.25% trypsin/HBSS diluted 1:4
in serum-free DMEM/F12 for 1 h at 37°C. Firmly attached microglia
were harvested using 0.25% trypsin/PBS. Loosely and firmly adherent
microglia were combined, and cells were counted and plated for experi-
ments at the appropriate density in DMEM/F12 containing 2% HI-FBS
overnight. Media was changed to serum-free DMEM/F12 overnight be-
fore beginning the experiment.

The immortalized human monocyte cell line THP-1 from American
Type Culture Collection was maintained in RPMI 1640 (Invitrogen)
containing 10% HI-FBS and gentamycin. The immortalized murine mi-
croglial cell line BV2 was maintained in DMEM (Invitrogen) containing
2% HI-FBS and gentamycin (Blasi et al., 1990).

Cellular adhesion assay. Cellular binding to fA� was performed as
previously described (Bamberger et al., 2003). THP-1 monocytes (5 �
10 5 cells/condition) were incubated at 37°C for 30 min in serum-free
RMPI 1640 in the presence or absence of function blocking antibodies
to CD14 (MY4, 10 �g/ml), TLR4 (HTA125, 10 �g/ml), TLR2 (T2.5,
10 �g/ml), CD36 (FA6-152, 10 �g/ml), CD47 (B6H12, 20 �g/ml),
their isotype controls (IgG1, IgG2a, or IgG2b), or polymixin B (0.1
�g/ml). Fibrillar A�1-42 (2 �g) was applied to a glass slide and allowed

to dry. Cells (20,000) were applied to the slide and allowed to adhere
for 5 min. Following washing with RPMI, the number of adherent
cells was counted in three independent fields on an inverted
microscope.

Phagocytosis assay. Measurement of fA�-stimulated microglial phago-
cytosis was performed as previously described (Koenigsknecht and Lan-
dreth, 2004). Microglia were plated at a density of 100,000 cells/well of a
24-well plate. SB203580 (0.5 �M) or function blocking antibodies were
added to serum-free media for 30 min at 37°C. Media was collected, and
fA�1-42 (2.5 �M) was added for 30 min at 37°C. Fluorescent microspheres
washed in PBS containing 1 mg/ml BSA were added to the cells for an
additional 30 min. Cells were then fixed with 2% paraformaldehyde, and
the three random fields totaling at least 100 cells were counted for the
fraction of cells containing microspheres on an inverted microscope.

Reactive oxygen species assay. Measurement of intracellular superoxide
radical generation was measured by the formation of a dark blue
formazan deposit resulting from superoxide-mediated reduction of NBT
(Pick, 1986; McDonald et al., 1997). Briefly, cells were plated at a density
of 100,000 cells/well of a 24-well plate. SB203580 (0.5 �M) was added to
serum-free media for 30 min at 37°C, 5% CO2. Media was collected and
fA�1-42 (2.5 �M), LPS (5 �g/ml), Pam3CSK4 (1 �M), or PMA (390 nM)
was added to the cells for an additional 30 min at 37°C in the presence
of 1 mg/ml NBT. Cells were fixed with 2% paraformaldehyde at 4°C
for 30 min. Three random fields totaling at least 100 cells were
counted on an inverted microscope and the fraction of ROS-positive
cells was determined.

Cell stimulation, immunoprecipitations and Western blots. Cells were
plated at 2.5 � 10 6 cells/60 mm dish, and stimulated with fA�1-42 (2.5
�M), LPS (5 �g/ml), Pam3CSK4 (1 �M), or immune IgG (250 �g/ml) in
serum-free DMEM/F12 for 3 or 5 min at room temperature. Cells were
collected and lysed in Triton buffer (1% Triton X-100, 20 mM Tris, pH
7.5, 100 mM NaCl, 40 mM NaF, 1 mM EDTA, 1 mM EGTA) containing the
protease inhibitors leupeptin (1 �g/ml), aprotinin (1 �g/ml), PMSF (1
mM), and Na3VO4 (1 mM). Lysates were cleared by centrifugation (15
min, 4°C, 500 � g). Protein concentration was determined by the
BCA method (Pierce). Cellular lysates (0.5 mg) were added to 30 �l
Protein A agarose beads (Santa Cruz Biotechnology) and 2 �g of the
anti-Vav antibody per milligram of lysate and rotated at 4°C for at
least 2 h. Samples were washed three times with Triton buffer, fol-
lowed by the addition of sample buffer. Immunoprecipitations or
aliquots of lysate (30 �g of protein) were boiled for 5 min, loaded
onto 9% SDS-PAGE gels, and transferred to polyvinylidenedifluoride
membranes (Millipore). Blots were probed with anti-phospho-
tyrosine (1:1000), -phospho-Src (1:1000), -phospho-p38 (1:1000),
or -phospho-I�B� (1:1000) antibodies overnight at 4°C. The antigens
were detected by anti-mouse or anti-rabbit HRP-conjugated secondary
antibodies and visualized by enhanced chemiluminescence (Pierce).
Blots were stripped and reprobed with antibodies to Vav (1:1000), c-Src
(1:200), p38 (1:1000), or actin (1:1000) for evaluation of loading and
immunoprecipitation efficiency. Band intensities were quantified using
NIH ImageJ software (Bethesda, MD).

Cellular fractionation. The isolation of cytoplasmic and membrane
fractions were performed as previously described (Wilkinson et al.,
2006). Primary microglia were plated at 2.5 � 10 6 cells/60 mm dish. Cells
were stimulated with fA�1-42 (2.5 �M) in serum-free DMEM/F12 for 10
min at room temperature, collected and lysed in Relaxation buffer (100
mM KCl, 3 mM NaCl, 3.5 mM MgCl2, 1.25 mM EGTA, and 10 mM PIPES,
pH 7.3), and incubated on ice for 15 min. Following a 10 s sonication,
lysates were cleared by centrifugation at 500 � g, 4°C for 5 min. The
supernatants were centrifuged for an hour at 110,000 � g, 4°C using a
Beckman Coulter SW50.1 rotor. The supernatant (cytosolic fraction)
was collected, and the resulting membrane pellet then resuspended in
Relaxation buffer. The samples (30 �g of protein) were loaded onto a
12% SDS-PAGE resolving gel and the resulting blots were probed with an
anti-Rac antibody (1:1000) and an anti-flotillin antibody (1:1000) to
determine the relative amount of membrane-associated Rac. Band inten-
sities were quantified using NIH ImageJ software.

Statistical analysis. All replications of each experiment were pooled to
generate graphical representations. GraphPad Prism 3.02 software was
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used to calculate mean values � SEM, and statistical differences were
determined using a one-way ANOVA with a Tukey posttest to determine
p values.

Results
CD14, TLR4, and TLR2 mediate binding of fA�
We investigated the participation of TLRs and the coreceptor
CD14 to stimulate microglial activation by testing whether CD14
physically interacted with fA� and mediated the binding of the
fibrils to the cell. THP-1 monocytes were used as they are nor-
mally nonadherent and provide a sensitive system for assessing
fA�-binding. Monocytes avidly bind to fA�; however, pretreat-
ment of THP-1 monocytes with function blocking antibodies to
CD14 (MY4), TLR4 (HTA125), or TLR2 (T2.5) dramatically in-
hibited the binding of monocytes to fA� (Fig. 1A). Isotype con-
trol antibodies did not affect binding to fA�, demonstrating the
specificity of this effect. The association of these cells with fA�
was also blocked by function blocking antibodies to CD36 (FA6-
152) and CD47 (B6H12) (Fig. 1B), receptors that have been pre-
viously reported to be required for fA� binding (Bamberger et al.,
2003). Polymixin B, which binds the lipid A component of LPS to
neutralize endotoxicity, had no effect on fA� binding (Fig. 1C),
indicating that there was no trace contamination of CD14 ligands
in the A� or antibody preparations.

CD14, TLR4, and TLR2 are required for a fA�-induced
phagocytic response
Phagocytosis is the process by which cells ingest large particles
(�1 �m) in an actin-dependent manner (Aderem and Underhill,

1999), and is important for both the degradation of infectious
agents (Aderem, 2002) and tissue maintenance. Numerous stud-
ies have demonstrated a requirement for TLRs in initiating
phagocytosis of target pathogens (Heine et al., 1999; Underhill et
al., 1999; Taborda and Casadevall, 2002; Blander and Medzhitov,
2004; Sendide et al., 2005; Neal et al., 2006). Fibrillar A� stimu-
lates microglial phagocytosis in a time- and dose-dependent
manner (Kopec and Carroll, 1998). This response involves the
microglial fA� receptor complex via a �1-integrin-dependent
process (Koenigsknecht and Landreth, 2004) and requires
Vav-mediated activation of Rac1 (Wilkinson et al., 2006). We
wished to assess whether CD14, TLR4, and TLR2 participated
in the initiation of this fA�-stimulated response. BV2 micro-
glia were pretreated with function blocking antibodies to
CD14, TLR4, or TLR2 before stimulation with fA�. Phagocy-
tosis was monitored by the uptake of 1 �m fluorescent beads
(Fig. 2 A, B). While fA� resulted in increased bead uptake in control
cells, CD14, TLR4, or TLR2 function blocking antibodies abrogated
this response (Fig. 2A). Similarly, in primary microglial cultures
prepared from wild-type, CD14 �/�, TLR4 �/�, or TLR2 �/�

animals, wild-type microglia demonstrated a robust phagocytic
response following fA� stimulation (Fig. 2C). In contrast, fA� was
unable to stimulate an increase in the phagocytic uptake of mi-
crospheres in CD14 �/�, TLR4 �/�, or TLR2 �/� microglia
(Fig. 2C). These data indicate CD14, TLR4, and TLR2 are
required at the cell surface to recognize fA� and to initiate a
phagocytic response.

ROS production stimulated by fA� requires CD14, TLR4,
and TLR2
To kill pathogens, microglia use the NADPH oxidase to generate
superoxide, as well as the more potent ROS which arise from this
free radical, including hydrogen peroxide, hydroxyl radical, per-
oxynitrite, and other oxidants (Bergendi et al., 1999). Microglia
exposed to fA� generate a respiratory burst and subsequent su-
peroxide anion release via the microglial fA� cell surface receptor
complex (Meda et al., 1996; McDonald et al., 1998; Bianca et al.,
1999; Combs et al., 1999; Van Muiswinkel et al., 1999; Bamberger
et al., 2003). We assessed the participation of CD14, TLR4, and
TLR2 in this fA�-stimulated response. Microglial cultures pre-
pared from wild-type, CD14�/�, TLR4�/�, or TLR2�/� animals
were treated with fA�, and the reduction of NBT to an insoluble
formazan precipitant was used as a measure of intracellular su-
peroxide radical generation. While fA� resulted in a twofold in-
crease in ROS production in wild-type microglia, it failed to
stimulate superoxide radical formation in CD14�/�, TLR4�/�,
or TLR2�/� microglia (Fig. 3A). LPS and Pam3CSK4 were also
able to drive ROS production in wild-type microglia but not in
CD14�/� (Fig. 3B), TLR4�/� (Fig. 3C), or TLR2�/� microglia
(Fig. 3D). The ability of phorbol ester PMA to activate PKC lead-
ing to NADPH oxidase assembly (McDonald et al., 1997; Bianca
et al., 1999; Bamberger et al., 2003) provides a positive control for
these studies. CD14�/�, TLR4�/�, or TLR2�/� microglia show a
robust induction in ROS production following PMA, in a man-
ner comparable to their wild-type counterparts, indicating the
NADPH oxidase machinery is intact and functional in the micro-
glia derived from knock-out animals (Fig. 3B–D). These data
suggest CD14, TLR4, and TLR2 function as members of the mi-
croglial fA� cell surface receptor complex that is functionally
linked to ROS production.

Figure 1. CD14, TLR4, and TLR2 mediate the recognition and binding of fA�. A, B, THP-1
monocytes were incubated in the presence or absence of function blocking antibodies to CD14
(MY4, A), TLR4 (HTA125, A), TLR2 (T2.5, A), CD36 (FA6-152, B), CD47 (B6H12, B), or their isotype
controls (IgG2b, IgG2a, IgG1). Cells were then added to fA� bound to a glass slide and the number
of adherent cells was determined. C, THP-1 monocytes were incubated in the presence or
absence of 0.1 �g/ml polymixin B. Cells were then added to fA� bound to a glass slide and the
number of adherent cells was determined. The data shown are the mean � SEM of three
independent experiments. *p � 0.05, **p � 0.01, ***p � 0.001 compared with Non-treated.
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Initiation of the Src-Vav-Rac intracellular signaling cascade
requires CD14, TLR4, and TLR2
Engagement of the microglial fA� receptor complex activates the
Src family kinases Lyn and Fyn, and the Syk tyrosine kinase,
which are required for subsequent signaling events (McDonald

et al., 1997; Combs et al., 1999; Bamberger
et al., 2003; Koenigsknecht and Landreth,
2004; Wilkinson et al., 2006). Interest-
ingly, Src and Syk activation also occur
following TLR engagement (English et
al., 1993; Stefanová et al., 1993; Beaty et
al., 1994). Therefore, we sought to deter-
mine whether CD14, TLR4, and TLR2
were required for the activation of Src fol-
lowing fA� stimulation using an antibody
that cross-reacts with activated forms of
the Src family members Lyn, Fyn, Lck,
Yes, and Hck. While fA� stimulated a
twofold increase in the level of phosphor-
ylated Src kinases in wild-type microglia,
it had no effect on phospho-Src levels in
CD14�/�, TLR4�/�, or TLR2�/� micro-
glia (Fig. 4A). LPS, the canonical CD14
and TLR4 ligand, and Pam3CSK4, a syn-
thetic TLR2-specific ligand, were also able
to activate the Src kinases in wild-type mi-
croglia, but not in knock-out microglia
(Fig. 4B–D) and provides a positive con-
trol for these studies. In contrast, immune
IgG, which activates the Src kinase family
through the Fc receptors (Sánchez-
Mejorada and Rosales, 1998), was able to
drive Src phosphorylation in CD14�/�,
TLR4�/�, and TLR2�/� microglia in a
manner comparable to that of wild-type mi-
croglia (Fig. 4B–D), indicating Src is func-
tionally linked to these receptors and the
lack of a response to fA� is reflective of the
requirement for these receptors in mediat-
ing microglial signaling in response to this
specific ligand.

Activation of these tyrosine kinases by
fA� results in their association with the
Rac-specific guanine nucleotide exchange
factor Vav and its subsequent phosphory-
lation (Wilkinson et al., 2006). To deter-
mine whether the downstream target of
these kinases was affected, we examined
Vav phosphorylation following fA� treat-
ment. Wild-type microglia respond to fA�
by a twofold increase in Vav phosphoryla-
tion; however, microglia deficient in CD14,
TLR4, or TLR2 did not exhibit Vav phos-
phorylation after fA� exposure (Fig. 5A).

The downstream target of Vav, the
small GTPase Rac1, is GTP-loaded in a
fA�-dependent manner and is translo-
cated to the membrane where it mediates
both actin reorganization necessary for
phagocytosis and NADPH oxidase com-
plex formation leading to ROS produc-
tion (Wilkinson et al., 2006). We found that
while fA� stimulated a twofold increase in

membrane-associated Rac in wild-type microglia, it was unable to
do so in CD14�/�, TLR4�/�, or TLR2�/� microglia (Fig. 5B).
These data demonstrate that the absence of CD14, TLR4, or TLR2
from the microglial cell surface prevents the receptor complex from
initiating the Src-Vav-Rac intracellular signaling cascade.

Figure 2. Phagocytosis stimulated by fA� requires CD14, TLR4, and TLR2. A, BV2 microglia were pretreated with function
blocking antibodies to CD14 (MY4), TLR4 (HTA125), or TLR2 (T2.5), before stimulation with fA�. Fluorescent microspheres were
then added for 30 min. Cells were stained with phalloidin for visualization of actin and DAPI. Magnification is 40�. B, Confocal
images (100�) of BV2 microglia treated with fA�-containing microspheres in both the x–y plane (left) and z-scan cut (right)
through the cells. C, Primary microglia from C57BL/6 (WT), CD14 �/�, TLR4 �/�, or TLR2 �/� mice were stimulated with fA�,
followed by incubation with fluorescent microspheres. The fraction of cells containing microspheres was determined by counting
three random fields (�100 cells) on an inverted microscope. The data shown are the mean � SEM of three independent experi-
ments performed in duplicate. ***p � 0.001 compared with Non-treated.

Reed-Geaghan et al. • CD14 and TLRs Mediate Microglial Activation by fA� J. Neurosci., September 23, 2009 • 29(38):11982–11992 • 11985



Activation of p38 MAPK by fA� is reduced in CD14 �/�,
TLR4 �/�, and TLR2 �/� microglia
The MAP kinase p38 is activated in microglia in response to fA�
in vitro (McDonald et al., 1997; Pyo et al., 1998). Activated forms
of p38 are found in the brains of AD mouse models and AD
patients (Hensley et al., 1999; Zhu et al., 2000; Savage et al., 2002;
Giovannini et al., 2002; Sun et al., 2003; Ferrer, 2004; Jin et al.,
2005). Moreover, p38 is activated following engagement of the
TLRs in a manner similar to that elicited by fA� exposure (Bhat et
al., 1998; Pyo et al., 1998; Kim et al., 2004). We assessed levels of
phosphorylated p38 in CD14�/�, TLR4�/�, and TLR2�/� mi-
croglia following fA� treatment, and found that, compared with
their wild-type counterparts, these microglia failed to show an
increase in phospho-p38 (Fig. 6A). Similarly, CD14/TLR4 and
TLR2 ligands LPS (Fig. 6B,C) and Pam3CSK4 (Fig. 6D) in-
creased the levels of phosphorylated p38 in wild-type microglia,

but not in CD14�/�, TLR4�/�, and TLR2�/� microglia. How-
ever, immune IgG was able to induce levels of phospho-p38 in the
receptor-deficient cells (Fig. 6B–D) as previously reported
(Yamamori et al., 2000), indicating p38 MAP kinase signaling
pathways are intact in these cells and the failure to activate p38 is
specifically abrogated in response to fA�.

Inhibition of p38 attenuates fA�-stimulated ROS production
and phagocytosis
We used a p38-specific inhibitor, SB203580, to elucidate the role
of p38 in fA�-induced ROS production. Previous work has
shown that p38 phosphorylates the p47 phox subunit of the
NADPH oxidase complex (El Benna et al., 1996; Dang et al.,
2006). Phosphorylation of p47 phox serine residues exposes bind-
ing domains that interact with other cytoplasmic NADPH oxi-
dase subunits and phosphoinositide lipid products, resulting in
p47 phox translocation to the membrane, where it participates in
NADPH oxidase complex assembly (DeLeo and Quinn, 1996;
Sumimoto et al., 1996; Ago et al., 1999, 2003; Babior, 1999).
Significantly, this occurs following LPS engagement of CD14

Figure 3. CD14, TLR4, and TLR2 are necessary for fA�-stimulated reactive oxygen species
production. A–D, Primary microglia from C57BL/6 (WT), CD14 �/�, TLR4 �/�, TLR2 �/� mice
were stimulated with fA� (A), LPS (B, C), Pam3CSK4 (D), or PMA (B–D). Reduction of NBT
results in the formation of a dark blue formazan deposit viewable by a light microscope. Three
random fields (�100 cells) were counted and the fraction of cells with blue formazan deposits
was determined. The data shown are the mean � SEM of three independent experiments
performed in duplicate. *p � 0.05, **p � 0.01, ***p � 0.001 compared with Non-treated.

Figure 4. Activation of the Src tyrosine kinases by fA� requires CD14, TLR4, and TLR2. A–D,
Primary microglia from C57BL/6 (WT), CD14 �/�, TLR4 �/�, or TLR2 �/� mice were stimu-
lated with fA� (A), LPS (B, C), Pam3CSK4 (D), or immune IgG (B–D). Cell lysates were analyzed
by Western blot analysis using an anti-phospho-Src family antibody. Blots were stripped and
reprobed with an anti-cSrc antibody as a protein loading control. A, Western blot band intensity
of phosphorylated Src kinases was normalized to cSrc levels and expressed as relative density.
Western blots are representative, and the densitometry data are the mean � SEM from at least
three independent experiments. *p � 0.05 compared with Non-treated.

11986 • J. Neurosci., September 23, 2009 • 29(38):11982–11992 Reed-Geaghan et al. • CD14 and TLRs Mediate Microglial Activation by fA�



(Yan et al., 2002; Laroux et al., 2005). The p38 inhibitor
SB203580 prevented fA�-induced ROS production (Fig. 7A),
consistent with a previous report using a different p38 inhib-
itor (Smits et al., 2001).

Next, the role of p38 in fA�-induced phagocytosis was as-
sessed. Activation of p38 MAPK is required for cytoskeleton re-
arrangement and subsequent autophagy (Park et al., 2008; Tang
et al., 2008). The small GTPase Rac has been implicated in mem-
brane ruffling and phagocytosis (Ridley et al., 1992; Cox et al.,
1997), and its activation by GTP-loading and cytosol to mem-
brane translocation is regulated by p38 activity (El Bekay et al.,
2007; Zuluaga et al., 2007; Osada et al., 2009). To assess whether
fA�-stimulated p38 activation via the fA� receptor complex
modulated phagocytosis, we treated microglia with the p38 in-
hibitor SB203580 before fA� stimulation. Consistent with work
that showed inhibition of p38 attenuated LPS-driven phagocyto-
sis (Kong and Ge, 2008), we found that SB203580 reduced fA�-
stimulated microsphere uptake (Fig. 7B).

CD14, TLR4, and TLR2 in fA�-induced NF�B activation
Engagement of CD14 and Toll-like receptors is known
to stimulate NF�B-dependent transcription (Akira, 2001;
Medzhitov, 2001). Fibrillar A� has also been shown to activate

Figure 5. CD14, TLR4, and TLR2 are required for fA�-induced phosphorylation of the Rac
GEF Vav and subsequent translocation of Rac to the membrane. A, Primary microglia from
C57BL/6 (WT), CD14 �/�, TLR4 �/�, or TLR2 �/� mice were stimulated with fA�. Vav was
immunoprecipitated from cell lysates with an anti-Vav antibody and analyzed by Western blot
analysis using the anti-phosphoTyr antibody 4G10. Blots were stripped and reprobed with an
anti-Vav antibody as a protein loading control. B, Primary microglia from C57BL/6 (WT),
CD14 �/�, TLR4 �/�, or TLR2 �/� mice were stimulated with fA�. Membrane fractions were
analyzed by Western blot analysis with an anti-Rac antibody and an anti-flotillin antibody as a
protein loading control. Western blots are representative, and the densitometry data are the
mean � SEM from three independent experiments. **p � 0.01 compared with Non-treated.

Figure 6. Activation of the p38 MAP kinase by fA� requires CD14, TLR4, and TLR2. A–D,
Primary microglia from C57BL/6 (WT), CD14 �/�, TLR4 �/�, or TLR2 �/� mice were stimu-
lated with fA� (A), LPS (B, C), Pam3CSK4 (D), or immune IgG (B–D). Cell lysates were analyzed
by Western blot analysis using an anti-phospho-p38 antibody. Blots were stripped and re-
probed with an anti-p38 antibody as a protein loading control. Western blot band intensity of
phosphorylated-p38 was normalized to p38 levels and expressed as relative density. Western
blots are representative, and the densitometry data are the mean � SEM from at least three
independent experiments. **p � 0.01, ***p � 0.001 compared with Non-treated.
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NF�B in monocytes and microglia (Combs et al., 2001). Inhi-
bition of CD14, TLR4, and TLR2 prevents A�-stimulated NF�B-
dependent gene induction (Fassbender et al., 2004; Walter et al.,
2007; Jana et al., 2008; Udan et al., 2008). NF�B is held in an
inactive state in the cytosol by its participation in a complex with
the inhibitory I�B proteins (Baeuerle and Baltimore, 1988; Beg
and Baldwin, 1993; Finco et al., 1994). I�B� is phosphorylated
at Ser32 and Ser36, resulting in dissolution of the complex
and targeting IkBa for proteosome-mediated degradation, and
thereby permitting NF�B nuclear translocation for transcription
(Finco et al., 1994; Brockman et al., 1995; Brown et al., 1995;
Traenckner et al., 1995; Chen et al., 1996). We assessed NF�B
activation by measuring I�B� phosphorylation following fA�
stimulation. Wild-type microglia responded to fA� with a two-
fold increase in phospho-I�B� levels; however, CD14-, TLR4-, or
TLR2-deficient microglia did not show increased I�B� phos-
phorylation following fA� exposure (Fig. 8). These data are con-
sistent with previous reports demonstrating a requirement for
CD14, TLR4, and TLR2 in fA�-stimulated NF�B-dependent
transcription (Fassbender et al., 2004; Walter et al., 2007; Jana et
al., 2008; Udan et al., 2008).

Discussion
The inflammatory component of AD reflects the response of mi-
croglial cells to deposits of fA�. The current study demonstrates
an essential role for canonical innate immune receptors in the
induction of the microglial inflammatory response. These results
are consistent with findings of how immune cells recognize
pathogens and other complex entities, namely through the use of

receptor ensembles. Immune cells often use ensembles of recep-
tors to bind fibrillar proteins and other complex macromolecules
(Ishibashi et al., 1994; Bornstein, 1995; Wong et al., 1996). TLRs
act in concert with other immune receptors to form large recep-
tor complexes whose composition is governed by the ligand that
is engaged (Pfeiffer et al., 2001; Triantafilou et al., 2006). This
combinatorial use of cell surface receptors determines the char-
acter of the immune response (Triantafilou et al., 2004). We have
previously described a multireceptor complex on the surface of
microglia consisting of the �6�1 integrin, the integrin associated
protein CD47, the B-class scavenger receptor CD36, and SRA
(Bamberger et al., 2003). We demonstrate an obligatory role for
CD14 in microglial recognition of fA� and mounting a cellular
response to this ligand. The roles of CD14 and scavenger recep-
tors have been confounded by the use of fucoidan, which has
historically been used to inhibit the binding of various ligands to
scavenger receptors. It is well appreciated that it also inhibits the
ability of CD14 to bind its ligands (Heinzelmann et al., 1998;
Gregory and Devitt, 1999; van Oosten et al., 2001). Many of the
reports of SRA-dependent signaling have been misinterpreted
and are due to CD14 interacting with other scavenger receptor
ligands (Kim et al., 2003). Importantly, CD14 has been shown to
associate with CD36 and CD47 in response to various ligands
(Pfeiffer et al., 2001) and bind fibrillar forms of A� (Fassbender et
al., 2004), observations consistent with our postulate that these
receptors act in concert to bind fA� and initiate intracellular
signaling. The well documented functional interactions of CD14
with TLR4 or TLR2 led us to investigate their participation in a
receptor complex mediating the microglial response to fA�.

We report that CD14, TLR4, and TLR2 are necessary for bind-
ing fA� at the cell surface, and are required for phenotypic acti-
vation of microglia and induction of phagocytosis. Microglia are
competent phagocytes, reflective of their roles as the brain’s prin-
cipal immune effector cell (Streit et al., 2004). We have previously
demonstrated the fA�-stimulated induction of phagocytosis via
the fA� receptor complex that was reliant upon the action of the
�1 integrin (Koenigsknecht and Landreth, 2004). Similarly, mi-
croglial activation by TLR ligands was reported to stimulate A�
uptake (Tahara et al., 2006), although it is unclear whether this is
through macropinocytosis (Mandrekar et al., 2009) or phagocy-

Figure 7. Fibrillar A�-stimulated ROS production and phagocytosis requires the activity of
p38. A, Primary microglia from C57BL/6 mice were pretreated with SB203580 before stimula-
tion with fA�. Reduction of NBT results in the formation of a dark blue formazan deposit
viewable by a light microscope. Three random fields (�100 cells) were counted and the fraction
of cells with blue formazan deposits was determined. The data shown are the mean � SEM of
three independent experiments performed in duplicate. ***p � 0.001 compared with Non-
treated. B, BV2 microglia were pretreated with SB203580 before stimulation with fA�. Fluorescent
microspheres were added, following which the fraction of cells containing microspheres was deter-
mined by counting three random fields (�100 cells) on an inverted microscope. The data shown are
the mean � SEM of three independent experiments performed in duplicate. ***p � 0.001 com-
pared with Non-treated.

Figure 8. CD14, TLR4, and TLR2 are required for fA�-induced NF�B activation. Primary
microglia from C57BL/6 (WT), CD14 �/�, TLR4 �/�, or TLR2 �/� mice were stimulated with
fA�. Cell lysates were analyzed by Western blot analysis using an anti-phospho-I�B� anti-
body. Blots were stripped and reprobed with an anti-actin antibody as a protein loading control.
Western blot band intensity of phosphorylated-I�B� was normalized to actin levels and ex-
pressed as relative density. Western blots are representative, and the densitometry data repre-
sent the mean � SEM from at least three independent experiments. *p � 0.05 compared with
Non-treated.
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tosis of A�. One caveat with this and other in vitro studies is that
they employ microglia derived from neonatal animals. A signifi-
cant issue in the interpretation of these data is that they might not
accurately reflect the activities of these cells in vivo in aged ani-
mals. Moreover, there is evidence that microglia from aged ani-
mals have reduced phagocytic capacity and blunted induction of
cytokine expression (Floden and Combs, 2006; Sierra et al.,
2007). Indeed, work by Flanary et al. (2007) has demonstrated
that microglia can undergo senescence in aged animals. However,
a recent study by Sierra et al. (2007) suggests that the effect of
aging is principally to reduce the magnitude of microglial re-
sponses to inflammatory stimuli, without changing the nature or
specificity of the response.

Fibrillar A� and TLR ligands both stimulate NADPH oxidase
to form superoxide and more potent ROS. We demonstrated that
CD14, TLR4, and TLR2 are necessary for fA� to stimulate this
response. These findings differ from those reported by Qin et al.
(2005) who found LPS-induced superoxide production by mi-
croglia was independent of TLR4. There are two significant dif-
ferences in the studies that may explain this discrepancy. Qin et
al. used C3H/HeJ mice, which express a mutated and functionally
impaired form of TLR4, while the mice used here were TLR4-null
and on a B6 background. Moreover, these two studies used dif-
ferent forms of LPS, and LPS structure can influence the immune
pathways activated by the various species (Gangloff et al., 1999).
Different LPS analogues trigger the recruitment of different re-
ceptor ensembles within membrane microdomains, and the
composition of each receptor cluster determines the nature of the
immune response (Triantafilou et al., 2004).

Signal transduction cascades activated by TLR engagement
are indistinguishable from those activated by fA�. (English et al.,
1993; Stefanová et al., 1993; Beaty et al., 1994; Geng et al., 1994;
Arbibe et al., 2000; Lee et al., 2000; Sanlioglu et al., 2001; Wilkin-
son et al., 2006). Therefore, we tested whether CD14, TLR4, and
TLR2 participated in fA�-stimulated signaling. Significantly, we
found that each of these receptors were required. Thus, these
innate immune receptors not only function in binding fA�, but
are essential for the fA�-stimulated activation of the Src-Vav-Rac
signaling cascade, just as are other members of the fA� receptor
complex. A primary downstream target of both fA� receptor
signaling and TLRs is the p38 MAPK (McDonald et al., 1997; Pyo
et al., 1998). We demonstrate that CD14, TLR4, and TLR2 were
required for fA�-induced activation of p38, which is required for
fA�-induced reactive oxygen species production. We also dem-
onstrate that inhibition of p38 activity reduces fA�-stimulated
phagocytosis. These observations are consistent with the roles of
p38 in the immune response.

We report a requirement for CD14, TLR4, and TLR2 in NF�B
activation following fA�. NF�B becomes transcriptionally active
following phosphorylation of its inhibitor I�B�, which targets
it for degradation, permitting nuclear translocation of NF�B
(Baeuerle and Baltimore, 1988; Beg and Baldwin, 1993; Finco et
al., 1994; Brockman et al., 1995; Brown et al., 1995; Traenckner et
al., 1995; Chen et al., 1996). Fibrillar A� has been shown to stim-
ulate NF�B-dependent gene expression via CD14, TLR4, and
TLR2 (Fassbender et al., 2004; Walter et al., 2007; Jana et al., 2008;
Udan et al., 2008). We extend these studies by showing these
receptors are also required for the activation of I�B�, which is
required for NF�B nuclear translocation and subsequent target
gene transcription.

A number of recent studies have assessed whether the innate
immune system is involved in AD. There is increased expression
of CD14, TLR2, and TLR4 in the brains both animal models of

AD as well as AD patients (Fassbender et al., 2004; Liu et al., 2005;
Walter et al., 2007; Letiembre et al., 2009). Moreover, a polymor-
phism in the TLR4 gene results in a blunted signaling response
and is correlated with a 2.7-fold reduction in risk for late onset
AD (Minoretti et al., 2006). CD14, when overexpressed in CHO
cells, has been shown to bind A� (Fassbender et al., 2004). This
coreceptor has also been shown to be necessary for release of
nitrite and proinflammatory gene expression from microglia
(Fassbender et al., 2004; Liu et al., 2005). There is evidence that
TLRs are involved in the microglial response to A� as inhibition
of TLR4 or TLR2 through function blocking antibodies or siRNA
knock-down also prevented fA�-induced nitrite, IL-6, and
TNF-� production (Walter et al., 2007; Jana et al., 2008; Udan et
al., 2008). These effects were dependent on the fibrillar structure
of A� (Fassbender et al., 2004; Walter et al., 2007). The role of
TLRs in A� clearance in vivo was examined by two separate studies
with seemingly different outcomes. Fourteen- to 16-month-old
APPswe/PSENdE9 mice with inactive TLR4 showed increased
cortical and hippocampal A� burden, without changing steady-
state APP or presenilin1 levels, arguing that the change in A� load
was due to a change in microglial-mediated A� clearance that is
reliant upon TLR4 function (Tahara et al., 2006). In contrast,
APPswe/PSENdE9 mice lacking TLR2 had delayed plaque forma-
tion through 6 months of age, but by 9 months the plaque depo-
sition was comparable to their wild-type counterparts (Richard et
al., 2008). This suggests that during early stages of AD, TLR-
independent A� clearance mechanisms are effective in removing
A� from the brain, and potentially, the absence of TLR-mediated
inflammation makes these processes more efficient. However,
over the course of time, the rate of A� production overwhelms
these processes and the lack of TLRs enhances A� deposition. A
recent study by Scholtzova et al. (2009) reported that intraperi-
toneal injections of TLR9 ligands into a murine model of AD
resulted in behavioral improvement and reduction of amyloid
burden in the brain; however, the mechanism through which the
effects are achieved are unknown since the TLR9 ligands are not
likely to have entered the brain.

The present study places the innate immune receptors CD14,
TLR4, and TLR2 at the interface of microglia and fA�, consistent
with previous reports. Importantly, this study extends what is
known about the mechanisms behind these receptors in micro-
glial activation. CD14, TLR4, and TLR2 function along with
CD36, the �6�1 integrin, and CD47 as members of the fA� recep-
tor complex whose engagement initiates the parallel signaling
cascades of Src-Vav-Rac and the p38 MAP kinase for the induc-
tion of ROS, phagocytosis, and NF�B activation. While an acute
inflammatory response eliminates pathogens and promotes
tissue repair and is therefore neuroprotective, chronic inflamma-
tion results in progressive damage and is associated with neuro-
toxicity (Akiyama et al., 2000). These findings provide an
understanding for the role of the innate immune system in the
acute inflammatory reaction to fA�, allowing for the develop-
ment of effective therapeutic strategies to control the inflamma-
tory aspect of AD.
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C, et al. (2001) Lipopolysaccharide and ceramide docking to CD14 pro-
vokes ligand-specific receptor clustering in rafts. Eur J Immunol
31:3153–3164.

Pick E (1986) Microassays for superoxide and hydrogen peroxide produc-
tion and nitroblue tetrazolium reduction using an enzyme immunoassay
microplate reader. Methods Enzymol 132:407– 421.

Pyo H, Jou I, Jung S, Hong S, Joe EH (1998) Mitogen-activated protein
kinases activated by lipopolysaccharide and beta-amyloid in cultured rat
microglia. Neuroreport 9:871– 874.

Qin L, Li G, Qian X, Liu Y, Wu X, Liu B, Hong JS, Block ML (2005) Inter-
active role of the toll-like receptor 4 and reactive oxygen species in LPS-
induced microglia activation. Glia 52:78 – 84.
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