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Abstract Members of the Toll-like receptor (TLR) family
play critical roles as regulators of innate and adaptive
immune responses. TLRs function by recognizing diverse
molecular patterns on the surface of invading pathogens. In
the brain, microglial cells generate neuroimmune responses
through production of proinflammatory mediators. The
upregulation of cytokines and chemokines in response to
microbial products and other stimuli has both beneficial and
deleterious effects. Emerging evidence demonstrates a
central role for TLRs expressed on microglia as a pivotal
factor in generating these neuroimmune responses. There-
fore, understanding the basis of TLR signaling in producing
these responses may provide insights into how activated
microglia attempt to strike a balance between defense
against invading pathogens and inflicting irreparable brain
damage. These insights may lead to innovative therapies for
CNS infections and neuroinflammatory diseases based on
the modulation of microglial cell activation through TLR
signaling.
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Introduction

The mammalian immune system uses a number of
mechanisms to successfully detect and eliminate invading
pathogens, many of which require the discrimination
between self and nonself. Immune responses have histori-
cally been divided into two distinct components: innate
immunity and adaptive immunity. The innate immune
response, which is highly conserved in most multicellular
organisms, provides the first line of defense to limit
infection and detect pathogens using germline-encoded
proteins (Hoffmann et al. 1999). Adaptive immunity, which
is present only in vertebrates, can detect nonself through the
recognition of peptide antigens using receptors expressed
on the surface of B and T cells (Akira and Takeda 2004).
Adaptive responses are much more diverse than innate
responses in that each B and T lymphocyte clone expresses
a distinct antigen receptor, which arose through somatic
gene rearrangement (Fearon 1997). Although extensive
studies have produced a wealth of information regarding
adaptive immune responses, the innate mechanisms of
immunity are just beginning to be understood.

Innate immune responses emanate from interactions
between host-cell surface receptors and conserved structural
motifs, termed pathogen-associated molecular patterns
(PAMP) on the surface of pathogens. There are a number
of key receptors that recognize a variety of PAMPs including
toll-like receptors (TLR), NOD-like receptors (NLR), and
RIG-I-like receptors (RLR) (Creagh and O’Neill 2006). All
of these receptors, either acting alone or in concert with
other molecules, generate innate immune responses to
counter invading pathogens. Whereas TLR family members
recognize bacteria, viruses, fungi, and protozoa, NLRs
usually detect bacteria and RLRs recognize viruses. In this
review, we discuss recent advances regarding the critical
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role for TLR signaling during central nervous system
(CNS) infections and the damage to the CNS associated
with infectious or inflammatory diseases of the brain.

Toll-like receptor signaling in mammalian cells

Toll was first identified as a gene important for the
establishment of dorsal–ventral orientation during embryonic
development in Drosophila melanogaster (Hashimoto et al.
1988). Later, Toll was shown to play a critical role in
Drosophila’s immunity to fungal infections (Lemaitre et al.
1996). In fact, the first mammalian homolog of Toll, Toll-like
receptor 4 (TLR4), was identified as a pattern recognition
receptor required for adaptive immunity (Medzhitov et al.
1997). Subsequently, TLR4 and its family members were
shown to play critical roles in generating innate immune
responses to infection in mammalian systems (Table 1). To
date, 11 human TLRs and 13 murine TLRs have been
identified, which trigger both innate and adaptive immune
responses (Akira and Takeda 2004; Kawai and Akira 2006).

TLRs are membrane-bound proteins that contain varying
numbers of highly conserved extracellular leucine-rich
repeats (LRR) and a highly conserved Toll-interleukin

(IL)-1 receptor (TIR) domain in the cytoplasmic region
(Fig. 1). They recognize ligands through their LRRs and
transmit signals intracellularly through their TIR domain
via protein–protein interactions with adaptor molecules
such as MyD88, TIRAP/Mal, TRIF, and TRAM. Cellular
adaptor proteins then trigger a cascade of signaling events
resulting in the phosphorylation of IRAK and activation of
downstream effector molecules such as NF-κB or IRF3,
culminating in the production of immune mediators as well
as IFN-inducible genes (Akira et al. 2006). Thus, a direct or
indirect association of a ligand with its cognate TLR serves
as a signal to trigger innate immune responses.

TLRs are highly conserved and it appears that most cells
express low levels of TLRs constitutively in a cell-type
specific manner. In a comprehensive molecular phyloge-
netic analysis, vertebrate TLRs were recently classified into
six distinct families based upon amino acid sequence
homologies of LRRs (Roach et al. 2005). Intense research
efforts during the past few years have resulted in the
identification of a large number of molecules involved in
TLR activation pathways (Akira and Takeda 2004; Miggin
and O’Neill 2006). Every step along these pathways is
tightly regulated by a complex mix of phosphorylation,
targeted degradation, and sequestration of signaling mole-

Table 1 Toll-like receptor rec-
ognition of microbial pathogen-
associated molecular patterns
(PAMPs) on neurotropic
pathogens

TLR Ligand (PAMP) Pathogen

TLR1/2 Triacylated lipopeptides Gram-negative and Gram-positive bacteria
TLR2 Lipoarabinomannan Mycobacteria, Gram-positive bacteria

GPI anchor (tGPI-mutin) Trypanosoma cruzi
Peptidoglycan Gram-positive bacteria
Phospholipomannan Candida albicans
Glucuronoxylomannan Cryptococcus neoformans
Porins Neisseria meningitidis
Hemagglutinin protein Measles virus
Envelope glycoproteins gB and gH Human cytomegalovirus (HCMV)
Not determined Herpes simplex virus (HSV) 1
Not determined Coccidioides posadasii,
Not determined Plasmodium berghei
Not determined Aspergillus fumigatus, A. niger

TLR2/6 Diacyl lipopeptides Mycoplasma
Lipoteichoic acid (LTA) Gram-positive bacteria

TLR3 dsRNA Viruses
TLR4 LPS Gram-negative bacteria

Glycoinositolphospholipids Tryponosoma cruzi
Mannan C. albicans
Glucuronoxylomannan C. neoformans
Not determined Aspergillus fumigatus, A. niger

TLR7 ssRNA Viruses
TLR8 ssRNA Viruses
TLR9 Unmethylated CpG DNA Bacteria and viruses

ssDNA HCMV, HSV
Hemozoin Plasmodium falciparum

TLR11 Profilin-like protein Toxoplasma gondii
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cules depending upon the nature of the invading pathogen
(Miggin and O’Neill 2006).

TLR polymorphisms and susceptibility to infections

Although the human genome consists of 3 billion base pairs
it is highly conserved within the species. However, inter-
individual variations do occur in about 0.1% of genomic
sequences resulting in approximately 10 million variants or
“polymorphisms” in the human genome (Goldstein and
Cavalleri 2005). The most common type of such variations
is the single nucleotide polymorphism (SNP), where a
single-point mutation occurs, causing either an amino acid
substitution potentially altering the function of the protein,
or formation of a premature stop codon leading to the
production of a truncated protein. The importance of SNPs
in the susceptibility to common infections, such as
tuberculosis, sepsis, malaria, HIV, and pneumonia, has
been well established (Schork et al. 2000; Cooke and Hill
2001; Segal and Hill 2003; Frodsham and Hill 2004).

Recent studies suggest that SNPs in TLR genes alter
susceptibility to infectious diseases. The first SNP in a TLR
gene was reported for TLR4. In a study of 83 healthy
individuals subjected to LPS inhalation challenge, two
mutations, Asp299Gly and Thr399Ile, were identified in the
TLR4 gene that correlated with hyporesponsiveness to LPS.
Interestingly, Asp299Gly mutation, but not Thr399Ile,
interrupts TLR4-mediated LPS signaling (Arbour et al.
2000). This SNP was also found to increase susceptibility
to septic shock caused by Gram-negative bacteria (Lorenz
et al. 2002) and was suggested to have a protective role in

atherosclerosis (Kiechl et al. 2002). In a case-control study
conducted among 870 Ghanaian children, both these SNPs
were found to occur at higher rates rendering them
susceptible to malaria resulting from Plasmodium falcipa-
rum infection (Mockenhaupt et al. 2006). In another study
involving 197 patients with meningococcal disease caused
by the organism Neiserria meningiditis in the United
Kingdom, 11 other rare missense mutations in the TLR4
gene were identified (Smirnova et al. 2003). Whereas TLR4
SNPs render an individual susceptible to some infectious
diseases, they were also found to have no effect on the
likelihood or severity of others such as meningococcal
disease (Read et al. 2001). Further studies on the functional
relevance of these variants will provide information on their
contribution to disease susceptibility.

To date, two SNPs, Arg753Gln and Arg677Trp, have
been described for TLR2. The Arg753Gln polymorphism,
originally described in patients with leprosy (Kang and
Chae 2001) also confers susceptibility to tuberculosis
(Ogus et al. 2004; Schroder et al. 2005). Interestingly, this
SNP was demonstrated to have a protective effect from late-
stage Lyme disease caused by Borrelia burgdorferi infec-
tion (Schroder et al. 2005), and this protective effect could
be due to impaired immune responses caused by reduced
TLR2 signaling. Recently, the Arg677Trp SNP has been
identified as an artifact resulting from a TLR2 pseudogene
(Malhotra et al. 2005). This finding underlines the impor-
tance of using appropriate molecular procedures in deter-
mining the SNP data and validating the results using
different methodologies.

Although the SNPs normally occur in exons, a guanine-
thymine (GT) repeat polymorphism was recently observed

TLR1
TLR2
TLR6

MyD88

I   κ B
NF-    κ 

κ 
κ B

TIR

TLR7
TLR8
TLR9

TLR3

TLR4

IRF3

Induction of IFN-βand IFN-
inducible genes

Induction of pro-inflammatory 
cytokines

TIRAP/
Mal

TRIF

TRAM

NEMO

IKK   α IKKβ α β 

MyD88
TRAF6

RIP1

IRF7

Endosome

Nucleus

TIRAP/
Mal

Cytoplasm

TAK1

MAPKs

TRAF6

IRAK-4

IRAK-1

TRAF6

IRF5

MyD88

Fig. 1. Toll-like receptor signal-
ing pathways. TLRs on cytoplas-
mic and endosomal membranes
recognize a variety of patterns
(PAMPs) on pathogens and signal
through adaptor molecules (e.g.,
MyD88, TIRAP/Mal, TRAM,
TRIF) via the TIR domain,
located on their cytoplasmic tail.
Adaptor molecules activate
downstream proteins in the sig-
naling cascades leading to release
of NF-κB, from its inhibitor IκB.
TLR signaling in response to
specific stimuli also activate
IRF3, IRF5, and IRF7. After
activation, these proteins translo-
cate into the nucleus and induce
the transcription of proinflamma-
tory immune mediators
and IFN-responsive genes.
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in the intron II of TLR2 gene. In a study of 174 Korean
patients with tuberculosis, shorter GT repeats (“micro-
satellites”) were found to be a very common occurrence.
These GT repeats resulted in lower TLR2 expression and
caused increased susceptibility to tuberculosis (Yim et al.
2006a). Incidentally, these microsatellites in the TLR2 gene
were found to be highly conserved as shown for 12
different nonhuman primates (Yim et al. 2006b). Frequent
occurrence of SNPs in TLR genes lead to abnormal
immune responses and could thereby lead to high incidence
of infectious diseases. Therefore, understanding how such
genetic variations in key innate immune genes alter disease
susceptibility is critical in developing improved diagnosis
and new therapies.

Endogenous ligands for Toll-like receptors

In addition to the PAMPs, which are contained within or
released from the cell wall of extracellular pathogens such as
lipopolysaccharide (LPS), the major cell wall component of
Gram-negative bacteria, and peptidoglycan, the major cell
wall component of Gram-positive bacteria, a number of
endogenous ligands have been identified for TLRs, including
heat shock proteins (hsp), mRNA, high mobility group box 1
(HMGB1) protein, surfactant proteins A and D (SP-A and SP-
D), hyaluronan, and fibrinogen (Smiley et al. 2001; Asea et al.
2002; Bulut et al. 2002; Guillot et al. 2002; Termeer et al.
2002; Kariko et al. 2004; Park et al. 2004; Zhou et al. 2005;
Ohya et al. 2006; Scheibner et al. 2006). Various products
from necrotic cells such as polysaccharide fragments of
hyaluronan and heparin sulfate also activate TLRs. These
molecules are released from damaged, dead or ruptured cells
in response to tissue damage, injury, and infection (Johnson
et al. 2003). Interestingly, Schwann cells of the peripheral
nervous system also trigger the production of inflammatory
cytokines in response to necrotic neuronal cells via TLR
signaling (Lee et al. 2006). Activated Schwann cells clear the
neuronal cell and myelin debris by phagocytosis and pave
the way for nerve repairing processes to take place (Stoll et
al. 2002). During Wallerian nerve degeneration, activated
Schwann cells from wild-type mice produced tumor necrosis
factor (TNF)-α and inducible nitric oxide synthase (iNOS)
via TLR2 and TLR3 induction, whereas Schwann cells
derived from TLR2−/− and TLR3−/− animals did not produce
these immune mediators (Lee et al. 2006).

Heat shock proteins serve as prime examples of endog-
enous ligands of TLR signaling. Using complementation
studies with macrophages isolated from C3H/HeJ mice that
lack TLR4 gene expression, Hsp60 was demonstrated to
function as a ligand for TLR4 and TLR4 stimulation by
Hsp60-induced production of cytokines (Ohashi et al. 2000).
Following this observation, heat shock proteins Hsp60,

Hsp70, and Hsp90 from both bacterial and mammalian
origin, as well as their endoplasmic reticulum form gp96,
were shown to trigger the production of proinflammatory
immune mediators such as TNF-α, interleukin (IL)-1β,
IL-6, and IL-8 by macrophages, endothelial cells,
dendritic cells, and monocytes. Release of nitric oxide
(NO) and chemokines by these cells has also been
reported (Ohashi et al. 2000; Bulut et al. 2002; Vabulas et
al. 2002a, b; Asea et al. 2002; Bandholtz et al. 2003).
Similar complementation studies have been conducted with
TLR4−/− (C3H/HeJ or C57BL/10ScCr) mice to demon-
strate that β-defensin 2, SP-A, heparin sulfate, fibronectin
A, hyaluronan, and fibrinogen also could function as
endogenous TLR4 ligands (Okamura et al. 2001; Smiley
et al. 2001; Biragyn et al. 2002; Guillot et al. 2002; Johnson
et al. 2002; Termeer et al. 2002; Vabulas et al. 2002a, b).
Recently, hyaluronan was shown to function as a “danger
signal” and activate TLR2 (Scheibner et al. 2006). Other
studies conducted along similar lines demonstrated that heat
shock proteins and HMGB1 act as ligands for both TLR2
and TLR4 (Vabulas et al. 2002a, b; Park et al. 2004; Yu et
al. 2006). Another ligand, the epithelial cell-derived
inhibitor of leukocyte serine proteases (SLPI) suppresses
LPS-induced production of TNF-α and the activation of
NF-κB (Jin et al. 1997).

While the identification of endogenous ligands for TLRs
has advanced knowledge of the mechanisms, as well as the
complexity, of innate immunity, these studies also generat-
ed controversy because a number of experiments describing
these mechanisms, especially with hsp, were performed
using proteins that were later found to be contaminated with
LPS (endotoxin) (Majde 1993; Gao et al. 2001; Reed et al.
2003; Tsan and Gao 2004). Apart from LPS, many
commercially available peptides have also been found to
be contaminated with other microbial cell wall components
such as peptidoglycan (PGN) (Majde 1993). For these
studies, it is vital to ensure that there is no LPS contamina-
tion in the preparations being tested, as even a small quantity
of LPS can be a potent inducer of proinflammatory
molecules. It is not clear whether the results obtained for
other putative endogenous ligands reported were caused by
LPS contamination. Significantly, a recent study showed that
the expression of Hsp70 in monocytes is a downstream event
that occurs after the induction of TLR2 and TLR4, suggest-
ing that Hsp70 does not activate TLRs (Zhou et al. 2005). In
the light of these findings, it is imperative to re-evaluate the
conclusions of such earlier studies.

Toll-like receptor expression in brain cells

The cell types found within the brain are highly conserved
between different species of vertebrates. In addition to
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neurons, the CNS is comprised of three glial cell popula-
tions: astrocytes and oligodendrocytes, which, like neurons
are of neuroectodermal origin, and microglia, which are
derived from mesoderm. A major function of all three glial
cell types is to provide support for neurons. Because a large
number of CNS infections are caused by pathogens known
to activate TLR signaling in a variety of different cell types
(Table 1), it can be expected that brain cells also con-
stitutively express TLRs. Of all four cell types in the CNS,
not surprisingly, the microglial cell, the key innate immune
cell of the brain, expresses all known TLRs. In fact,
microglia have been reported to express mRNAs for TLRs
1–9 (Lee and Lee 2002; Olson and Miller 2004; Jack et al.
2005; McKimmie and Fazakerley 2005; Jung et al. 2005),
whereas neurons (Prehaud et al. 2005) and oligodendro-
cytes (Bsibsi et al. 2002) express only mRNA for TLR3.

Experiments with astrocytes, however, have produced
inconsistent results. Using highly purified (>99% pure)
human astrocytes, work in our laboratory has shown that
LPS does not stimulate cytokine and chemokine release and
that TLR4 mRNA is undetectable in these brain cells.
However, another study of human astrocytes demonstrated
the expression of TLR2 and TLR4 mRNA in these cells
(Carpentier et al. 2005), whereas the expression of mRNAs
for TLRs 1 to 10, with the exception of TLR8, was reported
for murine astrocytes (Lee and Lee 2002). However,
caution regarding the interpretation of these reports is in
order as the presence of a small number of microglial cells
within the astrocyte cultures could be mistakenly attributed
to astrocytes. Also, achieving astrocyte cultures of >99%
homogeneity has proven especially difficult in the murine
system. Furthermore, the expression of TLRs at the protein
level remains to be demonstrated for astrocytes.

To date, specific ligands for TLRs 1 and 6 have not been
identified, and it is believed that they do not function as
separate entities. Both these TLRs associate with TLR2 to
form heterodimers, which are involved in PAMP recognition.
Although TLR2 can function as a homodimer on its own, its
association with TLR1 and TLR6 increases the range of
substrates it can recognize and thus, among the TLR family
members, it is unique in possessing multiple functions. TLR2
associates with TLR1 and TLR6 to recognize triacylated and
diacylated lipoproteins, respectively (Akira and Takeda 2004;
Kawai and Akira 2006; Miggin and O’Neill 2006). The
expression of TLR2 on microglial cells and its recognition of
various PAMPs has been well-established during the past
few years (Laflamme et al. 2001; Bsibsi et al. 2002; Rasley
et al. 2002; Zekki et al. 2002; Laflamme et al. 2003; Olson
and Miller 2004; Aravalli et al. 2005; Kielian et al. 2005). In
a recent study using TLR2−/− astrocytes, it was reported that
TLR2 signaling is essential in enabling astrocytes to
recognize PGN from Staphylococcus aureus, as well as for
recognition of the intact bacterium itself (Kielian et al. 2005).

In contrast, microglial cells do not recognize intact staphy-
lococci, but they can recognize PGN.

Another remarkable feature of TLR2 is its ability to
cooperate with CD14 and myeloid differentiation protein
(MD)-2 on the host cell surface (Becher et al. 1996; Dziarski
et al. 2001; Dobrovolskaia and Vogel 2002). TLR1/2 and
TLR2/6 heterodimers cooperate with CD14 to recognize
Gram-positive bacterial PAMPs (Cleveland et al. 1996;
Dziarski et al. 1996; Gupta et al. 1996; Henneke et al. 2001;
Schroder et al. 2003; Weber et al. 2003; Manukyan et al.
2005). This cooperation is also necessary for the recognition
of S. aureus PGN (Esen and Kielian 2005). The prime
example of the coordination between these two receptors was
recently demonstrated with group B Streptococcus (GBS)
(Medvedev et al. 1998; Henneke et al. 2001; Park et al. 2004;
Lehnardt et al. 2006).

Similar findings were reported using murine macrophages
exposed to heat-killed GBS. In TLR2−/− macrophages,
production of TNF-α took place normally indicating that
it is not dependent upon TLR2 expression. However, the
induction of IL-1β, IL-6, and lipocalin 2 occurred only in
the presence of TLR2 signaling (Draper et al. 2006). Our
recent results with microglial cells infected with herpes
simplex virus (HSV)-1 showed that, although a low level of
TNF-α production did occur in the absence of TLR2, the
production of a large number of key inflammatory
cytokines and chemokines was dependent upon TLR2
signaling (Aravalli et al. 2005). Furthermore, the activation
of TLR2 signaling on murine microglial cells was found to
be required for the induction of microglial cell apoptosis in
response to HSV infection (Aravalli et al. 2006).

The association of TLR2 with MD-2 enhances its ability
to respond to Gram-negative and Gram-positive bacterial
cell wall components and to synthetic LPS (Dziarski and
Gupta 2000; Dziarski et al. 2001). Without this association,
TLR2 cannot respond to highly purified LPS. Thus, MD-2
functions as a helper molecule for TLR2 (Dziarski et al.
2001). One recent study demonstrated that human oligo-
dendrocytes also express mRNA for TLR2 (Bsibsi et al.
2002). Further experiments are needed to determine
conclusively the functional significance of TLR2 in this
cell type.

The ligand for TLR3 is dsRNA, an intermediate formed
during viral infection, and studies on TLR3 signaling
frequently use the synthetic agonist poly(I:C) to mimick
dsRNA. A number of studies have shown that both micro-
glial cells and astrocytes express TLR3 mRNA (Bsibsi et al.
2002; Olson and Miller 2004; Carpentier et al. 2005; Farina
et al. 2005; Scumpia et al. 2005; Bsibsi et al. 2006).
Interestingly, unlike the situation in astrocytes, TLR3
expression in microglia is not regulated by poly(I:C),
although they respond to this synthetic agonist by produc-
ing IL-1β and IL-6 (Olson and Miller 2004; Kielian et al.
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2005). Theiler’s murine encephalomyelitis virus (TMEV)
activates TLR3 signaling in microglial cells, as does HIV
(Town et al. 2006). In addition to astrocytes and microglia,
neurons and oligodendrocytes also express TLR3 (Bsibsi et
al. 2002; Prehaud et al. 2005). In studies using astrocytes
isolated from TLR3 and MyD88 knockout mice, it has been
shown that TLR3 signaling is required for the induction of
CCL2/monocyte chemoattractant protein 1 (MCP-1),
CXCL10/IP-10, and IL-8 in response to TMEV and
coxsackie virus (Park et al. 2006; So et al. 2006). These
findings collectively suggest that TLR3 signaling plays a
critical role in regulating the outcome of demyelinating
diseases, as both TMEV and coxsackie virus induce fatal
demyelination.

TLR4 recognition of the Gram-negative cell wall
component LPS has been well documented in a variety of
cell types, including brain cells. A number of studies have
demonstrated the expression of TLR4 by microglia
(Laflamme et al. 2001; Bsibsi et al. 2002; Laflamme et al.
2003; Lehnardt et al. 2003; Olson and Miller 2004;
Chakravarty and Herkenham 2005; Jung et al. 2005). With
the previously mentioned caveat in mind regarding poten-
tial contamination of cell cultures with microglia, astrocytes
(Bsibsi et al. 2002; Bowman et al. 2003; Carpentier et al.
2005), oligodendrocytes (Lehnardt et al. 2002) and neurons
(Wadachi and Hargreaves 2006) have also been reported to
express TLR4 mRNA. Microglial cells isolated from
TLR4−/− mice do not respond to LPS treatment (Kitamura
et al. 2001; Qin et al. 2005; Wang et al. 2005), but if LPS is
present in excess, it can trigger immune responses via
TLR4-independent mechanisms (Kitamura et al. 2001; Qin
et al. 2005). Similar observations were reported with
microglial cells from MyD88−/− animals, demonstrating
that LPS activation in microglial cells could occur possibly
via another pattern recognition receptor (PRR) (Esen and
Kielian 2006). Another recent study using CD14−/− micro-
glial cells found that CD14 is required for microglial
activation in response to low concentrations of LPS, but not
for higher concentrations (>1 μg/ml) (Esen and Kielian
2005). This finding indicates that an interaction with CD14
is not required for TLR4 to recognize LPS. However, an
interaction with CD14 does maximize the ability of TLR4
to recognize LPS and to elicit strong immune responses
(Dobrovolskaia and Vogel 2002).

TLR4 expression in astrocytes has been controversial.
While some groups have identified low levels of TLR4
mRNA expression (Bsibsi et al. 2002; Bowman et al. 2003;
Carpentier et al. 2005), others have failed to detect it both
in vitro and in vivo (Laflamme et al. 2001; Lehnardt et al.
2002, 2003; Farina et al. 2005). However, the possibility
remains that these cells were microglia rather than astroglia.
In a recent study using immunohistochemical analysis, it
was reported that human and rat trigeminal nociceptive

neurons express TLR4 and the costimulatory receptor
CD14 (Wadachi and Hargreaves 2006). Based upon this
finding, it was suggested that the pain caused by odonto-
genic infections could be a direct result of the activation of
nociceptors by bacterial products such as LPS.

The expression of TLR5 mRNA has been reported for
microglia (Bsibsi et al. 2002; Olson and Miller 2004) and
astrocytes (Bowman et al. 2003; Carpentier et al. 2005). In
response to the TLR5 ligand flagellin from Salmonella
typhimurium, microglial cells were found to upregulate
TLR2, TLR4, and TLR5, as well as the expression of IL-6
(Bowman et al. 2003). Further studies are needed to
establish the importance of TLR5 expression by glial cells.

TLR7 and TLR8 are homologous to each other and
recognize the same set of ligands. The synthetic compounds
imiquimod and resquimod that function as ligands for
TLR7 and TLR8 are currently being used to treat herpes
virus infections. The natural ligand for both these receptors
is ssRNA (Diebold et al. 2004) and their expression at the
mRNA level was reported in microglia (Bsibsi et al. 2002;
Olson and Miller 2004) and astrocytes (Carpentier et al.
2005). A recent report further confirmed the expression of
TLR7/8 by microglial cells, where systemic injection of rat
spinal cord with the TLR7/8 agonist R848 was found to
activate these cells (Zhang et al. 2005a). Another report
suggested that TLR8 plays a critical role in regulating the
activity of CD4+ regulatory T cells (Peng et al. 2005),
which may play a role in controlling autoimmune diseases
and cancer. During brain development, murine TLR8 is
expressed in neurons and functions as a negative regulator
of neurite outgrowth (Ma et al. 2006). Upon stimulation
with the TLR8 agonist R848, TLR8 signaling induces
apoptosis of neuronal cells. Interestingly, during TLR8
induction, IκBα and IRAK4 were found to be down-
regulated, implying that TLR8 signaling in rat cortical
neurons occurs in a NF-κB-independent manner (Ma et al.
2006).

TLR9 recognizes dsDNA, both bacterial and viral, and
synthetic oligodeoxynucleotides (ODN) containing CpG
motifs. Both microglial cells and astrocytes have been
shown to express mRNA for TLR9 and respond to CpG
ODN by producing IL-1β, TNF-α, IL-6, IL-12, macrophage
inflammatory protein (MIP)-1α andMIP-1β (Takeshita et al.
2001; Dalpke et al. 2002; Bowman et al. 2003; Olson and
Miller 2004; Carpentier et al. 2005; Zhang et al. 2005b;
Prinz et al. 2006). Additionally, CpG-containing bacterial
DNA upregulated iNOS expression in rodent glial cells
through a pathway involving MyD88 and p38 MAPK
(Hosoi et al. 2004). Activation of the c-jun N-terminal
kinase (JNK) pathway was also reported to occur in
astrocytes after treatment with CpG ODN (Lee et al.
2004). JNK and NF-κB activation are critical for the
production of proinflammatory cytokines and chemokines
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in these cells. In contrast to rodent astrocytes, human fetal
astrocytes have not been shown to express TLR9 (Farina
et al. 2005).

It is currently unknown if any brain cell type expresses
the other known TLRs. The human homolog of mouse
TLR11, which recognizes profiling-like protein of Toxo-
plasma gondii, is nonfunctional because of the presence of
a premature stop codon in its coding sequence (Zhang et al.
2004; Yarovinsky et al. 2005). Human TLR10 has been
shown, so far, to be expressed only in B cells, where it
forms heterodimers with TLR1 and TLR2 (Hasan et al.
2005). Further studies are needed to evaluate the expression
of TLR10 in the brain and its importance in CNS
infections.

Expression of TLRs during astroglial and neuronal
development relates to the age-specific regulation of
antimicrobial responses. So far, TLR8 is the only TLR that
has been detected in mice during embryonic and neonatal
stages of development (Ma et al. 2006). Age-dependent
expression of other TLRs in the brain is largely unknown.
Similarly, no data are currently available regarding the
expression of TLRs in neural precursor cells.

Significance of TLR signaling in CNS infections
and inflammation

Activation of microglial cells occurs in response to TLR
signaling and the role of these activated macrophages in
brain inflammation has been well documented (Banati et al.
1993; Chao et al. 1993; Mathiesen and Johnson 1997;
Townsend and Scheld 1998; Aschner et al. 1999; Honig
and Rosenberg 2000; Aloisi 2001; Lee and Lee 2002;
Danton and Dietrich 2003; Ekdahl et al. 2003; Rock et al.
2004; Streit et al. 2004; Kim and de Vellis 2005; Pahlman
et al. 2006). It is clear that activated microglia produce a
number of immune mediators that influence the ability of
neurons to process information. As described in this review,
neuroinflammation occurs in response to CNS damage and
to brain infection, and microglia play an important role in
both of these pathological conditions.

Multiple sclerosis (MS) is an inflammatory demyelinat-
ing disease of the CNS whose pathogenesis is determined
by cell-mediated autoimmunity. In both MS and its animal
model counterpart experimental autoimmune encephalitis
(EAE), autoaggressive lymphocytes invade the CNS and
induce tissue destruction. To prime T cells and maintain an
encephalitogenic response in the CNS, competent antigen-
presenting cells (APC) such as macrophages and dendritic
cells are needed (Paul 1998). Activation and maturation of
APCs in response to various PAMPs causes the breakdown
of tolerance for the development of autoimmune responses,

leading to demyelination and tissue degeneration (Visser
et al. 2005).

TLR ligands such as CpG ODN and PGN are commonly
used to trigger EAE in animal models. Recent evidence
suggests that bacterial PAMPs, such as S. aureus PGN, also
cause demyelination by enabling immune-mediated recog-
nition of self antigens (Kielian et al. 2005; Esen and Kielian
2005). Such studies underscore the importance of TLR
signaling in modulating neuropathogenesis. Experiments
using TLR9−/− and MyD88−/− mice have shown that both
this TLR and its adaptor protein are required for generating
immune responses in mice treated with CpG ODN. In
addition, C57BL/6 mice in which myelin oligodendrocyte
glycoprotein peptide (MOG) was administered subcutane-
ously did not develop EAE, suggesting a role for TLR2 in
the innate neuroimmune response during EAE (Visser et al.
2005). Another line of evidence using CpG ODN showed
that mice lacking the MyD88 adapter protein were also
resistant to EAE (Prinz et al. 2006). Studies with pertussis
toxin (PTX) showed that PTX can induce EAE and
modulate leukocyte entry into the CNS. Significantly, this
leukocyte trafficking was severely restricted in TLR4−/−

mice treated with PTX, demonstrating that TLR4-mediated
signals are required for EAE induction (Kerfoot et al.
2004). In a viral disease model, TMEV infection of murine
CNS results in a demyelinating disease similar to human
MS. It was shown that TMEV infection of astrocytes
induced production of CCL2/MCP-1 and IL-8 via activa-
tion of the TLR3 pathway (So et al. 2006). It was also
demonstrated that TMEV-infected astrocytes from TLR3−/−

andMyD88−/− mice did not produce these immune mediators.
A large number of different viruses can cause acute

meningitis (localized to the meninges and subarachnoid
space) or encephalitis (infection within the brain parenchy-
ma). Infection with human cytomegalovirus (HCMV) is
common in the fetus and in infants. In primary syncytio-
trophoblast cultures, UV-inactivated HCMV triggered the
production of proinflammatory cytokines TNF-α and IL-8,
and induced apoptosis. However, when treated with
neutralizing antibody to TLR2, both cytokine production
and apoptosis were inhibited indicating that binding of UV-
inactivated virus to TLR2 can initiate inflammation (Chan
and Guilbert 2006).

Acute infection of the brain with herpes simplex virus
(HSV) can lead to encephalitis. Mortality or survival with
significant neurological deficits (cognitive or physical impair-
ments) are common sequelae of untreated herpes encephalitis.
In vitro, both human and murine microglial cells respond to
HSV-1 by producing a large number of proinflammatory
cytokines and chemokines (Lokensgard et al. 2001; Aravalli
et al. 2005). In contrast to microglia, we found that astrocytes
and neurons supported productive virus replication, but these
brain cell types did not produce immune mediators in
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response to HSV-1 infection. In a subsequent study, we went
on to demonstrate that HSV-1-induced immune mediator
production by microglial cells was mediated through TLR2
signaling (Aravalli et al. 2005). Interestingly, when the
human neuronal cell line NT2-N was infected with HSV-1 or
rabies virus (RABV), differential expression of genes
involved in immunity was observed (Prehaud et al. 2005).
While HSV-1 induced the expression of mRNAs for IL-6
and IRF-1, RABV triggered the transcription of IL-6, TNF-
α, IL-1α, CCL5, CXCL10, and IFN-β responsive genes. It
is known that the activation of TLR3 leads to the production
of IFN-β suggesting a response to the dsRNA intermediate
produced during RABV replication. Thus, TLR3 signaling is
involved in the differential generation of immune mediators
by NT2-N cells in response to two different neurotropic
viruses (Prehaud et al. 2005).

West Nile Virus (WNV) causes a febrile illness that can
lead to lethal encephalitis or development of flaccid
paralysis and long-term cognitive dysfunction, and studies
in our laboratory have demonstrated that this virus triggers
the release of cytokines and chemokines from human
microglia (Cheeran et al. 2005). WNV has been shown to
activate TLR3 in peripheral lymphoid tissue, leading to the
production of TNF-α and permeability changes in the
blood–brain barrier (BBB) (Wang et al. 2004). It has been
suggested that TNF-α permeabilizes the BBB, providing
WNV entry into the CNS. During its replication cycle,
WNV forms a dsRNA intermediate that activates TLR3
signaling. Although WNV-infected TLR3−/− mice have
higher viral loads, they were found to be deficient in the
production of IFN-β, TNF-α, and IL-6. When compared
with wild-type mice, TLR3−/− mice also had significantly
lower mortality and reduced microglial activation after
infection (Wang et al. 2004). As an extension to this study,
Town et al. (2006) found that murine microglial cells
respond to dsRNA by activating TLR3 signaling from
endosomes and function as key sensors for viruses that
produce dsRNA.

Bacteria are the most serious cause of acute meningitis in
children and adults. In neonates, the common pathogens are
Escherichia coli and GBS, whereas in infants and older
children, Haemophilus influenzae, Listeria monocytogenes,
Neisseria meningitidis, and Streptococcus pneumoniae are
more common. Pyrogenic infections of the brain parenchy-
ma (brain abscess) are caused by a variety of Gram-positive
and Gram-negative bacteria, and these serious infections
(mortality about 20% with treatment) are associated with
seizures, loss of mental acuity, and lesion site-dependent
focal neurological defects (Mathiesen and Johnson 1997;
Townsend and Scheld 1998). Furthermore, in addition to
causing meningitis, localized Mycobacterium tuberculosis
can cause infection or tuberculoma in the brain parenchy-
ma, and localized Toxoplasma gondii or fungal brain

abscesses occur most commonly in immunodeficient or
immunosuppressed patients, especially those with AIDS.
Hypothetically, interactions of these bacterial parasitic and
fungal pathogens or their cell wall products with TLRs on
brain cells trigger neuropathological effects that culminate
in brain damage or death.

All of these neurotropic pathogens have been shown to
signal through one or more TLR (Table 1). In the brain,
microglial cells were shown to respond to S. aureus PGN
through TLR2 by producing TNF-α, IL-1β, and IL-8 (Esen
and Kielian 2005; Kielian et al. 2005, 2006). TLR2 was
also shown to participate in the generation of immune
responses to S. pneumoniae in an experimental meningitis
model (Koedel et al. 2003, 2004). Similarly, LPS present in
the cell wall of Gram-negative bacteria such as E. coli, H.
influenzae, and N. meningitidis, triggers signaling through
TLR4 that could elicit the inflammatory response in acute
meningitis. T. gondii loads in the brain tissues of TLR2−/−

and MyD88−/− mice were found to be significantly higher
than in wild-type or TLR4−/− mice, suggesting that TLR2
is important in protection against T. gondii infection (Mun
et al. 2003).

GBS are a major cause of neonatal meningitis and sepsis
(Koedel et al. 2003, 2004). Heat-inactivated GBS, as well
as a secreted protein factor GBS-F, has been found to
induce apoptosis via the activation of TLR2 on murine
microglial cells. In this case, NO-dependent cell death was
found to take place in microglia derived from wild-type
mice, but not in TLR2−/− or MyD88−/− animals, suggesting
that bacterial infection could cause oxidative stress in
murine microglia (Lehnardt et al. 2006). In the case of N.
meningitidis, it has been reported that the major proin-
flammatory molecule LPS, both cell-wall-bound and
secreted forms, can induce signaling through TLR4 and
TLR2 (Mogensen et al. 2006a). Interestingly, however, it
was also demonstrated that the outer membrane of N.
meningitidis that is devoid of LPS was still able to induce
the production of immune mediators, suggesting the
involvement of an unknown PRR in the recognition of this
bacterium (Humphries et al. 2005). It was shown earlier
that different strains of N. meningitidis are recognized either
by TLR2 or TLR4 (Mogensen 2006b) and that the
signaling could involve multiple TLRs both in MyD88-
dependent and MyD88-independent pathways (Humphries
et al. 2005; Mogensen et al. 2006a, 2006b). The PRR that
recognizes H. influenzae has not yet been identified in brain
cells. In human monocytes and mouse macrophages TLR2
recognizes this bacterium (Galdiero et al. 2004), whereas
TLR4 and MyD88 are critical in the lung (Wieland et al.
2005), and TLR2 and TLR4 are important in human
peripheral blood mononuclear cells (Mogensen et al. 2006a).

Plasmodium falciparum is the cause of cerebral malaria
(CM), which is responsible for an estimated 1–2 million

304 J Neuroimmune Pharmacol (2007) 2:297–312



deaths per year worldwide. Plasmodium berghei ANKA
(PbA), a strain used in murine models of CM, was shown to
elicit less severe disease in mice lacking MyD88 than wild-
type and TRIF−/− mice (Coban et al. 2007). Further studies
with mice demonstrated that TLR2 and TLR9 were
involved in CM pathogenesis. Thus, both TLR2 and
TLR9 recognize P. berghei ANKA and immune responses
to counter infection are signaled through these receptors.

Mycobacterium tuberculosis is an important cause of
meningitis and brain parenchymal infection, especially in
developing countries and in immunocompromised patients.
Microglia are the principal brain cells infected by this
bacterium and, therefore, play an important role in the
neuropathogenesis of CNS disease. When human microglia
are infected with M. tuberculosis strain H37Rv, they
respond by inducing a robust expression of cytokines and
chemokines (Rock et al. 2005). It has been shown in a
variety of mammalian cell types that TLR2 recognizes
mycobacteria through their glycopeptidolipid structures
(Quesniaux et al. 2004; Sweet and Schorey 2006). There-
fore, it is likely that microglia respond to mycobacteria
through TLR2 to induce proinflammatory immune mediators.

It has been well established that the movement of
leukocytes into the CNS is a tightly regulated mechanism
(Springer 1994). Recent evidence suggests that memory
lymphocytes survey immune-privileged sites such as the
brain to detect the presence of pathogens (reviewed by
Engelhardt 2006). Valuable information on leukocyte entry
into the CNS has been obtained from numerous studies on
EAE (Engelhardt 2006) and the involvement of adhesion
molecules in the homing of lymphocytes in the CNS was
studied with several disease models such as Semliki Forest
virus (Smith et al. 2000), Borna disease virus (Rubin et al.
1998), and meningoencephalitis induced by Trypanosoma
cruzi (Roffe et al. 2003). The common theme emerging
from these studies is that under inflammatory conditions
circulating lymphocyes and monocytes readily gain access
to the CNS and home to the sites of infection. A number of
studies have shown that both B and T cells (cytotoxic,
regulatory, and conventional CD4+ helper) as well as
monocytes express TLRs (reviewed by Sutmuller et al.
2006 and Medvedev et al. 2006). It is not known how
signaling from TLRs in lymphocytes modulate immune
pathways in the CNS.

Regulation of TLR signaling: balancing neuronal
damage and regeneration

Modulation of TLR signaling is a potential therapeutic
approach to block the production of proinflammatory
molecules that cause several devastating CNS diseases.
On the other hand, enhanced production of immune

mediators, through activation of TLR signaling, may be
beneficial in the context of brain defense against microbial
infections as well as for vaccine development. To achieve
both of these objectives, understanding the contribution of
TLRs, their adaptors, and other accessory proteins is
critical. A number of biotechnology companies are current-
ly developing synthetic compounds to modulate TLR
signaling. A number of these compounds, which function
either as agonists or antagonists of TLRs, are currently
undergoing different phases of clinical trials (Schmidt
2006; Travis 2007).

As we have discussed, microglial cells are the “pivotal”
players in the innate regulation of inflammatory responses
in the CNS, and TLRs appear to govern the generation of
many, if not most, of the inflammatory mediators produced
by activated microglia. However, microglia function as a
“double-edged sword”. When activated, they rapidly mi-
grate to sites of brain damage and clear debris to maintain
the integrity of the CNS. These cells also produce neuro-
protective growth factors and neurotrophins that may
contribute to brain repair. But, when proinflammatory
immune mediator production is uncontrolled, microglia
may cause severe neuronal damage (Streit 2002; Streit et al.
2005). Thus, control of microglial cell activation is a key
regulatory event in generating protective immune
responses. TLR signaling could, therefore, be a valuable
“control switch” by which microglial cell functions could
be modulated.

Recent reports suggest the involvement of various
cellular proteins in the activation and suppression of TLR
signaling by different feedback mechanisms that may vary
depending upon the nature of the stimulus. For instance,
while TLR signaling can be activated by endogenous
ligands such as hsp60, it is also inhibited by cellular
proteins such as the single immunoglobulin IL-1R-related
molecule (SIGIRR) (Ohashi et al. 2000; Wald et al. 2003).
Similarly, the radioprotective protein 105 (RP105), a TLR4
homolog recently identified in B cells, interacts with MD-1
and suppresses TLR4/MD-2 signaling by preventing the
binding of microbial ligands to the TLR4/MD-2 complex
(Divanovic et al. 2005a, b). Mice lacking either RP105 or
MD-1 are hyporesponsive to LPS (Ogata et al. 2000; Nagai
et al. 2002). Like TLR4, RP105 is present in a wide range
of antigen-presenting cells and functions as a negative
regulator of TLR4. This protein lacks the signaling domain
and resembles the structure of a TLR inhibitor (Divanovic
et al. 2005a). In vivo, RP105 has been shown to affect LPS
responses in macrophages and dendritic cells.

Alternative splicing of mRNA to generate different
protein isoforms with distinct functions is a mechanism
for regulating signal transduction pathways. It has been
well established that protein isoforms produced in this
manner often possess both agonistic and antagonistic
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functions. In the past 3–4 years, isoforms for several
proteins involved in TLR pathways have been identified.
For example, the interleukin-1 (IL-1) receptor-associated
kinase family member IRAK2 is alternatively spliced into
four isoforms, of which two are inhibitory proteins,
whereas the others have been shown to potentiate LPS-
induced NF-κB activation (Hardy and O’Neill 2004). In
studies with IRAK1−/− mice, it was demonstrated recently
that IRAK-1 plays an important role in the host response to
staphylococcal sepsis (Verdrengh et al. 2004). The IRAK1
splice variant IRAK1c, which lacks exon 11 of the IRAK
gene, is predominantly expressed in the brain (Rao et al.
2005). Although IRAK1c interacts strongly with TLR
signaling proteins MyD88, Tollip, IRAK2, and TRAF6, it
does not activate downstream events as it does not possess
kinase activity. The lack of NF-κB activation caused by
overexpression of IRAK1c was shown to cause the
blockade of IL-1β-, LPS- and CpG-induced production of
TNF-α in multiple cell types. Thus, IRAK1c was thought to
function as a dominant negative protein and regulates TLR-
induced inflammation (Rao et al. 2005). This protein
isoform was found to be predominantly expressed in human
brain tissues isolated from two donors of 32 and 42 years of
age and these tissues did not express full-length IRAK1. In
contrast, both isoforms were present in equal amounts in
brain tissues collected from two donors 62 and 71 years of
age, and IRAK1 was most prominent in brain tissue from
another 72-year-old donor (Su J et al. 2007). Based on these
observations, it has been proposed that IRAKc may keep
the brain in a resting noninflammatory state and that
differential splicing of IRAK1 may correlate with age.
These finding have obvious implications in diseases
associated with aging such as Alzheimer’s and Parkinson’s
diseases.

In addition to producing proinflammatory cytokines and
chemokines in response to infections, activated microglial
cells also generate various free radicals, such as reactive
oxygen species (ROS) and reactive nitrogen species (RNS),
and these free radicals can be neurotoxic (Halliwell 2006;
Block et al. 2007). Emerging evidence suggests a link
between TLR signaling and oxidative stress, as demon-
strated recently in mammalian cells where the activation of
NF-κB through TLR signaling was shown to induce the
synthesis of ROS and RNS (Frantz et al. 2001; Ryan et al.
2004; Shishido et al. 2006; Nakahira et al. 2006). Recent
studies also demonstrated that the activation of TLR2,
TLR4, and TLR9 with multiple ligands resulted in the
production of NO by microglial cells (Dalpke et al. 2002;
Ebert et al. 2005), iNOS gene expression, and NO synthesis
in monocytes (He et al. 2006). Furthermore, LPS-induced
TLR4 signaling led to ROS-stimulated release of thiore-
doxin and MAP kinase activation, similar to H2O2 pathway,
in dendritic cells and splenocytes (Matsuzawa et al. 2005).

In mouse macrophages, the potent antioxidant molecule
heme oxygenase (HO)-1, induced by heme-containing
moieties during oxidative stress generates the production
of the antioxidant carbon monoxide (CO) (Nakahira et al.
2006). CO has been shown to inhibit TLR2, 4, 5, and 9
pathways. In HO-1−/− macrophages, increased production
of free radicals as well as TNF-α were detected, and
systemic inflammation was enhanced (Nakahira et al.
2006). It remains to be seen whether a similar mechanism
of TLR inhibition by CO operates in microglial cells during
oxidative stress induced by neurotropic pathogens.

In addition to modulating the production of deleterious
proinflammatory immune mediators, the balance toward
neuroprotection, neuronal damage and repair, can hypo-
thetically be favored by preventing cell death (apoptosis).
Accumulating evidence suggests that TLR signaling may
lead to apoptosis. For example, activation of TLR4 by LPS
can induce apoptosis of epithelial and endothelial cells
(Bannerman and Goldblum 2003; Neff et al. 2006), and
TLR ligands such as LPS, Pam, and poly(I:C) can induce
apoptosis in macrophages, fibroblasts, and dendritic cells
(Hsu et al. 2004; De Trez et al. 2005; Fischer et al. 2005).
In a human monocytic cell line, bacterial lipoproteins that
activate TLR2 were found to trigger apoptosis (Aliprantis
et al. 1999), and Jung et al. (2005) showed that stimulation
of murine microglial cells with LPS induced cell death in
vitro, indicating that TLR4 was involved in causing
apoptosis. Interestingly, the TLR2 ligands PGN, PTA, and
Pam3Cys-Ser-Lys4 were unable to induce apoptosis in these
cells (Jung et al. 2005). In contrast to findings with
synthetic ligands, we found that murine microglial cells
undergo apoptosis after infection with HSV and that this
programmed cell death is dependent upon TLR2 activation.
Other investigators have shown that in the cortex and
hippocampus of LPS-treated rats, induction of apoptosis
correlated with ROS production, indicating a potential link
between TLR signaling, oxidative stress, and apoptosis
(Aliprantis et al. 2001; Nolan et al. 2003). Induction of
apoptosis by LPS might also depend on NO production as
shown for vascular smooth muscle cells (Smith et al. 1998).
Thus, it appears that during LPS-induced apoptosis, ROS
and/or RNS play critical roles downstream of TLR4 signaling.

Caveats and conclusions

The past decade has witnessed a surge in research activity
in the field of innate immunity. This increased interest has
resulted in the identification of key molecules, receptors,
and signaling pathways that initiate immune responses and
eventually lead to the establishment of adaptive immunity.
Studies investigating TLRs and their signaling mechanisms
have also provided new insights into their involvement in
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defense against and damage caused by CNS infections.
Despite this phenomenal progress, a number of challenges
lie ahead in fully understanding the interaction of a given
microbial ligand with its cognate TLR. For example,
current evidence regarding the binding or interaction of
any ligand with TLRs is largely circumstantial. Further
studies, both biochemical as well as structural, are needed
to demonstrate the nature of these interactions and to
elucidate how a given TLR can recognize several different
ligands, either alone or as heterodimers in association with
other TLRs and coreceptors.

Many studies demonstrating the role of TLRs in CNS
pathogenesis have relied on in vitro techniques that
necessitate isolation of highly purified brain cell cultures.
Such studies can generate misleading information related
to the artificial nature of in vitro studies, or the lack of
purity of the brain cell types under investigation or by
contamination by microbial products such as LPS. Sem-
inal studies using TLR knockout animals have resulted in
mapping intracellular signaling pathways. However, be-
cause of the potential redundancy in TLR activation,
double knockout animals would be valuable in identifying
key molecules and mechanisms. A recent report on HSV
infection of dendritic cells has demonstrated sequential
activation of TLR2 and TLR9 in response to the virus
(Sato et al. 2006). Future studies using animals with
multiple TLR knockouts will be useful in determining the
mechanisms responsible for regulating TLR-driven innate
neuroimmune responses.

Therapies designed to alleviate the damaging effects of
TLR-induced production of inflammatory mediators (cyto-
kines, chemokines, and free radicals) in the CNS will be
aimed at modulation of TLR signaling. Although a large
number of antibodies and synthetic molecules that interact
with TLRs are commercially available, specific molecules
that anatagonize or inhibit TLR signaling are still not
available. Most of these antibodies, including those
marketed as TLR2 antagonists, function as agonists of
TLR signaling as well. Therefore, one of the key challenges
that lie ahead is the development of specific inhibitors of
TLRs and the identification of intracellular signaling path-
ways that are affected by these inhibitors.
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