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Abstract
In a mouse model of neurocysticercosis, the expression and distribution of Toll like receptors (TLRs)
was investigated by using both gene array analyses and in situ immunofluoresence microscopy (IF).
In the normal uninfected brain, mRNA of all the TLRs are constitutively expressed albeit TLR5,
TLR7, TLR8 and TLR9 to a lesser extent. In these animals, however, expression of TLR1, TLR3,
TLR4 and TLR9 proteins was not detected. In contrast, parasite infection increased both gene and
protein level expression of all the TLRs several fold except TLR5 where only the mRNA was
upregulated. Importantly, TLRs were differentially distributed among various central nervous system
(CNS) cell types and infiltrating leukocytes. TLR2 was almost exclusively localized to nervous tissue
cells, particularly astrocytes, while TLR1 and TLR9 proteins were essentially limited to infiltrating
leukocytes. All other TLRs tested were detected in both CNS and immune cell types. Interestingly,
ependymal cells and neurofilaments of the cerebellar white matter of infected mice exhibited a
substantial upregulation of TLR7 and TLR8 protein respectively. These data provide a
comprehensive analysis of TLR expression in the normal and parasite infected brain and suggest a
role for TLRs in the interplay of immune cells and CNS cells during infection.
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INTRODUCTION
The CNS is regarded as an immunologically unique organ due to the absence of a classically
defined lymphatic drainage system and the presence of the blood brain barrier (BBB) that
restricts the flow of both cells and serum molecules into the CNS. During infection, however,
cells of the CNS have the ability to produce inflammatory mediators such as chemokines,
adhesion molecules and cytokines (Chavarria and Alcocer-Varela, 2004). These responses can
lead to significant infiltration of various leukocytes eventuating in pathogen specific adaptive
immune responses in the CNS (Ransohoff et al., 2003). The direct recognition of microbial
molecules by nervous tissue cells and the subsequent innate immune response appear to be key
elements in protecting the CNS. However, little is known about this process in a helminth
parasitic infection of the CNS.
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Recent studies have demonstrated the critical role played by the TLR family of proteins in host
innate immunity (Hoebe et al., 2004). They are highly conserved proteins that specifically
recognize distinct mutation resistant pathogen associated molecular patterns (PAMPs) (Takeda
et al., 2003). Thirteen mammalian TLR paralogues have now been identified (10 in humans
and 12 in mice) (Beutler, 2004). The TLR family receptors are type-I transmembrane proteins
with extracellular leucine rich repeat domains and a cytoplasmic domain having significant
homology to IL-1 receptor type-I called Toll/IL-1 receptor (TIR) domain (Bowie et al.,
2004; Gay and Keith, 1991). Once engaged, signaling through TLRs starts from the TIR domain
(Medzhitov, 2001) and involves one of the four known adaptor proteins: MyD88 (myeloid
differentiation factor 88), MAL/TIRAP (MyD88-adaptor-like/TIR-associated proteins), TRIF
(Toll-receptor-associated activator of interferons) and TRAM (Toll-receptor-associated
molecule). The cascade of events that follows culminates in the production of
immunoregulatory chemokines, cytokines, adhesion and co-stimulatory molecules (Dabbagh
and Lewis, 2003; Takeda et al., 2003).

It has recently been shown that several nervous tissue cells upregulate particular TLRs as a
result of infection, trauma, or autoimmune disease (Bsibsi et al., 2002; Glezer and Rivest,
2004; Sterka et al., 2006). Although, the exact functional significance of TLRs in the context
of CNS diseases is largely unknown, a recent study using TLR2 −/− mice in an S. aureus -
induced experimental brain abscess model indicated a reduction of proinflammatory mediators,
but the rate of mortality and abscess severity were found to be comparable (Kielian et al.,
2005b). In contrast in experimental pneumococcal meningitis, mice deficient in TLR2 were
highly susceptible to Streptococcus pneumoniae meningitis because of reduced bacterial
clearance, but host inflammatory mediators appeared largely unaffected (Echchannaoui et al.,
2002; Koedel et al., 2003). In mice lacking MyD88, the adaptor protein involved in downstream
signaling of most of the TLRs (Takeda et al., 2003), a reduced turnover of immune mediators
and inflammation was detected in the CNS (Koedel et al., 2004), perhaps supporting
involvement of additional TLRs. Thus, a systematic study of infection induced expression of
a number of TLRs is warranted, particularly in the control of a parasitic infection that has been
understudied.

In an experimental murine model for NCC (Cardona et al., 2003), gene specific arrays were
used to detect TLRs 1–9 at the RNA level for both infected and mock infected mice. In situ IF
microscopy was performed to define the differential expression of TLRs on particular cell types
in infected and uninfected brains using antibodies specific for each of the TLRs in combination
with antibodies for distinct cell surface markers to either CNS cells or immune cells. Our
findings define the TLR expression profile of cell types in normal and parasitic infected brain
and implicate TLR-mediated immune surveillance as an important component of immune
defense in the CNS.

MATERIALS AND METHODS
Mice

Female Balb/c mice were used in this study. Mice were purchased from the National Cancer
Institute animal program (Bethesda, MD). Experiments were conducted under the guidelines
of the IACUC, UTHSCSA, University of Texas System, the US Department of Agriculture,
and the National Institutes of Health.

Antibodies
Anti-mouse TLRs 2, 3, 4, 6 and 9 antibodies were purchased from Imgenex (San Diego, CA).
Antibodies against human TLRs 1, 7 and 8 along with the corresponding synthetic peptides
used as antigens were purchased from Zymed (San Francisco, CA). These antibodies were
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developed against KLH-conjugated synthetic peptides of respective TLRs from human origin.
Due to sequence homology it was expected to react with corresponding mouse counterparts.
This was found to be correct and specificity was confirmed by the ability of the relevant
synthetic peptides to block antibody binding. Anti-mouse CD11b (myeloid cells) either
biotinylated or PE conjugated, biotinylated anti-mouse CD11c (dendritic cells), PE conjugated
anti-mouse CD19 (B-Cells), and PE conjugated anti-TCR of αβ and γδ T cells were purchased
from Pharmingen (San Diego, CA). Biotinylated anti-mouse Neun (neuronal nuclear protein)
was purchased from US biological (Swampscott, MA). Anti-mouse neurofilament (Santa Cruz
Biotech, CA) and anti-mouse GFAP (Pharmingen) was later conjugated to Alexa Fluor 488
(Molecular Probes) according to manufacturers’ instructions. For indirect immunofluoresence,
the primary antibody binding of rabbit anti-TLRs 1, 2, 5, 6, 7, 8 and 9, and rat anti mouse TLRs
3 and 4 were detected with the corresponding Cy2 conjugated (green) or Cy3 conjugated (red)
goat anti-rabbit and goat anti-rat secondary antibodies respectively (Jackson laboratory).
Biotinylated primary antibodies were detected using Alexa Fluor 488 labeled streptavidin
(Molecular Probes).

Murine model of neurocysticercosis
A well characterized mouse model of neurocysticercosis was used in this study (Cardona et
al., 1999; Cardona and Teale, 2002). Mice were infected with the larval stage of Mesocestoides
corti parasites. Briefly, parasites were maintained by serial intraperitoneal (i.p.) inoculations
of 6–8 wk old female BALB/c mice. Murine neurocysticercosis was induced by intracranial
injection of 40 μl of HBSS containing about 40 parasites into 3–5 week old mice under short
term anesthesia.

RNA isolation and gene array analysis
To determine the CNS gene expression of TLRs in murine neurocysticercosis, brains were
removed from infected mice at 1, 2, 4, 6 and 10wk post infection (p.i.) in addition to vehicle
control animals (n=2 in each group). Animals were perfused prior to sacrifice to avoid RNA
contamination from blood cells. Briefly, mice were anaesthetized with 100 μl of mouse cocktail
containing 100 mg/ml of ketamine and 20 mg/ml of rompum (Laboratory animal resource,
UTHSCSA, TX) and perfused with 10 ml of PBS, pH 7.4 through the left ventricle. The brain
was immediately removed after perfusion and total RNA was extracted using Trizol reagent
(Invitrogen) according to manufacturers’ instructions. Levels of TLR specific RNA in these
samples were measured by using the GEarray Q series NFkB pathway-specific gene expression
array from SuperArray according to the manufacturers’ instructions. Four micrograms of total
RNA from each sample was reverse transcribed into cDNA in the presence of α- 33P-dCTP
using the templates and reverse transcriptase supplied in the kits. The resulting cDNA probes
were hybridized to TLR gene specific cDNA fragments that were spotted as a tetra spot on the
GEArray membranes. Each of the blots had several spots either blank or with cDNA fragments
of PUC18 plasmid to judge the specificity of the hybridization. The radioactive signals
corresponding to the bound probes were measured using the Typhoon™ 9400 phosphor
imaging system (Molecular Dynamics, Sunnyvale, CA). The numerical value corresponding
to the TLR gene band intensities was recorded and corrected for the background level of each
blot using Image Quant software (Molecular Dynamics, Sunnyvale, CA). The raw data values
were further analyzed using the GEArray software. The averaged intensity of each TLR gene
in arbitrary units was normalized to the averaged values recorded for two house keeping genes,
cyclophilin A and rpl13a which were present as internal controls in each blot. The normalized
value represents mRNA expression for each TLR gene.
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Immunofluorescence
To detect tissue expression and distribution of TLRs in the CNS of parasite infected mice,
brains were analyzed from mice after various times post infection (3d, 1wk, 11d, 2wk, 3wk,
4wk, 5wk, 7wk and 10wk) in addition to brains from mock infected control animals. The brain
was immediately removed after perfusion (as described before), embedded in optimal cutting
temperature (OCT) medium, and snap frozen as described before (Cardona et al., 2003). Serial
horizontal cryosections of 10 μm in thickness were placed on silane prep slides (Sigma
Biosciences, St. Louis, Mo). One in every four slides was fixed in formalin for 12 min at room
temperature and stained with hematoxylin and eosin. The remainder of the slides was air dried
overnight and fixed in fresh acetone for 20 s at room temperature. Acetone-fixed sections were
wrapped in aluminum foil and stored at −80°C or processed immediately for
immunofluorescence.

Immunofluorescence analysis was performed to determine the presence of individual TLRs in
brain sections. All the steps were carried out at room temperature. Sections were incubated
with TLR specific primary antibodies in PBS buffer with 3% host serum to prevent non-specific
binding. After 1 hr, sections were washed seven times at 3 min each and incubated with
appropriate secondary antibodies for 30 min. Sections were then washed seven times 3 min
each in 50 mM Tris-HCl, pH 7.6 with 0.1% Tween-20. For two or three color staining the
above mentioned procedures were sequentially repeated for each additional staining. The
sections were mounted using Fluro save reagent (Calbiochem, La Jolla, CA) containing 0.3
μM 4′, 6′-diamidino-2-phenylidole (DAPI)-diacetate (Molecular Probes). Additional control
staining was performed to rule out any nonspecific staining. In each case, sections were blocked
with saturating concentrations of appropriate isotype control antibodies and/or host serum
antibodies to eliminate false positives due to FcR mediated nonspecific binding. In addition,
staining in absence of the primary antibodies was performed as negative controls.

In this study anti-CD11b staining was used to identify both microglia of the nervous tissue and
infiltrating leukocytes. A potential problem is anti-CD11b stains a number of cell types that
include leukocytes such as macrophages, neutrophils, plasmacytoid dendritic cells (pDCs) and
microglia. In our previous studies involving murine NCC (Alvarez and Teale, 2006; Cardona
et al., 1999) we used a number of cell surface markers e.g. CD11b, F4/80, anti-mouse
monocytes/macrophages (MOMA-2), IsoB4, neutrophil elastase, Gr-1, DEC205, and CD11c.
Using these markers together with morphology and cellular distribution, CD11b+ cells are
typically observed in relatively large numbers as clusters of cells in meninges, ventricles, and
parenchyma proximal to parasites and are presumed to be infiltrating macrophages. However,
as activated CD11b+ microglia can change to an amoeboid shape and migrate, we refer to these
cells as infiltrating CD11b+ myeloid cells. In contrast, CD11b+ cells which exhibit
characteristic ramified microglia-like morphology and are evenly distributed in the
parenchyma are presumed to be microglia.

RESULTS
mRNA Expression of TLRs in normal and infected brain tissue

The expression and distribution of TLRs following in vivo helminth infection has not been
reported. As a first step we performed GEArray analysis to observe the expression profiles of
genes for TLR 1–9 in both uninfected and parasite infected brain. In all the blots the absence
of false positive signals on the blank and PUC18 plasmid DNA coated spots confirmed the
specificity of the signal. In normal and mock infected brain constitutive mRNA expression
could be detected for all of the TLRs (Fig. 1A) with a relatively higher level of gene expression
of TLRs 2, 3 and 4 and a lower level of expression for TLRs 1, 5, 7, 8 and 9. Upon infection,
expression of TLR genes 1–9 was upregulated substantially (Fig. 1B). The extent of increased
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gene expression was greatest at 1–2wk p.i. than at later stages (4wk, 6wk and 10wk). These
data were reproducible in two independent sets of experiments (n=2 at each time point). These
results indicate the presence of mRNA for all of the TLRs tested in normal mouse brain and a
substantial increase as a result of CNS infection. Furthermore, TLR mRNA expression detected
by membrane microarrays was validated by Real Time PCR analysis for TLRs 1, 2, 6 and 7 in
infected (and uninfected) mice using SYBR green as detection dye. In NCC mice at 1wk and
2wk p.i., these TLR genes were upregulated by 4 to 8 fold (data not shown). This further
confirms the increase in mRNA expression of multiple TLRs during NCC.

Expression and distribution of TLRs 1–9 proteins among nervous tissue and infiltrating
immune cell types

The distribution of individual TLR proteins was examined by in situ IF microscopy in brain
tissues from mock infected control mice and NCC mice. Brains were analyzed at 3d, 1wk, 11d,
2wk, 3wk, 4wk, 5wk, 7wk and 10wk p.i. At least two mice were analyzed per time point with
reproducible results.

On the basis of similarity in amino acid composition and microbial ligand binding pattern,
TLRs can be divided into five subfamilies viz. TLR2 subfamily- TLR1, 2, and 6; TLR9
subfamily- TLR7, 8, and 9; and TLR3, TLR4 and TLR5 subfamilies each consisting of a single
member (Takeda et al., 2003). Representative fluorescent images are shown for each TLR
together with selected cell type specific markers (Fig. 2–5). However, a complete summary of
the distribution profile of individual TLRs on distinct cell types is provided in Table 1.

TLR2 family—TLR1 was not detected in normal mouse brain at the protein level by IF
staining (Fig. 2A1). A few TLR1 positive infiltrating cells were observed at 3d p.i. in meninges,
but a striking increase in the number of TLR1 positive infiltrating cells was found at 1wk p.i.
in meninges (Fig. 2A2) and ventricles. As the length of time p.i. increased, there was a
progressive decline in the number of TLR1 positive leukocytes and their location. By 4wk p.i.,
TLR1 positive infiltrating cells were more evident in parenchyma than in ventricles and
meninges. Double immunofluorescence was performed with anti-TLR1 and antibodies to cell
surface markers specific for macrophages/microglia cells (CD11b), dendritic cells (CD11c),
B-cells (CD19), γδ T (TCR δ chain) and αβ T cells (TCR β chain). Colocalization of TLR1
was found only with CD11b and γδ T cells (Fig. 2A3, 4, yellow color in merged image). Except
for a few microglia that were positive for TLR1 in the cerebellum of normal mouse brain and
a few neurons in cortical regions of 7wk and 10wk p.i. mice brain, TLR1 staining was almost
exclusively detected in infiltrating cells (Table 1).

TLR2 staining was evident in brain tissue cells of both uninfected and infected mice (Fig.
2B1-4). Brain tissue cells were defined by their characteristic morphology together with cell
markers: microglia (CD11b), astrocytes (GFAP), and neurons (NeuN). TLR2 expression was
detected at a low, apparently basal level in microglia, neurons, ependymal cells and astrocytes
in normal and mock infected control brains (Fig 2B1). In these uninfected animals, TLR2
expressing astrocytes were detected mostly in the periventricular and leptomeningeal (LM)
areas. TLR2 positive microglia and neurons were detected mostly in the parenchyma. After 3
days p.i., an increased expression of TLR2 was evident in astrocytes and on their processes
present in periventricular and LM areas of the brain. This upregulation was more dramatic after
1wk p.i (Fig. 2B2). Although an increase in TLR2 expression was found in microglia (Fig.
2B4, yellow/orange color in merged image), neurons, and ependymal cells, the most striking
increase in expression was observed with astrocytes and their processes (Fig. 2B3). TLR2
positive astrocytes could be detected in every area of the brain examined and multiple sections
of brains were analyzed. In the later phase of infection, these induced effects were even more
pronounced and appeared to reach a maximal expression level at 4wk p.i. as measured by both
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intensity of staining and number of positive cells. After 4wk p.i., TLR2+ cells staining
progressively decreased. Very few infiltrating cells exhibited expression of TLR2 irrespective
of the length of time post infection (Table 1).

TLR6 staining was detected on few nervous tissue cells in normal or mock infected mouse
brain (Fig. 2C1). In NCC mouse brain TLR6 was expressed in both nervous tissue and
infiltrating immune cells (Fig. 2C2-4, Table 1). TLR6 expression in the nervous tissue was
similar to TLR2 expression with respect to both cell types and their location (Fig. 2C2),
although the number of positive cells appeared fewer than TLR2 positive cells. TLR6 staining
was most striking in astrocytes (Fig. 2C3). Staining was also evident on infiltrating CD11b+
myeloid cells (Fig. 2C4) and γδ T cells but not on αβ T cells or B cells (Table 1). The maximal
number of cells expressing TLR6 was observed at 2wk p.i.; this is in contrast to the maximal
staining observed for TLR1 in 1wk and TLR2 in 4wk NCC brain respectively.

TLR3—The basal brain level of TLR3 mRNA was relatively high in uninfected control
animals but TLR3 protein was not detected (Fig. 3A1). Upon infection TLR3 appeared to be
upregulated predominantly on astrocytes (Fig. 3A2) which was confirmed by colocalization
with GFAP (Fig. 3A3, yellow/orange color). Other CNS cell types were negative (Table 1).
Among infiltrating cells, both CD11b+ myeloid cells (Fig. 3A4; Table 1), and γδ T cells were
found to express TLR3 (Table 1). Interestingly the kinetics of expression of TLR3 was different
in astrocytes and infiltrating γδ T and CD11b positive cells. The number of astrocytes
expressing TLR3 was first detected by 1wk p.i., peaked by 4wk p.i. and remained high
throughout 7wks of infection. TLR3 expressing γδ T and infiltrating CD11b+ myeloid cells
were not detected until 2 wks p.i. even though both γδ T cells and CD11b positive leukocytes
infiltrate the CNS as early as 1–3 days p.i. as previously reported (13).

TLR4—TLR4 expression at the protein level was not detected in brain from normal or mock
infected control mice (Fig. 3B1). Upon infection, TLR4 was evident on microglia and neurons
(Fig. 3B2, B3; Table 1). The number of TLR4 positive neurons gradually increased during
infection and at the later stages of infection (4–10 wks) appeared highly activated as indicated
by the enlarged cell bodies (Fig. 3B3). The presence of TLR4 was undetectable in astrocytes
and oligodendrocytes. In terms of infiltrating leukocytes, TLR4 expression appeared to be
restricted to CD11b+ myeloid cells (Fig. 3B4; Table 1), and γδ T cells (Table 1).

TLR5—TLR5 recognizes flagellin, a bacterial protein component of gram-negative bacteria
(Hayashi et al., 2001). None of our experimental brain samples from either control or NCC
infected brains exhibited expression of TLR5 protein (Table 1). This is conspicuous
considering the gene expression level of TLR5 was comparable to that of TLR1, 6, 7, 8 and 9
in both mock infected control and infected brain (Fig. 1). The TLR5 specific antibody used
here worked well on frozen lung sections from mice infected with Francisella tularensis (data
not shown).

TLR9 family—TLR7, 8 and 9 positive cells were few in number or absent in normal or mock
infected mice (Fig. 4A1, B1, & C1). TLR7 staining was exclusively localized to ependymal
cells lining the ventricles (Fig. 4A1, arrows). TLR8 positive cells in these animals were few
in number and mostly confined to cells in the white matter of periventricular, subcortical and
cerebellar regions of the brain (Fig. 4B1). These TLR8 positive cells looked morphologically
similar to astrocytes or oligodendrocytes. TLR9 protein expression was barely detectable in
these animals (Fig. 4C1).

Next the expression profile of these TLRs during NCC was determined (Fig. 4, Table 1). By
1wk p.i., expression of TLRs 7, 8 and 9 were substantially upregulated. TLR7 expression was
particularly interesting. At 1wk post infection almost all the ependymal cells were abundantly
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positive for TLR7 (Fig. 4A2; arrow). In addition, substantial numbers of cerebellar granular
neurons (Fig. 4A2; stars), and vascular endothelial cells were found to be positive for TLR7
(data not shown). TLR7 staining was also evident in astrocytes (Fig. 4A3) and some microglia
present in the cerebellar and periventricular white matter (Table 1). Among the infiltrating
cells, the presence of TLR7 was observed on a substantial number of CD11b+ myeloid cells
(Fig. 4A4) and γδ T cell positive cells between 1wk to 5wk p.i. (Table 1).

Parasite infection of brain resulted in substantial upregulation of protein expression for both
TLR8 and TLR9 but predominantly in infiltrating cells present in ventricles and meninges (Fig.
4B2 & C2). This was evident from 1wk to 5wk p.i. At later stages of infection (7wk and 10wk
p.i.), however, it was hard to find any infiltrating cells expressing TLR8 and 9 in mouse brain.
The majority of infiltrating cells during the 1wk to 5wk post infection times that stained for
both TLR8 and 9 were CD11b+ myeloid cells and γδ T cells (Fig. 4B4 & C3, C4; Table 1). In
addition few B-cells and αβT cells were found to express TLR8 between 3wk and 5wk p.i.
(Table 1), although the number of such cells was low. Interestingly axons originating from the
granular neurons and projecting through the cerebellar white matter were distinctly positive
for TLR8 in all NCC brain tissue tested after 1wk of infection (Fig. 4B3). Several of these
TLR8 positive neurofilaments appeared to be in close contact with CD11c positive dendritic/
microglia cells (data not shown).

DISCUSSION
Previous studies have shown that pathogens and their derived antigens can induce a robust
immune response that causes persistent inflammatory responses in the CNS. Frequently in
CNS diseases, sustained inflammation is the cause of tissue damage and associated pathology
(Chavarria and Alcocer-Varela, 2004). The neuroinflammatory responses involve infiltrating
peripheral cells of the immune system and nervous tissue cells, all participating in a complex
orchestration of coagulation factors, complement, proteases and among others cytokines
predominantly with a Th1 phenotype (McGeer and McGeer, 2001). Although TLR signaling
results in inflammatory/Th1 responses in the peripheral organs (Aliprantis et al., 1999;
Brightbill et al., 1999; Dabbagh and Lewis, 2003; Pulendran, 2004) their role in the CNS is
largely unknown. One of the major limitations has been a lack of knowledge about their
distribution among CNS cell types. As in several other CNS diseases, murine NCC caused by
the helminth M. corti is typically associated with infiltration of large numbers of immune cells
and a predominant TH1 inflammatory response (Cardona et al., 1999; Cardona and Teale,
2002). The present study used a murine NCC model to determine the cellular distribution of
TLR proteins in brain under normal as well as after infection. This is the first systematic report
characterizing TLR protein expression in situ in different CNS cells from normal and infected
mice as well as leukocytes infiltrating the brain upon parasitic infection. Importantly infection
by M. corti resulted in the upregulation of all of the TLRs tested except TLR5 which is likely
reflective of the complexity of helminth parasites.

Our findings indicate that mRNA for all the TLRs tested was detected in normal uninfected
mouse brain but at relatively low levels. Other studies have reported that astrocytes express
low-level constitutive mRNA expression of TLRs 2, 4, 5 and 9, and activation with specific
TLR ligands resulted in further elevation in their expression (Bowman et al., 2003). A
subsequent study has shown that in addition to TLRs 2, 4, 5, and 6, resting astrocytes also
express moderate levels of TLRs 1 and 6, and none or very low level of TLRs 7 and 8
(Carpentier et al., 2005). Two other previous studies also showed detectable levels of gene
expression of TLRs 1–10 in human brain (Bsibsi et al., 2002), and TLRs 1–9 in isolated murine
microglia (Olson et al., 2004). However, despite the presence of TLR specific mRNA, our
results indicate that not all of these TLRs appear to be expressed as proteins, suggesting that
several of them are post transcriptionally regulated. Interestingly, in uninfected mice the
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periventricular and meningeal areas, CNS tissues that are likely to be exposed early in infection
to pathogens or their derived molecules (Ransohoff et al., 2003) are detected positive for TLR2
(Laflamme and Rivest, 2001; Laflamme et al., 2001) 6, 7 and 8. Among all the TLRs, TLR2
expression in the uninfected brain was most notable in terms of the number of TLR2 positive
nervous tissue cells and the intensity of staining. The data are consistent with the current belief
that TLR2 is the most prominent among the TLRs. TLR2 recognizes a broad spectrum of
microbial components that include molecules from organisms as diverse as bacteria,
mycobacterium, fungi, yeast, protozoan parasites and spirochetes (Michelsen et al., 2001;
Nishiguchi et al., 2001; Takeuchi and Akira, 2002; Zanin-Zhorov et al., 2003). This diversity
of TLR2 ligands may account for its prominent expression during homeostasis so that a rapid
response can be mounted once infection occurs.

In the NCC model, acute infection with M. corti causes substantial upregulation of mRNA for
all of the TLRs tested. However, in contrast to the mock control brain, protein expression of
all of the TLRs except TLR5 was detected. Importantly, they were differentially expressed on
brain tissue cells and infiltrating leukocytes. TLRs 1 and 9 were found almost exclusively on
infiltrating leukocytes, TLR2 on brain tissue cells, and the remainder on both cell types. This
raises several questions regarding individual TLR mediated effector functions, potential cross
talk between nervous tissue cells and infiltrating leukocytes, and the extent to which each of
the TLR mediated signaling events is associated with immune function. Recent studies indicate
that nervous tissue cells through TLR signaling are associated with inflammatory responses
by mediating induction of chemokines, cytokines, and costimulatory molecules (Carpentier et
al., 2005; Esen et al., 2004; Lee et al., 2004; Olson et al., 2004; Olson and Miller, 2004). With
M. corti infection, the astrocyte marker GFAP colocalized with TLR2, 3, 6, and 7. The
expression of TLRs on astrocytic foot processes that terminate at blood vessels might provide
necessary signals for subsequent infiltration of immune cells to the CNS (Abbott, 2002).
Positive staining for several TLRs was also present on CD11b positive parenchymal microglia.
Activation of microglia plays an important role in leukocyte trafficking to this area through
their effects on the blood brain barrier (Nguyen et al., 2002), and TLR signaling may lead to
production of host inflammatory mediators which in turn may play a significant role in this
process (Kielian et al., 2005a). Induction of TLRs in the infected/diseased brain for extended
periods is likely integral to persistent inflammation and its associated pathology (Koedel et al.,
2004; Nguyen et al., 2002; Turrin and Rivest, 2004).

It is interesting that the only TLR protein not induced during this infection is TLR5 for which
the known ligand is flagellum (Takeda et al., 2003). Relative to viruses, bacteria, and
intracellular parasites, only a limited amount of work has been done on the role of TLRs in
response to extracellular pathogens, including helminths. Recent studies have reported two egg
derived components from the parasite Schistosoma mansoni, the glycolipid
lysophosphatidylserine and the carbohydrate determinant acto-N-fucopentaose III activate
TLR2 and TLR4, respectively (Thomas et al., 2003; van der Kleij et al., 2002). Also the egg
stage contains dsRNA that activate TLR3 in myeloid dendritic cells (Aksoy et al., 2005). In
addition, phosphorylcholine containing secretory components of filarial nematode activates
TLR4 (Goodridge et al., 2005) and carbohydrates of Taenia crassiceps carbohydrates has been
postulated to stimulate IL6 expression through TLRs (Dissanayake et al., 2004). M. corti being
a multicellular helminth parasite with a diversity of antigens likely contains unique motifs that
recognize TLR receptors and directly elicits inflammatory responses in the brain. Other studies
from our laboratory currently being prepared for publication indicate that murine NCC is
associated with release of parasitic glycoproteins and glycolipids throughout the active
infection period. Some of these molecules likely act as specific PAMPs for particular TLRs
that have not yet been described. In this light it is interesting to note that TLR1 and TLR6 were
detected in infiltrating CD11b+ myeloid cells, while TLR2 is negligible.
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One aspect of TLR2 ligand recognition in the peripheral immune system normally involves
TLR2 dimerization with TLR1 or 6 (Takeda et al., 2003). The similarity in the expression
pattern of both TLR2 and TLR6 but not TLR1 among nervous tissue cell types suggests the
functional association of TLR2 and TLR6 on the nervous tissue cells analyzed. However, the
presence of TLR1 and 6 on infiltrating cells when TLR2 was undetectable is puzzling. One
possibility is that helminth parasites are notorious for their ability to immunomodulate the
immune response and downregulation of TLR2 may be one such mechanism. Another
possibility is that some of the M. corti secreted antigens induce TLR1 and TLR6 homodimers
or a TLR1 and 6 heterodimer, a hypothesis currently being tested in our laboratory using
parasite specific antigens.

It is also likely that infection induced cytokines indirectly induce the expression of particular
TLR proteins (Matsuguchi et al., 2000). As discussed in the text, upregulation of the majority
of TLRs analyzed in infected mice occurred prior to upregulation in infiltrating leukocytes
(e.g. TLR2, 3, 4, and 6). This is of interest in that the infiltration of leukocytes occurs as early
as 1–3 days post infection. Moreover, our previous studies have shown that IL6 and vascular
endothelial growth factor (VEGF) are expressed in the first several days of infection (Alvarez
and Teale, 2006). Thus, cytokines produced by TLR activated nervous tissue cells may be
involved in upregulation of TLR proteins on infiltrating leukocytes. Presumably, leukocyte
derived cytokines could in turn affect the regulation of TLR function in CNS cells. In the light,
it is interesting that at 7–10wks p.i. the majority of TLR proteins are still upregulated on CNS
cells but not infiltrating cells. Perhaps this reflects a neuroprotective role of TLRs. Regardless;
the in vivo data suggest a complex interplay between nervous tissue cells and infiltrating
leukocytes. In vitro studies are underway to define such interactions.

A critical question is whether TLRs have other functions besides inflammation that may be
important in diseases of the CNS. In this light, constitutive expression and infection-induced
upregulation of particular TLR proteins in distinct nervous tissue cell types is intriguing.
Upregulation of TLR7 proteins in ependymal cells is especially interesting. Ependymal cells
are specialized neural stem cell types in adult CNS (Rietze et al., 2001), having intrinsic ability
to rapidly proliferate and produce both neurons and astrocytes during injury (Johansson et al.,
1999). In addition, TLRs are presumed to participate in innate immune response mediated
neuroprotection (Nguyen et al., 2002). Colocalization of TLR8 proteins with neurofilaments
projecting through the cerebellar white matter in NCC brain is also interesting (Fig 4B3).
Presently, the function of TLR8 is not known in mice (Heil et al., 2004). In humans, TLR8
was previously reported only in intracellular compartments, and it was speculated that its
natural ligands were located in acidic compartments such as phagolysosomes (Ulevitch,
2004). TLR8 in the CNS cerebellar region is likely involved in another level of ligand
recognition as the white matter is devoid of neuronal cytoplasm. This may suggest the presence
of TLR8 on the surface of axons. Interestingly, these TLR8 positive neurofilaments appear in
close association with CD11c positive dendritic/microglia cells. Defining the distinct role of
TLRs in brain cells and their potential interaction with the immune system will be critical for
understanding CNS disease pathology.

The differential expression of particular TLRs on both nervous tissue cells and infiltrating
leukocytes suggests an important but complex role for TLRs in the CNS immune response to
M. corti infection. An enhanced understanding of TLR function in specific CNS cell types and
their mechanism of ligand recognition should provide insight into their role in initiation of
immune reactions in CNS infection and the deleterious sequelae associated with chronic
infections, particularly parasitic infection.
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Figure 1. M. corti infection elevates TLR specific RNA expression levels in brain
Total RNA was isolated from infected and vehicle control mouse brains at 1wk, 2wk, 4wk,
6wk and 10wk p.i. using Trizol. Isolated RNA was reversed transcribed to cDNA in the
presence of 33P-dCTP. Labeled cDNA probes were hybridized to the GEArray Q series
membranes. (A) Representative NFkB pathway GEArray analysis showing expression levels
of TLR1 through TLR9 and housekeeping genes pipa (cyclophilin A) and rpl13a (ribosomal
protein) of RNA from brains of mock control and infected mice (boxed). (B) TLR specific
RNA levels were calculated in arbitrary units and normalized to an average of the housekeeping
genes cyclophilin A and rpl13a ribosomal protein. The normalized values are shown in the y-
axis and represent the mean of two independent experiments.
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Figure 2. Distribution of TLR2 family members in brains of mock infected control and NCC mice
analyzed by IF microscopy
BALB/c mice were infected intracranially with M. corti and sacrificed at various times p.i.
After perfusion brains were removed, frozen in OCT, and cryosectioned. Sections were then
analyzed for expression of TLRs and cell specific markers using fluorochrome conjugated
antibodies. (A1) Mock infected control stained with TLR1 specific antibody (400X; proximity
of internal leptomeninges). (A2) M. corti infection at 1wk showing TLR1 positive staining
(400X; fissura longitudinalis cerebri). (A3) M. corti infection at 1wk showing TLR1 and
CD11b+ myeloid cells, merged image (yellow/orange; 400X; meninges). (A4) M. corti
infection at 1wk showing TLR1 positive, γδ T cells, merged image (yellow/orange; 400X;
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3rd ventricle). (B1) Mock control mice stained with TLR2 specific antibody (arrows; 400X;
cortex cerebri). (B2) M. corti infection at 1wk showing TLR2 positive staining (400X; caudatus
putamen). (B3) M. corti infection at 3wk showing TLR2 positive astrocytes, merged image
(yellow/orange; 400X; caudatus putamen). (B4) M. corti infection at 3wk showing TLR2
positive, microglia, merged image (arrows; 400X; corporis callosi). The insert represents a 3X
magnification of a portion of the frame, depicting TLR2 colocalization with CD11b (arrow).
(C1) Mock infected control stained with TLR6 antibody (arrow; 400X; vicinity of indusium
griseum). (C2) M. corti infection at 1wk showing TLR6 positive staining (400X; proximity of
lateral ventricle). (C3) M. corti infection at 3wk showing TLR6 positive astrocytes, merged
image (yellow/orange; 400X; proximity of lateral ventricle). (C4) M.corti infection at 3wk
showing TLR6 positive, CD11b+ myeloid cells, merged image (yellow/orange; 400X;
meninges).
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Figure 3. Distribution of TLR3 and TLR4 in brains of mock infected control and NCC mice
analyzed by IF microscopy
(A1) Mock infected control stained with TLR3 specific antibody (400X; fissura longitudinalis
cerebri). (A2) M. corti infection at 3wk showing TLR3 positive staining (400X; colliculi
posterior). (A3) M. corti infection at 3wk showing TLR3 positive astrocytes, merged image
(yellow/orange; 400X; colliculi posterior). (A4) M. corti infection at 3wk showing TLR3
positive, CD11b+ myeloid cells, merged image (yellow/orange; 400X; meinges). (B1) Mock
infected control stained with TLR4 specific antibody (400X; cortex cerebri). (B2) M. corti
infection at 10wk showing TLR4 positive staining (400X; cortex cerebri). (B3) M. corti
infection at 3wk showing TLR4 and NeuN (neuronal nuclear protein) positive staining, merged
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image (arrow; 400X; cortex cerebri). The insert represents a 3X magnification of a portion of
the frame. As evident, TLR4 staining in red is in the cytosol surrounding NeuN staining in
green (arrow). (B4) M. corti infection at 3wk showing TLR4 positive, CD11b positive cells,
merged image (yellow/orange; 400X; meninges).
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Figure 4. Distribution of TLR9 family members in brains of mock infected control and NCC mice
analyzed by IF microscopy
(A1) Mock infected control stained with TLR7 specific antibody (arrow; 400X; lateral
ventricle). (A2) M. corti infection at 1wk showing TLR7 positive ependymal cells lining the
fourth ventricle (arrow; 400X; 4th ventricle) and cerebellar granular neurons (star; 400X;
cerebellum). The insert represents a 3X magnification of a portion of the frame confirming that
granular neurons in the cerebellum are positive for TLR7 staining (star). (A3) M. corti infection
at 3wk showing TLR7 positive astrocytes, merged image (yellow/orange; 400X; proximity of
3rd ventricle). (A4) M. corti infection at 3wk showing TLR7 positive, CD11b+ myeloid cells,
merged image (yellow/orange; 400X; 3rd ventricle). (B1) Mock infected control stained with
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TLR8 antibody (arrow; 400X; meninges). (B2) M. corti infection at 3wk showing TLR8
positive infiltrating leukocytes in the ventricles (400X). (B3) M. corti infection at 3wk showing
TLR8 and neurofilament positive staining in cerebellar white matter, merged image (yellow/
orange; 400X; cerebellum). (B4) M. corti infection at 3wk showing TLR8 positive, CD11b
positive cells, merged image (yellow/orange; 400X; meninges). (C1) Mock infected control
stained with TLR9 antibody (400X; meninges). (C2) M. corti infection at 1wk showing TLR9
positive infiltrating cells in the ventricle (400X). (C3) M. corti infection at 3wk showing TLR9
positive, CD11b positive cells in the ventricle, merged image (yellow/orange; 400X). (C4) M.
corti infection at 3wk showing TLR9 positive γδT cells, merged image (yellow/orange; 400X;
cerebellum).
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