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Lyme neuroborreliosis is likely caused by inflammatory effects of the tick-borne spirochete Borrelia burg-
dorferi on the nervous system. Microglia, the resident macrophage cells within the central nervous system
(CNS), are important in initiating an immune response to microbial products. In addition, astrocytes, the
major CNS glial cell type, also can contribute to brain inflammation. TLRs (Toll-like receptors) are used by
glial cells to recognize pathogen-associated molecular patterns (PAMPs), mediate innate responses, and
initiate an acquired immune response. Here we hypothesize that because of their PAMP specificities, TLR1, -2,
-5, and -9 may be involved in the pathogenesis of Lyme neuroborreliosis. Previous reports have shown that the
rhesus monkey is the only animal model to exhibit signs of Lyme neuroborreliosis. Therefore, we used primary
cultures of rhesus astrocytes and microglia to determine the role of TLRs in mediating proinflammatory
responses to B. burgdorferi. The results indicate that microglia and astrocytes respond to B. burgdorferi through
TLR1/2 and TLR5. In addition, we observed that phagocytosis of B. burgdorferi by microglia enhances not only
the expression of TLR1, -2, and -5, but also that of TLR4. Taken together, our data provide proof of the concept
that astrocyte and microglial TLR1, -2, and -5 are involved in the in vivo response of primate glial cells to B.
burgdorferi. The proinflammatory molecules elicited by these TLR-mediated responses could be a significant
factor in the pathogenesis of Lyme neuroborreliosis.

Lyme disease, caused by the spirochete Borrelia burgdorferi,
is the most frequently reported vector-borne disease in the
United States, and it is prevalent worldwide (28). An infection
with B. burgdorferi may result in a broad array of clinical man-
ifestations, including erythema migrans, acute or chronic ar-
thritis, carditis, and neuroborreliosis. The latter form of the
disease may affect both the central nervous system (CNS) and
peripheral nervous system. Clinical manifestations of Lyme
neuroborreliosis include lymphocytic meningitis, cranial neu-
ropathy, polyradiculopathy, encephalomyelitis, and loss of
memory and other cognitive functions (44).

Inflammation is a significant contributing factor to neurode-
generative disease. In response to injury, infection, or disease,
resident CNS cells may generate proinflammatory mediators
(e.g., cytokines and chemokines), express adhesion molecules,
and recruit immune cells from the periphery (42). Microglia
and astrocytes are key players in the immune responses that
occur within the CNS (11, 12, 18). Studies have shown that
microglia and astrocytes express Toll-like receptors (TLRs) (3,
4, 8, 27, 33, 39). These receptors play a major role in innate
immune responses against microbial pathogens, are widely dis-
tributed throughout cells of the immune system, and are able
to recognize a variety of highly conserved structural motifs or
pathogen-associated molecular patterns (PAMPs) (1). So far,
10 TLR types, displaying distinct ligand specificities, have been
identified in humans. TLR4 binds to lipopolysaccharide (26).

TLR2 recognizes various components, including bacterial pep-
tidoglycan, lipopeptide, and lipoprotein and mycoplasma li-
poprotein (25, 47); it requires TLR6 and TLR1 as coreceptors
for the recognition of diacylated and triacylated lipoprotein,
respectively (48, 49). TLR3 recognizes double-stranded RNA
(2), TLR5 binds to bacterial flagellin (22), TLR7 and human
TLR8 recognize imidazoquinoline compounds and single-
stranded RNA from viruses (23), and TLR9 binds to bacterial
and viral CpG DNA motifs (24). In addition, intracellular
signaling pathways downstream from TLRs can activate sev-
eral transcription factors, leading to the expression of a variety
of immune response genes.

After infection with B. burgdorferi, the rhesus monkey de-
velops not only typical manifestations of Lyme disease, but
peripheral nervous system and CNS involvement as well (14,
35, 37). Based on these studies, we used primary cultures of
microglia and astrocytes that had been isolated from the brains
of normal rhesus macaques to determine the involvement of
primate TLRs in mediating the expression of cytokines and
chemokines in response to B. burgdorferi in vitro. Because of
their PAMP specificities, we hypothesized that TLR1, -2, -5,
and -9 might be involved in the innate response to B. burgdor-
feri in the CNS and thus in the pathogenesis of Lyme neu-
roborreliosis.

MATERIALS AND METHODS

Primary cultures of glial cells. Brain tissues used in this study were collected
from adult rhesus macaques (Macaca mulatta) of either Chinese or Indian origin.
These animals were not infected with B. burgdorferi and were culled from the
breeding colony because of chronic diarrhea or injury. The procedure used for
euthanasia was consistent with the recommendations of the American Veteri-
nary Medical Association’s Panel on Euthanasia. Tissue was removed from the
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cortical region of the brain and immediately processed as follows. The meninges
and blood vessels were carefully removed, and the tissue was suspended in 20 ml
of Dulbecco’s modified Eagle’s medium (DMEM)–F-12 with L-glutamine and 15
mM HEPES buffer (Invitrogen), 100 U/ml penicillin, and 100 �g/ml streptomy-
cin (Gibco). The tissue was mechanically dissociated, treated with 0.25% trypsin–
0.38 g/ml EDTA (Invitrogen) and 0.1% DNase (Sigma-Aldrich), and incubated
at 37°C for 40 min. After incubation, the tissue was centrifuged for 10 min at
425 � g. Cells were filtered through a Nitex filter (20 �m) and resuspended in
glial culture medium, which was composed of DMEM–F-12 with L-glutamine
and HEPES buffer, 10% fetal bovine serum (HyClone), 0.5 ng/ml of granulocyte-
macrophage colony-stimulating factor (Sigma-Aldrich), 100 U/ml penicillin, and
100 �g/ml streptomycin. Cells were incubated at 37°C in a humid atmosphere
with 5% CO2. After 14 to 21 days in culture, microglia were isolated by vigor-
ously tapping the flasks. Dislodged microglial cells were resuspended in the same
medium as for mixed glial cultures. To obtain purified astrocytes, glial cells were
incubated for 90 min in 10 mM L-leucine methyl ester (LME) (Sigma-Aldrich).
After addition of LME, cultures were visually inspected to ensure maximal
microglial lysis with minimal toxicity to astrocytes. Thereafter, astrocytes were
washed thoroughly and resuspended in glial culture medium. Purity of astrocytes
and microglial cultures was assessed by staining with a specific microglial marker
(anti-IBA antibody) and was routinely of 99%.

Bacterial culture. B. burgdorferi strain B31 (clone 5A19, possessing all plas-
mids) was cultured in Barbour-Stoenner-Kelly-H (BSK-H) medium (Sigma-Al-
drich) at 34°C. For subsequent experiments, B. burgdorferi cells were washed with
phosphate-buffered saline (PBS) and resuspended in DMEM–F-12 with L-glu-
tamine and HEPES buffer plus 10% fetal bovine serum. Spirochetal viability was
confirmed after 24 h of culture in this medium using the LIVE/DEAD BacLight
bacterial viability kit (Molecular Probes) according to the manufacturer’s in-
structions.

RNA isolation. For quantification of TLR and cytokine mRNA expression,
microglia (1 � 105/ml) and astrocytes (5 � 105/ml) were incubated in glial culture
medium alone or with added, live B. burgdorferi (10:1 spirochete/cell ratio � a
multiplicity of infection [MOI] of 10), sonicated B. burgdorferi cells (quantity
equivalent to an MOI of 10), 0.25 �g/ml recombinant lipidated outer surface
protein A (L-OspA) (GlaxoSmithKline), 1.0 �M unmethylated CpG oligode-
oxynucleotide (ODN) M362 (Invivogen), or 100 ng/ml flagellin (FliC) (isolated
from Salmonella enterica serovar Typhimurium) (Alexis Biochemicals). RNA was
collected after 2 and 8 h of incubation, except for the quantification of TLR4
transcript, where incubations were for 8, 12, and 24 h and only with live spiro-
chetes (MOI of 10). Total RNA was isolated using the RNeasy kit (Qiagen)
following the protocol supplied by the manufacturer.

qRT-PCR. TLR and interleukin-6 (IL-6) transcripts were quantified through
the use of the Sybr green real-time PCR and TaqMan PCR assay. The Sybr green

primers as well as the TaqMan primers and probe selected for this study (Tables
1 and 2) were designed for rhesus macaque sequences using Primer 3 (http:
//frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). The quantitative reverse
transcriptase PCR (qRT-PCR) was performed using either an ABI PRISM 7700
or 7900 thermal cycler system (Applied Biosystems), following the manufactur-
er’s instructions. Cycle threshold (CT) values for specific genes were normalized
to the CT value for the glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
housekeeping gene and expressed as �CT. The specificity of the RT-PCR was
controlled using no-template controls.

Western blot analysis. Microglia (5 � 105/ml) and astrocytes (5 � 105/ml) were
incubated with glial culture medium alone or with added, live B. burgdorferi cells
(MOI of 10), 0.25 �g/ml L-OspA, or 100 ng/ml FliC for 24 h. Cells were lysed in
radioimmunoprecipitation assay buffer with Protease inhibitor cocktail (Pierce
Biotechnology). Protein concentration was determined with the bicinchoninic
acid protein assay (Pierce Biotechnology). Equal amounts of sample (25 �g/lane)
were separated in 12% acrylamide Tris-HCl precast gels (Bio-Rad), transferred
to nitrocellulose Protran membrane (Schleicher and Schuell BioScience), and
blocked in phosphate-buffered saline (PBS) with 0.05% Tween 20 with 3%
bovine serum albumin (BSA) fraction V (Sigma-Aldrich). Membranes were
probed with 2 �g/ml of rabbit polyclonal primary antibody against human TLR1,
TLR2, or TLR5 (Santa Cruz Biotechnology) and 1 �g/ml of rabbit polyclonal
primary antibody to �-actin (ABCAM), followed by incubation with the appro-
priate secondary antibody (Santa Cruz Biotechnology) conjugated with horse-
radish peroxidase. Immunoreactive proteins were visualized by using 3,3�-diami-
nobenzidine as a chromogen.

Flow cytometry. Mixed glial cells (1 � 107 cells) were incubated with live B.
burgdorferi cells (MOI of 10) or 0.25 �g/ml L-OspA for 4 and 24 h. After
stimulation, glial cells were washed with ice-cold staining buffer (PBS with 2%
fetal bovine serum, 2 mM EDTA, and 0.05% sodium azide). The cell suspensions
were filtered with a cell strainer (40-�m pore [BD Falcon]) and then preincu-
bated for 20 min with 0.24 mg/ml of normal mouse immunoglobulin G (IgG)
(Invitrogen) at 4°C, to block nonspecific binding. Cells were then incubated with
fluorescein isothiocyanate (FITC)-conjugated mouse monoclonal (IgG1) anti-
monkey CD45 (Miltenyi Biotec), phycoerythrin-conjugated mouse monoclonal
(IgG2a) anti-human TLR2 (Santa Cruz Biotechnology), and allophycocyanin-
Cy7-conjugated mouse monoclonal (IgG1) anti-human CD11b (BD Bioscience)
for 20 min at 4°C. After washing with staining buffer, the cells were fixed with 1�
BD stabilizing fixative solution (BD Biosciences). A phycoerythrin-conjugated
isotype-matched control (Santa Cruz Biotechnology) was used as a negative
control for TLR2 expression. Samples were analyzed on an LSRII flow cytometer
(Becton Dickinson), and data analyses were performed using FlowJo version 6
(Tree Star).

TABLE 1. Sequences of the primers used for Sybr green qRT-PCRa

Gene target Primer sequence (3�35�) Amplicon
size (bp)

TLR1 CACGATTCTTTCTGGGTGAAGCACCACTCACTCTGGACAA 186
TLR2 GATGCCTACTGGGTGGAGAACCACTTGCCAGGAATGAAGTC 102
TLR5 AGGACGCCATCTGGAACACTGGTACTGGGACAAGGAC 164
TLR9 CTGGGTGTACAATGAGCTTCATCACCAGCACCACGACAT 254
IL-6 AATGAGGACACTTGCCTGGTGCAGGGGTGGTTATTGCATCTAG 186
GAPDH CAGCCTCAAGATCATCAGCAGTCTTCTGGGTGGCAGTGATG 136

a In each case, the annealing temperature was 55°C.

TABLE 2. Sequences of the primers and probes used for TaqMan qRT-PCR

Gene target
Sequence (5�33�) Amplicon

size (bp)Primer Probe

TLR1 CATTCCGCAGTACTCCATTCAGCCCATGTTTGCTCTTTTC CAAGCTCAAAAATCTCATGGCCAGGAa 102
TLR2 TGATGCTGCCATTCTTGTTCGCCACTCCAGGTAGGTCTTG CGCTTCTGCAAGCTGCGGAAGATAATa 107
TLR4 GAGAACTTCCCCATTGGACACTGGAAAGGTCCAAGTGCTC TGTGGCTCACAATCTTATCCAGTCTa 128
TLR5 GCCAGTCCTGTGTTTGGATTCTCAGCAGGAGCCTCTCAGT TGCTCCTTTGATGGCCGAATAGCCTa 119
GAPDH CTGCACCACCAACTGCTTAGGATGGCATGGACTGTGGTC CTGGCCAAGGTCATCCATGACAACTb 91

a Labeled at the 5� end with 6-carboxyfluorescein and terminally quenched at the 3� end with Black Hole Quencher-1.
b Labeled at the 5� end with HEX (6-carboxy-2�,4,4�,5�,7,7�-hexachlorofluorescein) and terminally quenched at the 3� end with Black Hole Quencher-1.
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Immunofluorescence assays. After 4, 12, or 24 h of incubation with TLR
ligands, live or sonicated B. burgdorferi cells, or FluoSpheres yellow-green car-
boxylate-modified microspheres (0.5 �m, 1:10 cell/bead ratio) (Molecular
Probes), microglia (1 � 104/ml) and astrocytes (5 � 104/ml) were fixed with 2%
p-formaldehyde for 10 min and rinsed with PBS. Permeabilization and blocking
were performed with 0.1% Triton X-100–PBS–0.2% fish skin gelatin for 30 min,
followed by additional blocking incubation with 10% goat serum–PBS–0.2% fish
skin gelatin for 1 h. The cells were then incubated with 5 �g/ml of FITC-
conjugated anti-Borrelia species (BacTrace), 1 �g/ml of mouse monoclonal
(IgG2a) anti-human IL-6 (ProSpec), 2 �g/ml of rabbit polyclonal anti-human
TLR1, TLR2, and TLR5 (Santa Cruz Biotechnology), or rabbit polyclonal anti-
TLR4 (ABCAM) as primary antibodies. To identify astrocytes and microglia, a
1/300 dilution of mouse monoclonal (IgG1) anti-human glial fibrillary acidic
protein (anti-GFAP) antibody (Sigma-Aldrich) and 2 �g/ml of chicken poly-
clonal anti-human IBA1 antibody (Aves Labs Inc.), respectively, were used. This
procedure was followed by staining with secondary antibody conjugated to Alexa
488-FITC (green), Alexa 633 (far red), or Alexa 568 (red) (Molecular Probes).
In each case, a negative control experiment was performed to exclude nonspecific
staining. To differentiate among individual cells, we used ToPro3 and BoPro1
nuclear markers (Molecular Probes). Samples were analyzed on a Leica TCS SP2
confocal microscope equipped with three lasers (Leica Microsystem, Exton, PA).
NIH Image (version 1.62) and Adobe Photoshop were used to assign colors to
the four channels collected.

Measurement of cytokine and chemokine concentrations. Microglia (1 � 104/
ml) and astrocytes (5 � 104/ml) were incubated in glial culture medium alone or
with added live B. burgdorferi cells (MOI of 10), sonicated B. burgdorferi cells
(MOI of 10), 0.25 �g/ml L-OspA, 0.25 �g/ml recombinant unlipidated outer
surface protein A (U-OspA) (GlaxoSmithKline), 12.5 ng/ml tripalmitoyl-S-glyc-
eryl-Cys-Ser-Lys4-OH lipohexapeptide (Pam3Cys) (Boehringer Mannheim), 1.0
�M CpG ODN M362, 1.0 �M unmethylated GpC ODN M362 as a negative
control (Invivogen), and 10 ng/ml or 100 ng/ml FliC, for a period of 2, 8, 12, or
24 h, after which cell-free culture supernatants were collected and assayed for the
presence of tumor necrosis factor alpha (TNF-�), IL-6, and IL-8 by sandwich
enzyme-linked immunosorbent assay (ELISA) using capture and detection
monoclonal antibody pairs (BD Bioscience), and CXCL13, CCL3, and CCL4
using sandwich ELISA DuoSet kit (R&D Systems) according to the manufac-
turers’ instructions.

Intracellular cytokine staining. Microglia (1 � 104/ml) were incubated in glial
culture medium alone or with added live B. burgdorferi (MOI of 10) for a period
of 12 h. Brefeldin A (Invitrogen) was added directly to the culture medium at a
concentration of 5.0 �g/ml, and cells were incubated at 37°C for 2.5 h. Following
treatment, cells were used for immunofluorescence analysis.

Determination of endotoxin contamination. All of the TLR ligands were
verified to have endotoxin levels of 	0.03 endotoxin units/ml as determined by
the Limulus amebocyte lysate assay (Associates of Cape Cod).

Statistical analysis. Results are presented as means 
 standard deviations of
the number of determinations specified in each case. Cytokine concentrations
were examined by one-way analysis of variance, using GraphPad PRIM 3.0
(GraphPad Software). For qRT-PCR, the relative expression ratio of each gene
was calculated by Relative Expression Software Tool (REST) (http://www.wzw
.tum.de/gene-quantification/). Differences were considered significant at P 	
0.05.

RESULTS

Transcriptional regulation of TLRs in microglia and astro-
cytes. Transcripts of TLR1, -2, -5, and -9 were constitutively
expressed in both microglia and astrocytes; however, the ex-
pression of TLR9 transcripts was found to be low (mean CT,
31.12 
 0.46) in comparison to the housekeeping gene (mean
CT, 16.4 
 0.89). Previous studies had indicated that in vitro
stimulation with a ligand for TLR2 (27) or with B. burgdorferi
whole-cell extracts (39) leads to upregulation of TLR2 tran-
script (39) or both transcript and protein (27) in human (27)
and murine (39) microglia. Murine astrocytes also have been
shown to respond to specific ligands for TLR1, -2, -4, -5, and -9
by substantially elevating the level of TLR expression (3, 8).
Here we investigated the expression of individual TLRs after 2
and 8 h of stimulation with live and sonicated B. burgdorferi

cells, L-OspA, CpG ODN M362, and FliC. We observed a
significant upregulation of TLR2 expression in microglia stim-
ulated for 8 h with L-OspA and live or sonicated B. burgdorferi
cells (Fig. 1A). In contrast, no significant difference was de-
tected in astrocytes (Fig. 1B). The expression of TLR5 and -9
transcripts in both cell types remained unchanged after stim-
ulation, and the upregulation in TLR1 transcript was restricted
to microglia after stimulation with live and sonicated B. burg-
dorferi cells (Fig. 1A).

In addition, we quantified the IL-6 transcript in astrocytes
and microglia incubated for 2 and 8 h with L-OspA, FliC, and
live and sonicated B. burgdorferi cells. The ability of B. burg-
dorferi to induce IL-6 mRNA expression has been previously
described in primary murine microglia and astrocytes (39, 40).
As shown in Fig. 1A and B, both cell types showed a significant
increase of IL-6 transcript expression in response to all stimuli.

TLR protein expression in microglia and astrocytes. Both
microglia and astrocytes showed constitutive expression of
TLR1, -2, and -5 as assessed by Western blotting. No detect-
able upregulation of any of these proteins was observed, re-

FIG. 1. Relative expression of IL-6 and TLR1, -2 and -5 transcripts
in microglia and astrocytes in response to specific TLR ligands and B.
burgdorferi. Microglia (A) and astrocytes (B) were treated with L-
OspA, live and sonicated B. burgdorferi cells (MOI of 10), and FliC for
8 h. The expression of each TLR transcript was determined using
qRT-PCR, and each transcript was normalized with respect to the
expression of GAPDH. Presented are the mean values obtained from
triplicate specimens 
 standard deviations. Asterisks indicate a signif-
icant difference between unstimulated and stimulated cells: * and **,
P 	 0.05 and P 	 0.005, respectively. Similar results were obtained
with microglial RNA obtained from three additional rhesus monkeys
and astrocyte RNA from four additional animals.
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gardless of whether the cells were stimulated with L-OspA,
flagellin, or live B. burgdorferi cells (Fig. 2A).

In an attempt to better correlate upregulated levels of
mRNA encoding TLR2 with increased receptor protein ex-

pression in microglia, we performed flow cytometric analysis
using preparations of mixed glial cells. Resting microglia are
known to express low levels of CD45 and CD11b, while acti-
vated microglia gradually increase the expression of both

FIG. 2. (A) Western blot analysis of TLR1, TLR2, and TLR5 protein expression in microglia and astrocytes. Microglia (left panels) and
astrocytes (right panels) either were left unstimulated or were stimulated with L-OspA (0.25 �g/ml), FliC (100 ng/ml), or live B. burgdorferi cells
(MOI of 10) for 24 h. (B) Extracellular expression of TLR2 on activated microglia in response to L-OspA and live B. burgdorferi cells. Cells were
stimulated with L-OspA (0.25 �g/ml) and B. burgdorferi (MOI of 10) for 4 and 24 h and evaluated by flow cytometry. The MFI values showed
upregulation of TLR2 expression on cells stimulated with L-OspA at 4 and 24 h. An increase of TLR2 expression was observed at 4 h of stimulation
with B. burgdorferi, followed by a decrease of expression at 24 h. Data are expressed as means 
 standard deviations of three independent
experiments (different animals). (C) Surface and intracellular expression of TLR1, TLR2, and TLR5 in microglia. Multilabel images show surface
expression of TLR1 (Alexa 568, red [yellow arrowhead]) and intracellular expression of TLR2 (Alexa 633, blue [yellow arrows]) (panel 1);
intracellular expression of TLR1 (blue [yellow arrows]), with TLR5 also shown, in red (panel 2); and intracellular expression of TLR5 (red [yellow
arrows]) and surface expression of both TLR5 (yellow arrowhead) and TLR2 (blue, orange arrowhead) during phagocytosis of live B. burgdorferi
cells (labeled with FITC, green) (panel 3). Cell nuclei were labeled with BoPro1 (gray). The images show a pseudo-three-dimensional represen-
tation, with the XY plane in the center, and the XZ and YZ planes on the sides. Similar results were obtained with cells from two additional rhesus
monkeys.
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markers (16, 45). Therefore, we used CD45 and CD11b to
specifically gate microglia and exclude other cells lacking these
markers, such as astrocytes, oligodendrocytes, and neurons
(16). CD45�/CD11b� unstimulated and stimulated mixed glial
cells were then colabeled with anti-TLR2 antibody, as de-
scribed in Materials and Methods. We observed that TLR2
expression (mean fluorescence intensity [MFI]) was upregu-
lated after 4 and 24 h of stimulation with L-OspA and at 4 h
with live B. burgdorferi cells (Fig. 2B). TLR2 expression levels
were decreased at 24 h of stimulation with B. burgdorferi, per-
haps due to the progressive internalization of TLR2.

Confocal microscopy was used to further verify the expres-
sion of TLR1, -2, and -5 proteins on microglia and astrocytes
and to assess their localization in microglia. At 24 h poststimu-
lation with live B. burgdorferi cells, expression of TLR1, TLR2,
and TLR5 was detected, respectively, in 6.5%, 9.3%, and 7.1%
of total microglia. Activated/phagocytic microglia did simulta-
neously express TLR1, -2, and -5, and these receptors were

shown to be localized on the cell surface and/or internalized
(Fig. 2C). Interestingly, these TLRs were upregulated only in
microglia that also contained spirochetes or spirochetal frag-
ments. Microglia that had not internalized spirochetal compo-
nents expressed much lower levels of TLR1 and -5 and no
detectable levels of TLR2 (please see Fig. 5A, C, and B, re-
spectively). Astrocytes expressed TLR1, -2, and -5 proteins
constitutively (Fig. 3); no differences in the expression levels of
these receptors were observed between unstimulated and stim-
ulated cells (data not shown).

Inflammatory cytokines and chemokine production by pri-
mary microglia and astrocytes upon stimulation with TLR
ligands and B. burgdorferi. In order to characterize the role of
different TLR ligands and B. burgdorferi in the release of the
proinflammatory cytokines IL-6 and TNF-� and the chemo-
kines IL-8, CXCL13, CCL3, and CCL4 by primary microglia
and astrocytes, specific ELISAs were performed as described
in Materials and Methods. Production of all mediators was

FIG. 3. Expression of TLR1, -2, and -5 by astrocytes. Confocal microscopy shows that astrocytes constitutively express TLR1 (A), TLR2 (B),
and TLR5 (C). Antibody to GFAP was labeled with Alexa 568 (red); TLR1, -2, and -5 were labeled with Alexa 488 (green); and cell nuclei were
labeled with ToPro3 (blue). Similar results were obtained with astrocytes isolated from two additional rhesus monkeys.
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highest at 24 h, except for TNF-� (see below). Microglia con-
stitutively secreted IL-6, IL-8, CCL3, and CCL4 and signifi-
cantly enhanced the production of these mediators upon incu-
bation with live and sonicated B. burgdorferi cells and TLR1/2
and TLR5 ligands (Fig. 4A). Similar results were observed for
astrocytes, related to the production of IL-6 and IL-8 (Fig. 4B).
However, the amounts of CCL3 and CCL4 secreted by astro-
cytes were smaller than with microglia. There was no signifi-
cant change in levels of IL-6, IL-8, CCL3, and CCL4 produc-
tion in both cell types when these were stimulated with CpG
ODN, the TLR9 ligand. The secretion of TNF-� by microglia
was increased earlier, at 2 to 12 h poststimulation (Fig. 5I). No
detectable TNF-� concentrations were measured in unstimu-
lated or stimulated astrocytes. CXCL13 production was unde-
tectable in both cell types.

Confocal microscopy was used to visualize cytoplasmic ex-
pression of IL-6 in microglia. Cells were stimulated with live B.
burgdorferi cells followed by treatment with brefeldin A.
Brefeldin A is a fungal metabolite that inhibits the export of
proteins from the Golgi network (41). A more intense accu-
mulation of IL-6 was detected only within activated/phagocytic
microglia (Fig. 4C).

Phagocytosis of B. burgdorferi by primary microglia induces
expression of TLRs and may amplify the release of inflamma-
tory mediators. The observation that phagocytosis of B. burg-
dorferi by microglia appeared to correlate with expression of
TLR1, -2, and -5 (Fig. 2C) prompted us to evaluate more
thoroughly this phenomenon. Microglia were incubated for
12 h with either live B. burgdorferi cells or with carboxylate-
modified microspheres. Images obtained by confocal micros-
copy revealed that while phagocytosis of the beads did not
induce upregulation of TLR1, -2, or -5 expression (Fig. 5A, B,
and C), uptake of B. burgdorferi by microglia ostensibly in-
creased the expression of these TLRs (Fig. 5E, F, and G).
Surprisingly, uptake of B. burgdorferi, but not of beads, also
correlated with elevated expression of TLR4 (Fig. 5D and H).
In addition, the production of proinflammatory mediators,
such as TNF-�, IL-6, IL-8, CCL3, and, CCL4, was significantly
elevated in cells that had taken up or had been exposed to B.
burgdorferi compared to unstimulated cells or cells that were
exposed to or had incorporated carboxylate beads (Fig. 5I). To
further our insight into TLR4 expression by phagocytic micro-
glia, we quantified the TLR4 transcript in these cells after 8,
12, and 24 h of coincubation with live B. burgdorferi cells or in
medium alone. Microglia constitutively expressed TLR4
mRNA, but the expression of the latter was not upregulated by
coincubation with spirochetes at any of the time points.

DISCUSSION

We had hypothesized that inflammatory responses elicited
by B. burgdorferi itself or by antigens from dead spirochetes left
in the tissues are a key factor in the pathogenesis of Lyme
neuroborreliosis (38). For this study, we focused on the role of
TLRs from glial cells in mediating an innate inflammatory
response to B. burgdorferi in vitro. We argued that TLR1/2, -5,
and -9, because of their PAMP specificities, may be involved in
the response to B. burgdorferi. TLR2 was included because of
the abundance of lipoprotein open reading frames in the B.
burgdorferi genome (17) and the already demonstrated role of
these molecules in causing inflammation in experimental Lyme
borreliosis (13, 32). TLR1 was chosen as it is bound together
with TLR2 by triacylated lipoproteins (49), which is the type of
lipoprotein expressed by B. burgdorferi (30). Since B. burgdor-
feri is flagellated, TLR5 could be bound by spirochetal flagellin
that was exposed from a disrupted periplasmic space of frag-
mented spirochetes or from spirochetes taken up by microglia;
TLR9 could be elicited in response to bacterial CpG DNA.

We first tested our hypothesis by assessing TLR transcript
upregulation in glial cells stimulated with live or fragmented
(sonicated) B. burgdorferi cells. While all of the TLR transcripts
analyzed were expressed constitutively, only TLR1 and -2 from
microglia were significantly upregulated by spirochetes or spi-
rochetal antigens. This finding indicated that both TLR1 and
-2 are involved in the response of glial cells to live B. burgdor-
feri cells. The relatively subdued or absent upregulation of
primate TLR transcripts in response to TLR ligands or B.
burgdorferi contrasts with that observed in murine glial cells
(39) and is perhaps the consequence of differences between
these animal species or in the dose of stimulants used. Induc-
tion of TLR1 and TLR2 transcripts had been shown previously
in human microglia that were stimulated with L-OspA and
whole-cell extracts of B. burgdorferi, but stimulation with live
spirochetes was not performed (9). Both microglia and astro-
cytes significantly increased the expression of IL-6 transcript in
response not only to B. burgdorferi but also to TLR1/2 and
TLR5 ligands. This indicates that these receptors are function-
ally expressed not only by microglia but also by astrocytes in
the primary cultures we utilized in our experiments.

The constitutive expression of TLR1, -2, and -5 proteins by
microglia and astrocytes was evaluated and confirmed by West-
ern blot analysis. Both types of glial cells expressed these re-
ceptor molecules. However, the Western blot technique was
apparently not sensitive enough to detect the translation into
protein of the slight TLR1 and -2 transcript upregulation in
microglia. TLR2 protein upregulation was confirmed by flow
cytometry upon cell stimulation with both B. burgdorferi and

FIG. 4. Secretion of proinflammatory mediators by microglia and astrocytes. Concentrations of IL-6, IL-8, CCL3, and CCL4 were determined
after 24-h incubations of microglia (A) and astrocytes (B) with no stimulant, 0.25 �g/ml L-OspA, 0.25 �g/ml U-OspA, 12.5 ng/ml Pam3Cys, 1.0
�M CpG ODN M362, 10 or 100 ng/ml FliC, and live and sonicated B. burgdorferi cells (MOI of 10). Shown are the mean values 
 standard
deviations obtained from triplicate specimens. Asterisks (**, P 	 0.005) indicate significant differences between unstimulated and stimulated cells.
(C) Multilabel confocal microscopy showing increased cytoplasmic expression of IL-6 in phagocytic microglia after a 12-h stimulation with live B.
burgdorferi cells, followed by 2.5 h of incubation with brefeldin A. Antibody to B. burgdorferi (Bb) was labeled with FITC (green), antibody to IL-6
was labeled with Alexa 568 (red), antibody to IBA1 was labeled with Alexa 633 (blue), and cell nuclei were labeled with BoPro1 (gray). Similar
results were obtained with supernatants obtained from cells of three additional rhesus macaques.
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FIG. 5. Internalization of B. burgdorferi correlates with the enhancement of TLR expression. Microglia were incubated for 12 h with B.
burgdorferi cells or carboxylate-modified microspheres. Confocal microscopy images show the expression of TLR1 (A and E), TLR2 (B and F),
TLR5 (C and G), and TLR4 (D and H) after stimulation with B. burgdorferi (E, F, G, and H) or carboxylate beads (A, B, C, and D). Antibody
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L-OspA. Interestingly, TLR2 expression levels began to de-
crease by 24 h of stimulation with B. burgdorferi. Previous
studies had demonstrated that TLR2 is distributed on the cell
surface of macrophages; however, after exposure to pathogens
or their different PAMPs, TLR2 can be internalized (51)
and/or recruited to the membranes of nascent phagosomes
(52). Therefore, the decrease in TLR2 surface expression we
observed could be due to the progressive internalization of this
receptor in response to B. burgdorferi.

Intracellular (and surface) expression of TLR1, -2, and -5 by
microglia was confirmed by confocal microscopy. In microglia,
expression of TLR was observed in the fraction of cells whose
morphology evinced cellular activation; these cells also exhib-
ited internalized B. burgdorferi antigenic material. The inter-
nalization of B. burgdorferi by human glial and monocytic cells
has been previously reported (10, 29, 31). Here we show that
uptake of B. burgdorferi is concomitant with microglial activa-
tion and enhanced expression of TLR1, -2, and -5. However,
only a small proportion of microglia was involved in phagocy-
tosis (up to 10%) and thus had enhanced TLR expression, a
fraction perhaps not detectable by Western blotting. The in-
creased TLR expression must have involved recognition of B.
burgdorferi, by TLR and/or other receptors, in a specific man-
ner, as uptake of carboxylate beads had no effect on TLR
expression or release of inflammatory mediators.

While the result of this experiment attests to the involve-
ment of TLR1, -2, and -5 in glial responses to B. burgdorferi, as
per our hypothesis, it also entails that this hypothesis needs to
be revised, to include the expression of TLR4 in phagocytic
microglia. This observation takes on additional importance
due to the fact that B. burgdorferi does not contain lipopoly-
saccharide (46), the ligand of TLR4 and otherwise a major
component of the outer membrane of gram-negative bacteria.
Several investigators have shown that stimulation of a partic-
ular TLR can influence the expression of other TLRs (15, 50,
53). Therefore, we propose that during B. burgdorferi infection,
stimulation via TLR1/2 and/or TLR5 may modify the expres-
sion of TLR4. Another possibility is that phagocytic receptors,
such as C-type lectin, and scavenger receptors may also play a
role in modulation and activation of TLR signaling. As with
other TLRs, the TLR4 transcript was expressed constitutively
by unstimulated microglia. However, no upregulation of this
transcript was detected upon coincubation of the cells with live
spirochetes, perhaps due to the small proportion of phagocytic
microglia in our preparations. Alternatively, it is possible that
expression of some TLRs in phagocytic microglia is regulated
posttranscriptionally.

As for the functional involvement of glial TLR1, -2, -5, and
-9 in the release of inflammatory mediators and thus, possibly,
in the pathogenesis of Lyme neuroborreliosis, our data docu-
ment that primary cultures of rhesus astrocytes and microglia
release proinflammatory cytokines and chemokines in re-

sponse to ligands of TLR1, -2, and -5, but not TLR9. Different
types of CpG ODNs (type A, B, and C) are known to induce
distinct immune responses. Our results showed that microglia
and astrocytes express low levels of TLR9 mRNA, and no
transcript upregulation after stimulation with CpG, live, or
sonicated B. burgdorferi. In addition, CpG ODN 362 (type C)
did not induce the production of cytokines and chemokines in
either cell type. To confirm our results, we performed similar
stimulations with CpG ODN 2006 (type B) and CpG ODN
2216 (type A). Although CpG ODN 2006 has been shown to
elicit B-cell proliferation in nonhuman primates (21), no re-
sponse was detected in either microglia or astrocytes after
stimulation with this specific CpG ODN. Thus, it is likely that
CpG ODNs do not stimulate TLR9-dependent NF-�B signal-
ing in rhesus primary glial cells. This data suggests that TLR9
is not involved in the response of glial cells to B. burgdorferi
and thus plays no role in the pathogenesis of Lyme neuro-
borreliosis.

Recognition of flagellin, the major constituent of bacterial
flagella, via TLR5 can lead to the activation of the transcrip-
tion factor NF-�B, resulting in the production of inflammatory
mediators. Human astrocytes and microglia have been re-
ported to express TLR5 (27). Our results indicate that rhesus
microglia and astrocytes not only express TLR5 but also re-
spond upon stimulation with TLR5 ligand, releasing cytokines
and chemokines. Based on the data that we obtained from
confocal microscopy, we speculate that these cells may also
respond to B. burgdorferi through TLR5.

Most inflammatory mediators can be rapidly induced in re-
sponse to CNS injury or infection. TNF-� is one of the central
mediators of CNS inflammation, and IL-6 appears to be up-
regulated in most CNS diseases, including Lyme neuroborre-
liosis (34). The chemokines IL-8, CCL3, and CCL4 play im-
portant roles in sustaining inflammation and promoting
recruitment of inflammatory cells in the CNS (19). In addition,
high levels of CXCL13, a B-cell-attracting chemokine, have
been found in the cerebrospinal fluid of Lyme neuroborreliosis
patients (43) and in the tissues of nonhuman primates infected
with B. burgdorferi (36). Ligands to TLR1, -2, and -5, as well as
B. burgdorferi, were able to elicit sizeable amounts of IL-6 and
IL-8 in both microglia and astrocytes. Microglia were able to
produce TNF-�, mostly early in the stimulation process. Pro-
duction of this cytokine from astrocyte cultures was not de-
tected.

We had previously reported production of TNF-� by astro-
cytes stimulated with L-OspA (38). In the procedure to purify
astrocytes that we utilized herein, we included an additional
step, incubation with LME, to more fully remove microglia
(20). While we also took care to assess microglial contamina-
tion in our previous work, it is possible, as we argued then (38),
that microglia present in the astrocyte cultures (untreated with

to B. burgdorferi was labeled with FITC (green) and 488-nm FluoSpheres (yellow green), TLR1, -2, -5, and -4 were labeled with Alexa 568 (red),
IBA1 was labeled with Alexa 633 (blue), and cell nuclei were labeled with BoPro1 (gray). Bars represent 20 �m. (I) TNF-�, IL-6, IL-8, CCL3, and
CCL4 production by microglia in response to B. burgdorferi or carboxylate beads. Values are means (n � 3) 
 standard deviations. Asterisks (**,
P 	 0.005) indicate a significant difference between unstimulated and stimulated cells. ELISA results were similar with specimens from three
additional animals.
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LME) may have contributed to eliciting the phenomena we
observed, including the production of TNF-�.

Production of CCL3 and CCL4 was more pronounced in
microglia, with astrocytes releasing about 3 to 5% of the con-
centration of these chemokines produced by microglia in 24 h.
It is possible that astrocytes did not produce CCL3 and CCL4,
and the concentrations observed with the stimulants we used
may have been due to a residual microglial contamination. No
CXCL13 production was detected, which is perhaps an indi-
cation that glial cells are either not the source of this chemo-
kine or that additional mediators, available in vivo, are re-
quired to elicit CXCL13 production by microglia and/or
astrocytes when these cells are exposed to B. burgdorferi.

Taken together, our data provide proof of the concept that
astrocyte and microglial TLR1, -2, and -5 are involved in the
response of primate glial cells to B. burgdorferi. While B. burg-
dorferi spirochetes localize primarily to the meninges in the
CNS of rhesus macaques, and probably in humans as well, they
are also able to migrate to the CNS parenchyma. In a study
designed to investigate spirochetal localization in the rhesus
CNS and in other organs, spirochetes were detected immuno-
histochemically chiefly in the leptomeninges, nerve roots, and
dorsal root ganglia. By PCR ELISA targeting the OspA gene,
a wider distribution of CNS tissue tropisms was determined.
Spirochetal DNA was detected in the cerebrum, brainstem and
cerebellum, spinal cord, and dura mater, not only in immuno-
suppressed animals but also in immunocompetent rhesus mon-
keys, albeit in much smaller amounts (5). Inflammation related
to the presence of B. burgdorferi in the tissues occurs in the
rhesus monkey CNS not only in the meninges, with the asso-
ciated pleocytosis, but also in the brain, albeit at a lower fre-
quency than in organs such as skeletal (6) and cardiac (7, 35)
muscles. Thus, localization of B. burgdorferi to the CNS paren-
chyma, while likely a rare event, does occur. The proinflam-
matory molecules elicited by TLR-mediated responses in glial
cells could thus be a factor in the pathogenesis of Lyme neu-
roborreliosis.
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