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Abstract
Toll like receptors 7 (TLR7) and 9 (TLR9) are important mediators of innate immune responses.
Both receptors are located in endosomal compartments, recognize nucleic acids and signal via
Myeloid differentiation factor 88 (MyD88). In the current study, we analyzed TLR7 and TLR9
induced activation of astrocytes and microglia, two cell types that contribute to innate immune
responses in the CNS. TLR7 and TLR9 agonists induced similar cytokine profiles in each cell
types. However, there were notable differences in the cytokine profile between astrocytes and
microglia, including the production of the anti-inflammatory cytokine IL-10 and anti-apoptotic
cytokines G-CSF and IL-9 by microglia but not astrocytes. Costimulation studies demonstrated
that the TLR7 agonist, imiquimod, could inhibit TLR9 agonist-induced innate immune responses,
in both cell types, in a concentration dependent manner. Surprisingly, this inhibition was not
mediated by TLR7, as deficiency in TLR7 did not alter suppression of the TLR9 agonist-induced
responses. The suppression of innate immune responses was also not due to an inhibition of TLR9
agonist uptake. This suggested that imiquimod suppression may be a direct effect, possibly by
blocking CpG-ODN binding and/or signaling with TLR9, thus limiting cell activation. An
antagonistic relationship was also observed between the two receptors in microglia, with TLR7
deficiency resulting in enhanced cytokine responses to CpG-ODN stimulation. Thus, both TLR7
and its agonist can have inhibitory effects on TLR9-induced cytokine responses in glial cells.
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Introduction
Astrocytes and microglia are important cell types in the central nervous system (CNS), their
activation is associated with multiple neurological diseases and they play an important role
in the innate immune responses to virus infection in the CNS (Asensio and Campbell, 1997;
Cheeran et al., 2001; Dickson et al., 1993; Griffin, 2003; Peterson et al., 2004; Sauder et al.,
2000). Since microglia are bone-marrow derived, while astrocytes differentiate from
neuroprogenitor cells, the response of these two cell types to similar stimulation may vary
significantly. The types of cytokines and chemokines produced by these cell types in the
CNS may affect the response of other cell types in the CNS, as well as influence neuronal
damage or the recruitment of inflammatory cells in the CNS.

Recent studies demonstrated that toll-like receptor (TLR) 7, which recognizes viral single-
stranded RNA, and TLR9, which recognizes unmethylated DNA with CpG motifs, can play
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an important role in both the activation of innate immune responses and in viral
pathogenesis (Lewis et al., 2008; Sorensen et al., 2008; Town et al., 2009). Agonists of both
TLR7 and TLR9 are also being investigated for the potential use in treating CNS-related
diseases (Butchi et al., 2008; El Andaloussi A. et al., 2006; Pedras-Vasconcelos et al., 2006;
Pedras-Vasconcelos et al., 2008; Prins et al., 2006). However, there appears to be some
differences in the CNS response to activation of these receptors. For example, peripheral
administration of TLR9 agonists, but not TLR7 agonists, were protective against arenavirus-
induced neurological disease (Pedras-Vasconcelos et al., 2006). Different responses were
observed with intracerebroventricular inoculation of agonists, as TLR9 agonist inoculation
was lethal in newborn mice, while TLR7 agonist was not (Butchi et al., 2008; Pedras-
Vasconcelos et al., 2006). Understanding the similarities and differences of TLR7 and
TLR9-induced cell activation in brain cells, is important for understanding viral
pathogenesis as well as potential use of TLR agonists in the treatment of neurological
diseases. Both murine astrocytes and microglia express Tlr7 and Tlr9 mRNA (Carpentier et
al., 2005; McKimmie and Fazakerley, 2005). Furthermore, both astrocytes and microglia
can respond to TLR7 or TLR9 agonist stimulation in vitro (Bowman et al., 2003; Dalpke et
al., 2002; Gurley et al., 2008; Hosoi et al., 2004; Iliev et al., 2004; Zhang et al., 2005).
However, an in depth comparison of the innate immune responses elicited by these cell
types in response to TLR7 or TLR9 stimulation has not been completed.

TLR7 and TLR9 agonists and/or receptors may also interact with each other and influence
the cellular response to pathogen stimulation. Natural and synthetic TLR7 agonists were
reported to inhibit CpG-ODN induced IFNα production from plasmacytoid dendritic cells
and B cells following TLR7/TLR9 costimulation (Berghofer et al., 2007; Marshall et al.,
2007). Since certain virus infections, such as cytomegalovirus and HIV, may activate both
TLR7 and TLR9 pathways (Beignon et al., 2005; Mandl et al., 2008; Zucchini et al., 2008),
the interaction of these receptors in glial cells may also play an important role in modulating
the immune response.

In the present study, we analyzed the response of astrocytes and microglia following TLR7
and/or TLR9 agonist stimulation. Primary astrocytes and microglia from neonatal mice were
cultured in vitro and stimulated with TLR7 agonist, imiquimod and/or TLR9 agonist, CpG-
ODN 1826. The expression of genes involved in TLR7/TLR9 signaling and production of
proinflammatory cytokines and chemokines by astrocytes and microglia were compared.
The interaction between TLR7, TLR9 and their agonists in inducing cytokines and
chemokines was also analyzed.

Materials and Methods
TLR agonists

The TLR7 agonist imiquimod (R837), TLR9 agonist type B CpG-ODN 1826 [5’- tcc atg acg
ttc ctg acg tt −3’ 20 mer] and FITC-labeled CpG-ODN 1826 were purchased from
InvivoGen. All of the agonists were suspended in endotoxin-free water, aliquoted, and
stored at −20°C. Just before use, agonists were diluted in media specific for either astrocytes
or microglia or neurons.

Mice
TLR7-deficient C57BL/6 mice (Hemmi et al., 2002) were kindly provided by S. Akira
(Osaka University, Osaka, Japan) and were backcrossed with Inbred Rocky Mountain White
(IRW) mice for at least 10 generations (Butchi et al., 2008). IRW mice and TLR7-deficient
IRW mice were used for the present study. All of the animal procedures were conducted in
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accord with the Louisiana State University Animal Care and Use Committee guidelines or
the Rocky Mountain Laboratories Animal Care and Use Committee guidelines.

Media
Astrocyte cultures were maintained in Dulbecco’s modified Eagle’s medium (Sigma-
Aldrich) containing 4,500 mg glucose/L, 110 mg sodium pyruvate/L, 0.584 g L-glutamine/
L, supplemented with 10% inactivated fetal bovine serum (Hyclone) and 1% penicillin-
streptomycin (Gibco). Microglia-specific media contained 20 % LADMAC culture
supernatant (mouse bone marrow cells producing macrophage colony stimulating factor/M-
CSF) in addition to the media used for astrocyte cultures. Analysis of undiluted (100%)
LADMAC supernatant by multiplex demonstrated that, in addition to high levels of M-CSF,
the LADMAC supernatant also contained high levels of vascular endothelial growth factor
(VEGF, ~20,000 pg/ml), moderate concentrations of CCL2 (~2,500 pg/ml) and CXCL1
(~3,000 pg/ml), as well as undetectable to trace levels of fibroblast growth factor (FGF),
IL-1β, IL-2, IL-4, IL-5, and IL-10. The levels of these cytokines in the media containing
20% LADMAC supernatant were substantially lower than the levels of these cytokines in
supernatants from unstimulated microglia, with the exception of VEGF. Other cytokines
including TNF, IFNγ, IL-1α, IL-6, IL-13 and IL-17 were not detected in the LADMAC
supernatant.

Neurons were cultured in neuron plating media composed of Opti-MEM with L-glutamine
(Gibco), 0.6% wt/vol D-glucose (Sigma-Aldrich) and 5% inactivated fetal bovine serum
(Hyclone). Neurons were then cultured in neuronal maintenance media composed of
neurobasal media (Gibco) containing 2% B-27 supplement (Gibco) and 0.5 mM glutamax-I
(Gibco).

Isolation and culturing of cortical astrocytes and microglia by percoll gradient method
Astrocyte and microglia cultures were prepared from the brain cortex of 1–2 day old IRW or
TLR7−/− IRW mice. Mice were anesthetized, brain tissue removed, and placed in ice cold
phosphate buffered saline (PBS). Hind brains, mid brains and meninges were dissected out.
Cerebral cortices were transferred to a 15 ml conical tube containing 2% glucose in PBS and
made into single cell suspension. Cells were pelleted by centrifugation at 500g for 5 min.
Cells from two brain cortices were suspended in 2 ml of 70% percoll and transferred to the
bottom of 30% and 0% percoll gradient. The gradients were centrifuged at 500g for 20 min.
Cells between 0% and 30% percoll layers were rich in astrocytes and were seeded at 2×105

cells in Primaria T-25 flasks (BD Bioscience) containing astrocyte specific media. The
microglia cell populations collected between 30% and 70% percoll layers were seeded at
5×105 in T-25 flasks containing microglia-specific media. When cells became confluent,
after 7–10 days of culture, flasks containing astrocyte rich cells (0/30 fraction) were
orbitally shaken overnight at 250 RPM to remove contaminating microglia and
oligodendrocytes. Astrocytes were then treated with 0.25% Trypsin-EDTA (Gibco),
reseeded in Corning 12 well cell bind plates (ISC BioExpress). Microglia were removed
from confluent T-25 flasks using a cell scrapper and reseeded in 12 well cell bind plates.

Stimulation of astrocyte and microglia cultures with imiquimod or CpG-ODN
To determine the optimal concentration for activation of astrocytes and microglia,
imiquimod was used at 5 nM to 50 µM, and CpG-ODN 1826 was used at 0.5 nM to 500 nM.
For all further studies, multiplex analysis of cytokines and super array analysis, imiquimod
and CpG-ODN 1826 were used at 5µM (1.25 µg/ml) and 80nM (0.5 µg/ml) respectively,
unless otherwise stated. All the experiments were conducted in triplicate wells for each time
point and concentration with the appropriate media used for the controls.
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Mouse primary cortical neuron cultures
For culturing neurons, tissue culture plates were coated with 20 µg/ml Poly-L Ornithine
hydro-bromide (Sigma-Aldrich) and 2.5 µg/ml of Laminin (Sigma-Aldrich-Aldrich).
Cortical neurons were isolated from embryonic 16–18 day gestation mice. Fore brains from
the E16-E18 mice were dissected out, meninges were peeled off and cortices were collected
in cold Ca, Mg free HBSS (Invitrogen), containing 10mM HEPES, pH 7.3 (Invitrogen).
Neurons were dissociated in 0.25% Trypsin (Invitrogen) for 15 min at 37°C and made into
single cell suspension by gentle trituration. Cells were seeded at 4×105 cells per well of 24-
well plates or 8-chamber slides in neural plating media. Following initial attachment of the
cells to the plates (4h), neuronal plating media was replaced with neuronal maintenance
media along with the appropriate agonist or culture supernatant and incubated at 37°C and
5% CO2.

After 4h of culture, apoptosis was induced in some wells by adding 300 µM NMDA + 5µM
glycine for 15 min in HBSS (Ca, Mg free) and rinsed with HBSS at the end of incubation.
Supernatants from TLR7 or TLR9 stimulated astrocytes and microglia were added to all the
wells at a 1:1 ratio of Neurobasal media and stimulated supernatants and incubated for 72h
at 37°C and 5% CO2. For agonist stimulation, cells were cultured with either 5 µM
imiquimod and/or 80 nM CpG-ODN 1826. Cells were also exposed to NMDA as described
above for comparison. Neuronal survival or death was measured by MTT assay or staining
neurons for beta tubulin.

MTT assay
MTT [1-(4,5-Dimethylthiazol-2-yl)-3,5-diphenylformazan)] (Invitrogen) was added into all
the wells directly into the medium at final concentration of 0.5 mg/ml and incubated at 37°C
for 3–4 h. All the wells were rinsed twice with PBS and the insoluble formazen produced
from MTT by mitochondrial reductases was solubilized in DMSO to get homogenous color.
The absorbance was measured at 540 nm on a Spectramax 190 plate reader with Softmax
pro 5 software, with DMSO as reagent blank. The percent viability of the cells was
calculated from the mean absorbance of mock controls.

Immunofluorescence assay
Neuronal cultures in 8-chamber slides (BD Biocoat) were fixed in 4% paraformaldehyde
(Electron Microscopy Sciences) and permeabilized with 0.1% Triton X-100 (Sigma-
Aldrich) and 0.1% sodium citrate (Sigma-Aldrich) in 1X PBS for 30 min. Cells were then
treated with 0.1M glycine for 30 min and incubated with blocking solution containing 2%
donkey serum (Millipore), 1% BSA (Sigma-Aldrich), 0.1% cold fish skin gelatin (Sigma-
Aldrich), 0.1% tritin-X 100, 0.05% tween 20 (Sigma-Aldrich) in PBS for 30 min. Cells were
incubated with primary antibodies, monoclonal anti tubulin beta III isoform (Millipore) or
polyclonal rabbit anti-bovine GFAP (Dako) for 30 min at room temperature. Cells were then
incubated with goat anti-mouse Alexa Fluor 488 (Invitrogen) or goat anti-rabbit Alexa Fluor
555 (Invitrogen) for 30 min at room temperature. Finally, slides were mounted in Fluorogel
II with DAPI (Electron Microscopy Sciences). All images were taken using a Nikon Eclipse
55i fluorescent microscope. GFAP detection was minimal in neuronal cultures with less than
one GFAP positive cell detected per every 2 fields using a 10X objective.

Flow cytometry
Semi-confluent cultures of primary astrocytes and microglia were analyzed by intracellular
staining for GFAP or F4/80 to confirm purity and for expression of TLR7 and TLR9
proteins. Briefly, cells were trypsinized or scraped, fixed for 20 min in 2%
paraformaldehyde (Electron Microscopy Sciences), permeabilized with 0.1% saponin in
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PBS (pH 7.0) and then incubated with polyclonal rabbit anti-bovine GFAP (Dako),
monoclonal anti-mouse F4/80 (eBioscience), polyclonal rabbit anti-TLR7 (Zymed) or
monoclonal mouse anti-TLR9 (Imgenex) for 30 min. Cells were washed twice with 0.1%
saponin in PBS and incubated with Alexa Fluor 488 conjugated goat anti-rabbit IgG or
FITC-conjugated goat anti-mouse IgG (BD Biosciences) for 30 min. Cells were washed
twice with 0.1% saponin in PBS, re-suspended in PBS and analyzed on a FACSAria flow
cytometer (BD Bioscience) using FACSDiva software (BD Bioscience). Data analysis was
performed using FCS express V3 software (De Novo). Specificity of the TLR7 antibody was
verified by immunocytochemical staining of TLR7-transfected HEK cells and non-
transfected HEK cells. A rabbit anti-green flourescent protein (GFP) polyclonal antibody
was utilized as an additional negative control and demonstrated no increase in staining
compared to the no-primary antibody control (data not shown).

RNA isolation and Quantitative Real-time RT-PCR
Astrocyte or microglia cells were lysed and processed for RNA extraction using a mini RNA
isolation kit (Zymo Research) following manufacturer’s instructions. RNA was treated with
DNAse I (Ambion) for 30 min at 37°C to remove any genomic DNA contamination and
purified using RNA cleanup columns (Zymo Research). cDNA was generated using an
iScript reverse transcription kit (Bio-Rad) following manufacturer’s instructions. cDNA
samples were diluted 5 fold after reverse transcription, prior to use in quantitative real-time
PCR reaction. All the real-time PCR reactions were performed using a 7900 Applied
Biosystems PRISM instrument. All samples were run in triplicate in a 384-well plate. Each
reaction contained iTaq SYBR green supermix with Rox (Bio-Rad), 0.5 µM forward and
reverse primers, approximately 10 ng of cDNA template and nuclease-free water. Primers
(Table I) (Butchi et al., 2008) were confirmed to be specific for the gene of interest. No
homology to other genes was detected by blast analysis of primers against the National
Center for Biotechnology Information (NCBI) database. RNA that did not undergo reverse
transcription and water were used as negative controls. Dissociation curves were used to
confirm amplification of a single product for each primer pair per sample. Expression levels
for each gene were calculated as percent difference in CT value (ΔCT = CT Gapdh - CT
gene of interest). The mean percent Gapdh values of mock samples for each time point were
calculated and used to generate fold changes relative to mock expression for each group.

Mouse toll-like receptor signaling pathway PCR Array
Astrocytes and microglia were treated with either 5 µM imiquimod or 80 nM of CpG-ODN
1826 or both. At 6 hours post stimulation (hps), RNA was isolated and treated with DNAse I
as described earlier. First strand cDNA was synthesized using 100 ng of cleaned up RNA
and analyzed for a mouse-TLR pathway-specific gene expression profile as per the
manufacturer’s instructions (SABiosciences) on a 7900 Applied Biosystems PRISM
instrument. A total of 84 genes related to mouse TLR-mediated signal transduction were
analyzed in a 384 well format. The CT (cycle threshold) values from both control and
treatment groups were obtained from real-time 384-well PCR Array results and analyzed
using RT2 profiler PCR array data analysis template (SA Biosciences). The samples were
analyzed only if the test passed all the quality controls including RT efficiency and lack of
DNA contamination. Data were calculated as fold difference for the treatment groups
compared to mock groups.

Multiplex analysis of cytokine and chemokine proteins
Supernatants from stimulated and unstimulated astrocyte and microglia cultures were
collected at 12 hps and were stored in triplicate aliquots at −80°C until use. Just before use,
supernatants were thawed and centrifuged at 4,500g for 15 min at 4°C to remove any
cellular debris. Culture supernatants were analyzed for cytokine and chemokine protein
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production using Linco’s 22 plex kit (Millipore) on a Luminex 100 instrument (Bio-Rad)
following manufacturer’s instructions. All the samples were run in duplicate. Samples were
calculated as pg/ml of supernatant using standard curve generated from in-plate standards.
For the majority of the positive samples, values were within the linear part of the standard
curve.

Cell entry assay for CpG-ODN 1826
Glial cells were grown in 96 well plates to near confluency and were stimulated with mock
or imiquimod 5 µM or 50 µM ± 80 nM FITC labeled CpG-ODN 1826. Cells were incubated
for 30 min at 37°C and 5% CO2, washed three times in PBS and then analyzed for FITC
uptake. All images were taken using an Olympus IX71 inverted fluorescent microscope.
Further, cells were lysed in cell lysis buffer (0.5% Triton X-100, 0,5% sodium deoxycholate,
150 mM NaCl, 50 mM Tris HCl, pH 7.4 and 8 mM EDTA) to release FITC into solution,
and the fluorescence intensity was quantitated using a microplate reader (Polar star Omega,
BMG labtech).

Results
TLR7 and TLR9 expression in primary astrocytes and microglia

Astrocyte and microglia cultures were analyzed by intracellular flow cytometry, and were
consistently greater than 93% GFAP positive or 95% F4/80 positive, respectively (data not
shown). Analysis of TLR7 and TLR9 expression demonstrated that both cell types expressed
TLR7 and TLR9 protein with higher expression levels of both proteins on microglia as
compared to astrocytes (Fig. 1).

mRNA expression of signal transduction and inflammatory genes following TLR7/9
stimulation

To examine the response of astrocytes and microglia to TLR7 and/or TLR9 activation, we
first identified the optimal stimulatory concentration of TLR7 and TLR9 agonists using a
range of 5 nM to 50 µM of imiquimod or 0.5 nM to 500 nM of CpG-ODN 1826. Optimal
cytokine production in both cell types was induced with 5 µM of imiquimod or 80 nM of
CpG-ODN 1826 (data not shown). Concentrations greater than 500 nM of ODN 1826 were
toxic to both astrocytes and microglia. Kinetic analysis of gene expression indicated peak
expression of proinflammatory cytokines and chemokines at 6–12 hours post stimulation
(hps), with most cytokine mRNA expression diminishing by 48 hps (data not shown). For all
further studies, 5 µM imiquimod and/or 80 nM CpG-ODN 1826 were used, except where
noted, and the gene expression was analyzed at 6 hps.

We then analyzed the influence of TLR7 and TLR9 stimulation on mRNA expression of 84
genes associated with TLR pathway, using a TLR pathway focused cDNA real-time PCR
array. Although the level of gene upregulation did vary between imiquimod and CpG-ODN
stimulated samples, the same genes were upregulated by both stimuli (Table II). There was
some variation in mRNA upregulation between astrocytes and microglia following TLR
activation, with astrocytes increasing mRNA expression of more signal transduction related
genes than microglia (Table II, Fig. 2). Despite, the substantial upregulation of mRNA of
TLR-related genes in astrocytes, the overall amount of mRNA of these genes in astrocytes
was, in many instances, below the mRNA levels in microglia. For example, Cd14 mRNA
expression was substantially upregulated on astrocytes, compared to microglia, following
TLR agonist stimulation (Table II). However, the amount of Cd14 mRNA expressed by
activated astrocytes was still lower than the basal level of Cd14 mRNA expression by
microglia cells (data not shown).

Butchi et al. Page 6

Glia. Author manuscript; available in PMC 2013 September 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Both cell types upregulated expression of a number of proinflammatory cytokine and
chemokine genes as well as a few TLRs. Surprisingly, Tlr9 mRNA expression was not
upregulated by either imiquimod or CpG stimulation, while Tlr7 mRNA expression was
only upregulated in microglia. Instead, mRNAs for other TLRs, including Tlr1 and Tlr2
were upregulated by stimulation, while Tlr4 and Tlr5 mRNAs were downregulated (Fig. 2,
Table II). Thus, TLR stimulation does not appear to automatically induce self upregulation
of mRNA expression, suggesting a more complex regulation of TLR gene expression.

Since astrocytes function as support cells for neurons, we examined whether TLR7 agonist
or TLR9 agonist stimulation altered the mRNA expression of non-immune genes that can
affect neuropathogenesis. A significant difference was noted in the expression of S100b and/
or brain derived neurotrophic factor (Bdnf) mRNA expression following TLR7 and/or TLR9
agonist stimulation of astrocytes (Fig. 3), however, the level of downregulation was less
than two fold. The expression of other genes including the glutamate scavenging receptors,
Slc1a2 and Slc1a3, were not altered by TLR agonist stimulation. Expression of genes whose
products are involved in protein-aggregation-related diseases such as the amyloid beta
precursor protein or prion protein were also not altered by TLR agonist stimulation (Fig. 3E,
data not shown). Thus, TLR7 and TLR9 agonist stimulation did not appear to substantially
alter the mRNA expression of neuronal support-related genes in astrocytes. In contrast,
mRNA for Icam1, an adhesion molecule, was upregulated by both TLR agonists (Fig. 3F).

Cytokine and chemokine production by astrocytes and microglia following TLR7/9
stimulation

Astrocytes and microglia often produce different cytokines during virus infections.
However, it is unclear whether this difference is due to the infection/stimuli or different
responses of the cells to the same stimuli. Analysis of supernatants from astrocytes and
microglia stimulated with either imiquimod or CpG-ODN demonstrated that TLR7 or TLR9
activation of glial cells induced a pronounced upregulation of proinflammatory cytokines
including cytokines normally associated with virus infections in the CNS such as IL-6 and
TNF (Fig. 4). Interestingly, microglia also produced high levels of granulocyte colony
stimulating factor (G-CSF) and IL-9, two cytokines that have anti-apoptotic, neuroprotective
properties (Fontaine et al., 2008; Pitzer et al., 2008), as well as IL-15, which induces glial
activation (Gomez-Nicola et al., 2008), and IL-10, an anti-inflammatory cytokine. This
demonstrates a difference in the cytokine response of microglia and astrocytes to the same
stimuli, with microglia producing high levels of both proinflammatory and
antiinflammatory/neuroprotective cytokines, while astrocytes produced primarily
proinflammatory cytokines.

Chemokine production by astrocytes and microglia plays an important role in regulating the
recruitment of inflammatory cells to the CNS following infection or injury. Both astrocytes
and microglia produced a number of chemokines following stimulation with either
imiquimod or CpG-ODN (Fig. 5). Microglia, which had higher basal level production of
most chemokines, were induced to produce higher levels of chemokine production than
astrocytes. For cytokine and chemokine production, stimulation of either cell type with the
TLR7 agonist appeared to induce a slightly higher level of protein production than
stimulation with the TLR9 agonist (Fig. 4, 5).

To examine whether the secreted proteins produced by microglia or astrocytes had any
effect on neuronal survival, supernatants from TLR7 and TLR9 stimulated astrocytes and
microglia were overlaid on primary cortical neurons either in the presence or absence of
NMDA and neuronal survival measured by MTT assay at 72 hours post stimulation.
Neurons cultured with the media used for either microglia or astrocyte cultures were used as
controls. Supernatants from TLR7 or TLR9 stimulated astrocytes and microglia had no
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substantial effect compared to supernatants from unstimulated cells (Fig. 6A,B), although
there was a slight decrease in neuronal survival with neurons cultured with NMDA and
supernatant from TLR9 stimulated neurons (Fib. 6B). Supernatants from cells stimulated
with both TLR7 and TLR9 agonists also had no substantial effect on neuronal survival.

To rule out any possible affect of the agonists present in the cultured supernatant from
stimulated microglia and astrocytes, we also stimulated neuronal cultures directly with 5 µM
of Imiquimod and/or 80 nM of CpG-ODN (Fig. 6C). Interestingly, direct co-stimulation of
neurons with imiquimod and CpG-ODN induced neuronal cell death similar to NMDA-
induced death. This suggests a synergistic affect of TLR7 and TLR9 agonist stimulation on
neurons (Fig. 6C, G). This was surprising as costimulation with TLR7 and TLR9 agonists
did not induce cell death in either astrocytes or microglia cultures (data not shown).

TLR7 agonist can inhibit TLR9 agonist stimulation in a concentration dependent manner
Natural and synthetic TLR7 ligands were reported to inhibit CpG-ODN induced IFNα
production from plasmacytoid dendritic cells and B cells following TLR7/TLR9 co-
stimulation (Berghofer et al., 2007; Marshall et al., 2007). Comparison of the fold increase
in mRNA expression of innate immune response genes in astrocytes and microglia
demonstrated only minimal suppression by imiquimod on CpG-ODN-induced responses
when both agonists were added together (Table II, Fig. 7A,C). To examine if a higher
concentration of imiquimod was inhibitory to CpG-ODN induced responses, a higher
concentration of 50 µM was used in costimulation experiment. The high dose of 50 µM was
inhibitory to CpG-ODN induced cytokine and chemokine production (Fig. 7B,D). This
inhibition was not due to cell death as all cultures had comparable numbers of live cells as
determined by an MTT cell viability assay (data not shown).

The stimulatory capability of certain TLR agonists can decline when used at high
concentrations (Gorden et al., 2005; Marshall et al., 2007). Since the 50 µM concentration of
imiquimod induced lower cytokine and chemokine responses than the 5 µM concentration of
imiquimod (Fig.7), we verified that both concentrations induced cytokine production
through a TLR7-dependent mechanism. TLR7 was necessary for cytokine and chemokine
responses at both 5 µM and 50 µM concentrations in astrocyte cultures (Fig. 7E). Specificity
of the response in microglia was not analyzed since the 50 µM concentration of imiquimod
did not induce a significant response in these cells.

TLR7 agonist inhibition of TLR9 agonist-induced responses is not TLR7 dependent
To examine the mechanism by which high concentrations of imiquimod suppressed CpG-
ODN responses, we first analyzed whether TLR7 signaling was required for this inhibition.
Interestingly, imiquimod suppressed CpG-ODN induced cytokine and chemokine
production in glial cells from TLR7 deficient mice (Fig. 8). Thus, imiquimod suppression of
CpG-ODN was not mediated by signaling of TLR7. We next examined whether imiquimod
could be inhibiting the uptake of CpG-ODN by astrocytes or microglia. Cell entry analysis
using FITC-labeled CpG-ODN demonstrated that CpG-ODN was taken up by both
astrocytes and microglia at similar levels in the presence or absence of imiquimod (Fig. 9A–
F). Thus, imiquimod inhibits CpG-ODN by a mechanism independent of either TLR7
signaling or cell entry. Instead, this suppression could be mediated by other mechanisms,
including the possibility that high concentrations of imiquimod may interfere with CpG-
ODN binding to TLR9.

Negative influence of TLR7 on CpG-ODN induced responses in microglia
To examine whether TLR7 also impacted CpG-ODN stimulation, we examined the
influence of TLR7 deficiency on CpG-ODN stimulation of glial cells. TLR7 deficiency had
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no effect on CpG-ODN induced cytokine stimulation by astrocytes (Fig. 10 A–D). However,
an increase in cytokine production was observed in TLR7-deficient microglia stimulated
with CpG-ODN compared to wildtype microglia (Fig. 10 E–H). Thus, both TLR7 agonists
and TLR7, itself, have a suppressive effect on CpG-ODN induced cytokine production by
microglia.

Discussion
In the current study, astrocytes and microglia expressed both TLR7 and TLR9 and produced
a functional response to TLR7 and TLR9 agonist stimulation. Interestingly, the cytokine
profile produced by agonist stimulation was similar between the type of TLR stimulation,
but varied between cell types. Microglia, but not astrocytes produced anti-inflammatory and
anti-apoptotic cytokines in addition to pro-inflammatory cytokines (Fig. 4). However,
astrocytes upregulated mRNA expression of a greater number of innate immune response
genes than microglia including genes whose proteins are involved in signal transduction
responses (Fig. 2). Since astrocytes are not derived from an immune cell lineage, these cells
may upregulate the expression of signal transduction proteins when they become activated
in order to allow them to respond to innate immune stimuli. The differences in the response
between astrocytes and microglia also indicate that the astrocytic response is not due to a
contamination of microglia cells. The kinetics of gene expression may also vary between
microglia and astrocytes. Although similar kinetics were observed in gene expression
between microglia and astrocytes for Ccl2, Cxcl10 and Tnf (data not shown), the expression
of other genes in the innate immune response may differ. The current study only analyzed a
single time point and it is possible that there are fluctuations in other gene expression at
earlier or later time points.

TNF, at concentrations higher than 200 pg/ml can be neurotoxic (Gelbard et al., 1993;
Westmoreland et al., 1996). Surprisingly, supernatants from neither activated microglia nor
activated astrocytes altered neuronal survival, despite high levels of TNF (Fig. 6). Previous
studies have demonstrated that CpG-ODN activation of co-cultured microglia and neurons
can induce neuronal toxicity, mediated in part by TNF (Iliev et al., 2004). The inability of
supernatants from CpG-ODN activated microglia to induce neurotoxicity suggests that cell
to cell interactions may also be a necessary component of microglia-induced neuronal cell
death and that other cytokines induced by TLR activation may counteract the neurotoxic
effects of TNF.

A few discrepancies were observed between mRNA expression and protein production in
astrocytes and microglia in this study. For example, Il10 mRNA was upregulated by TLR7/9
agonist stimulation in both astrocytes and microglia; however, IL-10 protein was only
detected in culture supernatants from microglia. Tnf mRNA levels were substantially higher
in astrocytes, but protein levels were either similar or higher in microglia. Both IL-10 and
TNF are regulated post-transcriptionally which may influence the secretion of the protein in
one cell type versus another (Pauli, 1994; Powell et al., 2000). Possibly, microglia may be
able to translate these cytokine mRNA into functional proteins at a higher rate than
astrocytes, resulting in higher protein production despite lower mRNA expression.

High concentrations of imiquimod inhibited CpG-ODN induced responses in both microglia
and astrocyte cultures (Fig. 7). Suppression of TLR9 ligand-induced interferon responses by
both natural and synthetic agonists have previously been shown for both plasmacytoid
dendritic cells and B cells (Berghofer et al., 2007; Marshall et al., 2007). However, the
mechanism behind this suppression was not known. Our current results indicate that the
mechanism behind this suppression is not due to a feedback mechanism by TLR7 signaling
(Fig. 8). It is possible that the mechanism of suppression is due to an interaction between
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TLR7 and TLR9 agonists, with imiquimod interacting with CpG-ODN and preventing
binding of CpG-ODN to TLR9. Alternatively, high concentrations of imiquimod may allow
imiquimod to interact directly with TLR9, thus inhibiting the binding of CpG-ODN to
TLR9. In both scenarios, the inhibition would be concentration dependent and would
explain why 50 µM concentrations of imiquimod suppress CpG-ODN stimulation to a
greater extent than 5 µM (Figs. 7 & 8).

In contrast to the inhibitory effect of imiquimod on CpG-ODN induced responses in
astrocytes and microglia, the combination of TLR7 and TLR9 agonists had a synergistic
effect on neuronal death (Fig. 6). Neither TLR7 nor TLR9 agonists alone affected neuronal
survival, which is similar to previous reports (Iliev et al., 2004; Ma et al., 2006). However,
the combination of TLR7 and TLR9 agonists together was neurotoxic as determined by
MTT assay as well as β-tubulin staining (Fig. 6). Primary mouse neurons do not express
TLR7 (Ma et al., 2006). One possible explanation is that the combination of TLR7 and
TLR9 agonists altered the binding of CpG-ODN to TLR9 and induced an altered response
that lead to cell death. Alternatively, the combination of CpG-ODN and imiquimod may
have activated TLR8, as TLR8 activation can induce caspase 3-induced death in neurons
(Ma et al., 2006). Oligonucleotides have been shown to enhance binding of TLR7/8 agonists
to the TLR8, while inhibiting signaling to TLR7 in HEK cells (Gorden et al., 2006b; Gorden
et al., 2006a).

Although TLR7 did not have a direct role in imiquimod-mediated inhibition of CpG-ODN
induced responses in glial cells, TLR7 does appear to have a direct suppressive effect on
TLR9-induced responses. Microglia, but not astrocytes, from TLR7 deficient mice had
higher levels of cytokine production following CpG-ODN stimulation compared to
microglia from wildtype mice (Fig. 9). Since the expression of TLR7 can influence the
response of microglia to TLR9 agonist, the level of TLR7 expression may have mediating
role in the innate immune response to TLR9 agonist-expressing pathogens. This difference
in response by microglia was surprising since human embryonic kidney (HEK) cells
transfected with both TLR7 and TLR9 demonstrated a TLR9-mediated inhibition of TLR7
agonist-induced responses, but not a TLR7-mediated inhibition of TLR9 agonist-induced
responses (Wang et al., 2006). Possibly, there is a distinct interaction between TLR7 and
TLR9 regulation in different cell types. TLR7 and TLR9 compete for binding of the
Ubiquitin protein, Unc93b1, which regulates the migration of these receptors from the
endoplasmic reticulum to the endolysosome (Fukui et al., 2009). The expression level of
UNC93b1 or MyD88, the signal transduction molecule associated with both TLR7 and
TLR9, in an individual cell may regulate the interactions between these two receptors.
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Fig. 1. Expression of TLR7 and TLR9 on primary astrocytes and microglia
(A) astrocyte and (B) microglia cultures were analyzed for expression of TLR7 and TLR9
by flow cytometry. Data are shown as a histogram with fluorescence intensity on X-axis and
counts/cell numbers on Y-axis. For detection of TLR7, cells were incubated with Alexa
Flour 488 conjugated goat anti-rabbit, either with rabbit anti-TLR7 (TLR7) or with no
primary antibody (control). The mean fluoresce intensity (MFI) was substantially higher for
TLR7-stained astrocytes (470, 349) than for the no primary antibody controls (269, 211)
demonstrating that astrocytes expressed TLR7 protein, albeit at low levels. For detection of
TLR9, cells were stained with a FITC- conjugated mouse-IgG (control) or with mouse anti-
TLR9 and FITC-conjugated anti-mouse IgG (TLR9). Data are representative of two
replicate experiments.
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Fig. 2. Changes in mRNA expression following TLR7 and/or TLR9 agonist stimulation in
astrocytes and microglia
Cultured astrocytes and microglia were stimulated with 5 µM imiquimod or 80 nM CpG-
ODN 1826 or both. RNA was isolated at 6 hps, reverse transcribed and cDNA was analyzed
for mRNA expression by quantitative real-time PCR analysis using TLR signaling pathway
array. Genes are presented as a schematic of their protein’s involvement in the TLR
signaling cascade or as genes transcribed following the signaling cascade. Increased mRNA
expression of these genes in both microglia and astrocytes is indicated by green lettering, in
astrocytes only by bold blue lettering and in microglia only by bold red lettering. Tlr4
mRNA was downregulated in microglia, while Tlr5 mRNA was downregulated in both
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microglia and astrocytes. Genes indicated in black lettering were not altered in either cell
type and in grey lettering were not analyzed for mRNA expression.
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Fig. 3. Influence of imiquimod or CpG-ODN or costimulation in astrocytes and microglia on the
mRNA expression of (A) S100b, (B) Brain-derived neurotrophic factor (Bdnf), glutamate
transporters (C) Slc1a2, (D) Slc1a3, (E) amyloid precursor protein (App) and (F) adhesion
molecule (Icam1)
Cultured astrocytes and microglia were stimulated with 5 µM imiquimod or 80 nM CpG-
ODN 1826 or both. At 6 hps, RNA was isolated, processed and analyzed by realtime RT
PCR. Gene expression values were calculated as a percentage of Gapdh mRNA expression
per sample. Data are the mean +/− SEM of three samples per group. Statistical analysis was
completed by one-way ANOVA with Bonferroni post test. * P<0.05, ** p<0.01 and *** p<
0.001. Asterisks above bars indicated a significant upregulation compared to mock-treated
controls. Data are representative of two replicate experiments.
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Fig. 4. Comparison of cytokine protein production by (A) astrocytes and (B) microglia
stimulated with imiquimod or CpG-ODN
Cultured astrocytes and microglia were stimulated with mock or 5 µM imiquimod or 80 nM
CpG-ODN 1826 for 12 hours. Supernatants were analyzed for cytokine protein production
by multiplex bead array or by ELISA assay. Samples were calculated as pg/ml using a
standard curve from in-plate standards. Data are the mean +/− SEM of 3 samples per group.
Statistical analysis was completed by one-way ANOVA with Bonferroni post test. * P<0.05,
** p<0.01 and *** p< 0.001. Asterisks above bars indicated a significant upregulation
compared to mock-treated controls. Lines with asterisks above the lines indicate the
difference between the indicated groups. Data are representative of two replicate
experiments.
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Fig. 5. Comparison of chemokine protein production by (A) astrocytes and (B) microglia
stimulated with imiquimod or CpG-ODN
Cultured astrocytes and microglia were stimulated with 5 µM imiquimod or 80 nM CpG-
ODN 1826 for 12 hours and supernatants were analyzed as described in Fig 4. Data are the
mean +/− SEM of 3 samples per group. Statistical analysis was completed as described in
Fig. 4. Data are representative of two replicate experiments.
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Fig. 6. Effect of TLR7 and TLR9 stimulated supernatants from astrocyte and microglia cultures,
and the ligands on primary cortical neuron cultures
Cortical neurons were cultured for 4 hours following isolation and then cultured with media
containing a 1:1 ratio of neurobasal media, containing all neuron growth factors, and
supernatants from either (A) astrocyte or (B) microglia cultures in the presence or absence
of NMDA. (C–H) Neurons were stimulated with 5 µM imiquimod or 80 nM CpG-ODN
1826 and/or NMDA as described in methods. Neuron cultures were incubated for 72 h and
cell survival was measured by (A–C) MTT assay or (D–G) immunofluorescence staining for
β-tubulin. Data are the mean +/− SEM of three to four samples per group. Statistical analysis
was completed by one-way ANOVA with Dunnett’s multiple comparison test with mock
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controls. * P<0.05, *** p< 0.001. Asterisks above bars indicated a significant upregulation
compared to mock-treated controls. Data are representative of two replicate experiments.
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Fig. 7. Costimulation with TLR7/TLR9 agonists inhibits TLR9 induced cytokine and chemokine
mRNA expression in astrocytes and microglia
Cultured (A,B,E) astrocytes and (C,D) microglia were stimulated with either (A,C, E) 5 µM
imiquimod or (B,D,E) 50 µM imiquimod and/or (A–D) 80 nM CpG-ODN 1826. (E)
Stimulation of astrocytes generated from wildtype (TLR7+/+) and TLR7 deficient (TLR7−/
−) mice to verify specificity of both concentrations of imiquimod. At 6 hps, RNA was
isolated from all samples and processed for quantitative realtime RT-PCR. Samples were
analyzed as described in Fig. 2. Data are the mean +/− SEM of 3–6 samples per group and
present the combined data from two independent experiments. Statistical analysis was
completed as described in Fig. 4.
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Fig. 8. TLR7 is not necessary for TLR7 agonist inhibition of TLR9-induced cytokine responses
in (A–D) astrocytes or (E–H) microglia cultures
Astrocyte and microglia cultures from TLR7 deficient mice were stimulated with TLR7 and/
or TLR9 agonists for 12h as shown in the figure and the supernatants were analyzed as
described in Fig 4. Data are the mean +/− SEM of 3 samples per group. Statistical analysis
was completed as described in Fig. 4. Data are representative of two replicate experiments.

Butchi et al. Page 23

Glia. Author manuscript; available in PMC 2013 September 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 9. TLR7 agonists do not inhibit the endocytosis of FITC labeled CpG-ODN into astrocytes
or microglia
Astrocyte and microglia cultures at near confluency were incubated with 80 nM of FITC-
labeled CpG-ODN and/or 5 to 50 µM of imiquimod for 30 min, and then washed extensively
with PBS to remove unbound or non-internalized FITC-CpG ODN. FITC was detected in
the cells of both (A) astrocytes and (B) microglia cultures (indicated by white arrows). Cells
were then lysed and the level of fluorescence was measured using a microplate reader.
Fluorescence levels in unstimulated astrocytes and microglia were used as a baseline for
each culture. Data are the average of 3 wells per group for (C–D) astrocytes or (E–F)
microglia cultures generated from (A–C,E) wildtype or (D,F) TLR7 deficient mice.

Butchi et al. Page 24

Glia. Author manuscript; available in PMC 2013 September 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 10. Effect of TLR7 deficiency on TLR9 induced cytokine and chemokine production. (A–D)
Astrocyte and (E–F) microglia cultures from wild type and TLR7 deficient mice were
stimulated with mock control or 80 nM of CpG-ODN 1826 for 12h and the supernatants
were analyzed as described in Fig 4. Data are the mean +/− SEM of 3 samples per group.
Statistical analysis was completed as described in Fig. 4. Data are representative of two
replicate experiments.
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Table I

Primers used for Real-time RT-PCR analysis

Common name NCBIa Gene
Symbol &
ID#

Forward primer Reverse primer

Amyloid beta (A4) precursor protein App: 11820 ACCGTTGCCTAGTTGGTGAG CATGCCATAGTCGTGCAAGT

Brain derived neurotrophic factor Bdnf: 12064 ATTAGCGAGTGGGTCACAGC ACTGCTTCAGTTGGCCTTTG

Chemokine ligand 2, MCP-1 Ccl2: 20296 TCCCAATGAGTAGGCTGGAG CCTCTCTCTTGAGCTTGGTGA

Cd14 antigen Cd14:12475 AACCTGGAAGCCAGAGAACA CCAGAAGCAACAGCAACAAG

Chemokine ligand 10, IP-10 Cxcl10: 15945 CAGTGAGAATGAGGGCCATAGG CTCAACACGTGGGCAGGAT

Glyceraldehyde-3-phosphate dehydrogenase Gapdh: 14433 TGCACCACCAACTGCTTAGC TGGATGCAGGGATGATGTTC

Intercellular adhesion molecule-1, CD54 Icam1: 15894 AGGGCTGGCATTGTTCTCTA CTTCAGAGGCAGGAAACAGG

Interferon beta Ifnb1: 15977 AGCACTGGGTGGAATGAGAC TCCCACGTCAATCTTTCCTC

Prion protein Prnp: 19122 GGACCGCTACTACCGTGAAA TCATCTTCACATCGGTCTCG

S100 protein, beta polypeptide, neural S100b: 20203 GGTGACAAGCACAAGCTGAA ACGAAGGCCATGAACTCCT

Solute carrier family 1 (glial high affinity
glutamate transporter), member 2, GLT1,
Eaat2

Slc1a2: 20511 TCTGAGGAGGCCAATACCAC TTCATCCCGTCCTTGAACTC

Solute carrier family 1 (glial high affinity
glutamate transporter), member 3, GLAST,
Eaat1

Slc1a3: 20512 GCCTATCCAGTCCAACGAAA CGAAGCACATGGAGAAGACA

Tumor necrosis factor Tnf: 21926 CCACCACGCTCTTCTGTCTAC GAGGGTCTGGGCCATAGAA

a
NCBI, National Center for Biotechnology Information.
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