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Abstract
It is now widely accepted that resident central nervous system (CNS) cells such as microglia and
astrocytes initiate and/or augment inflammation following trauma or infection. However, the
mechanisms by which glial cells perceive microbial challenges are only now becoming apparent.
We have recently demonstrated that microglia and astrocytes constitutively express nucleotide-
binding oligomerization domain-2 (NOD2), a member of the novel nucleotide-binding domain
leucine-rich repeat region-containing family of proteins (NLR) that functions as an intracellular
receptor for a minimal motif present in all bacterial peptidoglycans. Furthermore, we have shown
that this NLR is essential for glial responses to Gram-negative pathogens and in vivo CNS
inflammation elicited by these organisms. In the present study, we have established that intact
Streptococcus pneumoniae, the major causative agent for Gram-positive bacterial meningitis in
adults, is a potent stimulus for the activation of the pivotal inflammatory transcription factor NF-
kB and production of inflammatory cytokines in primary murine microglia and astrocytes. We
demonstrate that NOD2 is essential for the maximal responses of these cells to intact S.
pneumoniae but not cellular lysates. Finally, we have shown that this cytosolic pattern recognition
receptor is required for the elevated inflammatory mediator levels, astrogliosis, and demyelination,
following in vivo administration of this Gram-positive CNS pathogen. As such, we suggest that
NOD2 plays a critical role in the establishment of the lethal inflammation associated with
streptococcal meningitis.
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Introduction
The Gram-positive bacterium, Streptococcus pneumoniae, is the leading cause of bacterial
meningitis in adults (as reviewed in Meli et al, 2002; Scheld et al 2002). Such central
nervous system (CNS) infections are associated with an intense inflammatory host response
(Liu et al, 2008; Meli et al, 2002; Neher and Brown, 2007; Scheld et al 2002) and a high
degree of mortality (Meli et al, 2002; Scheld et al 2002). Furthermore, patients that survive
S. pneumoniae-associated meningitis often exhibit serious neurological sequelae (Meli et al,
2002; Scheld et al 2002). As such, delineating the pathogenesis of these infections is
essential if we are to improve disease outcome.
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While the brain has traditionally been viewed as a “victim organ” of infiltrating leukocytes,
it has become increasingly apparent that resident glial cells such as microglia and astrocytes
play an important role in the initiation and/or progression of immune responses following
pathogen invasion (as reviewed in Chauhan and Marriott, 2007). We have previously
demonstrated that astrocytes and microglia constitutively express nucleotide-binding
oligomerization domain-2 (NOD2) (Sterka and Marriott 2006; Sterka et al. 2006), a member
of the novel nucleotide-binding domain leucine-rich repeat region-containing family of
proteins (NLR) that functions as an intracellular receptor for a minimal motif present in all
bacterial peptidoglycans (Girardin et al, 2003a; Girardin et al, 2003b; Inohara et al, 2003).
Importantly, we have recently confirmed that NOD2 is functional in these cells by
demonstrating that this NLR mediates the ability of muramyl dipeptide to augment Toll-like
receptor (TLR)-induced inflammatory cytokine production by primary astrocytes and
microglia (Chauhan et al, 2009). Furthermore, we have shown that this receptor is an
important component in inflammatory CNS responses to the Gram-negative bacterial
pathogens, Neisseria meningitidis and B. burgdorferi (Chauhan et al, 2009).

Gram-positive organisms have been demonstrated to elicit inflammatory immune responses
by both astrocytes and microglia (Esen et al, 2004; Kielian, 2004). In addition, streptococcal
cell walls and cellular components that serve as TLR ligands can induce inflammatory
mediator production by glial cells (Brandenburg et al, 2008; Freyer et al, 1996; Kim and
Tauber, 1996; Prinz et al, 1999). However, astrocyte and microglial responses to intact S.
pneumoniae have not been reported. Furthermore, a role for NOD2 in CNS inflammation
following Gram-positive bacterial infection has not been established. In the present study,
we demonstrate that S. pneumoniae is a potent inflammatory stimulus for both astrocytes
and microglia. Interestingly, we show that NOD2 is essential for the maximal responses of
these cells to intact bacteria but not cellular lysates. Finally, we demonstrate that the
expression of this cytosolic pattern recognition receptor is an important contributor to
damaging CNS inflammation associated with in vivo S. pneumoniae infection.

Materials and Methods
Wild type and NOD2-deficient mice

B6.129S1-Nod2tm1Flv/J mice that are NOD2-deficient (NOD2-/-) and bred for > 10
generations onto a C57BL/6 background, as well as wild type C57BL/6j mice, were
purchased from Jackson Laboratory (Bar Harbour, Maine). All studies were performed in
accordance with relevant federal guidelines and institutional policies regarding the use of
animals for research purposes.

Isolation of primary murine microglia
Mouse neonatal brain microglia were isolated as described previously by our laboratory
(Rasley et al. 2002b) and cultured in RPMI 1640 medium with 10% fetal bovine serum
(FBS) and 20% conditioned medium from LADMAC cells (ATCC number CRL-2420) as a
source of colony stimulating factor-1. Cells isolated in this manner are > 95% authentic
microglia as assessed by their characteristic morphology and expression of CD11b and
F4/80 as determined by immunofluorescence microscopy.

Isolation of primary murine astrocytes
Mouse neonatal brain astrocytes were isolated as described previously by our laboratory
(Rasley et al. 2004a) and cultured in RPMI 1640 containing 10% FBS. Cells isolated in this
manner are > 97% authentic astrocytes due to their characteristic morphology, expression of
glial fibrillary acidic protein (GFAP) and the absence of CD11b as determined by
immunofluorescence microscopy.
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Culture of Streptococcus pneumoniae and preparation of antigen lysates
In these studies, we have utilized S. pneumoniae strain CDC CS109 (ATCC 51915), a
clinical isolate from a patient with meningitis. This organism was grown on tryptic soy agar
with 5% defibrinated sheep blood and cultured overnight in brain heart infusion broth at
37°C with 5% CO2 as previously described (Liu et al, 2008). For in vitro exposure of
isolated glia to S. pneumoniae, bacteria were harvested by centrifugation and washed twice
in phosphate buffered saline. Confluent cell layers of glia were washed three times with 4 ml
of PBS to remove growth media and then exposed to bacteria at multiplicities of infection
(MOI) of between 25:1 and 250:1 bacteria to cells in media without antibiotics for 120 min
at 37°C. Following this period, cell cultures were washed and incubated in media with 10%
FBS supplemented with 25 μg/ml gentamicin to kill remaining extracellular bacteria. At
12-24 hours following this procedure, culture supernatants were collected. In other
experiments, glial cells were exposed to cell lysates prepared from an equal number of S.
pneumoniae pulsed three times with a cell sonicator and boiled for 3 minutes prior to
addition to the culture medium.

Quantification of cytokine and chemokine secretion
Specific capture ELISAs were performed to quantify IL-6, IL-10, TNF-α, and MIP-1α
secretion by glial cells as described previously by our laboratory (Chauhan et al, 2009).
Cytokine and chemokine levels in brain homogenates were normalized to total brain weight
and reported as ng/g of brain tissue.

Western blot analyses for NF-kB activation
Nuclear protein extracts were prepared from microglia and astrocytes and immunoblot
analysis performed for the presence of the p65 subunit of NF-kB (RelA) as previously
described by our laboratory (Marriott et al, 2000). The primary antibodies used were a
purified rabbit polyclonal antibody directed against mouse RelA (Millipore, Temecula, CA).
Densitometric analyses of Western blots were performed using ImageJ (obtained from the
Web site: http://rsbweb.nih.gov/ij/download.html). Results are presented as mean values +/-
SEM of arbitrary densitometric units corrected for background intensity.

Intracerebral administration of bacteria
Viable S. pneumoniae (1×106 bacteria) were administered via intracerebral (i.c.) injection
into NOD2-/- or wild-type mice as previously described by our laboratory (Chauhan et al,
2008). Anesthetized animals were secured in a stereotaxic platform and stand, and received
an i.c. injection containing pathogens resuspended in Ringer's solution (final volume of 1
μL) or Ringer's solution only, 1 mm lateral and 1 mm posterior to the bregma using a
Hamilton positive displacement syringe (7001 series) with a 25-gauge needle and a tubing
guard to ensure constant depth of administration (3-3.5 mm). Four animals per group were
used and animals displaying signs such as seizures, abnormal gait/ataxia, failure to open
eyes, or other physical disabilities were euthanized immediately. At 1, 3, and 5 days post-
infection, animals were euthanized and all brain tissue removed. Brain tissue was prepared
for microscopy or mechanically disrupted in a glass homogenizer in 3 mL PBS for
assessment of bacterial burden by plate counting and analysis of cytokine and chemokine
content by specific capture ELISA.

Histochemical and immunofluorescence analyses of murine brain sections
Infected and non-infected mice were euthanized 1, 3, and 5 days post infection and the
brains were perfused with Prefer fixative (Anatech, Battel creek, MI) via intra-atrial
injection. Samples were embedded in paraffin and sectioned serially (5-7 um).
Demyelination was visualized in coronal sections by Luxol fast blue-Cresyl violet staining
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according to the directions provided by the manufacturer (American MasterTech Scientific
Inc., Lodi, CA), and as previously described by our laboratory (Chauhan et al, 2009).
Briefly, paraffin embedded sections were heated and rehydrated with decreasing
concentrations of ethyl alcohol prior to rinsing in distilled water and Luxol fast blue staining
at 60°C for 18 hrs. Grey and white matter was further differentiated using 0.05% lithium
carbonate and washing with 70% alcohol. Finally, the slides were placed in Cresyl Echt
violet stain for 10 min and differentiated with alcohol. After dehydration, slides were
washed in xylene and coverslips were mounted using permanent mounting media and
myelination of the corpus callosum visually assessed in a low power (10× objective)
microscopy field in animals from each experimental group (n = 4).

Astrogliosis was assessed in deparaffinized coronal sections blocked with goat serum
(Zymed laboratories, San Francisco, CA) according to GFAP expression. GFAP was
detected using a monoclonal mouse antibody directed against murine GFAP (Molecular
Probes, Eugene, Oregon) and an AlexaFluor 488 conjugated chicken anti-mouse secondary
antibody (Molecular Probes). Cell nuclei were co-visualized with 4′,6-diamidino-2-
phenylindole (DAPI). GFAP expression was assessed in multiple microscopy fields (40×
objective) of the same cortical locations in animals from each experimental group using an
Olympus IX70 Fluoroview confocal microscopy system. GFAP expression was quantified
from the fluorescence micrographs by conversion of the green channel images to grayscale
mode and densitometric analysis of these images using ImageJ software. GFAP-associated
fluorescence is reported as the average densitometric value in arbitrary units normalized to
cell-free background fluorescence measured in each micrograph quadrant of 10 microscopy
fields for each animal in the experimental groups (n = 4).

Statistical Analyses
All results are presented as the mean +/- SEM and were tested statistically by Student's t test
or one-way analysis of variance (ANOVA) with Tukey's post hoc test as appropriate, using
commercially available software (Sigma Stat; Systat Software, San Jose, CA). Results were
considered to be statistically significant at a probability of < 0.05.

Results
S. pneumoniae-induced inflammatory cytokine expression by isolated microglia and
astrocytes is mediated by NOD2

Recognition of S. pneumoniae by glia and subsequent expression of proinflammatory
cytokines such as IL-6 and TNF-α is a key component in the development of brain injury
during bacterial meningitis (Meli et al, 2002; Neher and Brown, 2007; Scheld et al 2002).
To begin to define the role of NOD2 in S. pneumoniae-mediated glial inflammatory
responses, primary murine microglia and astrocytes were derived from wild type and
NOD2-deficient mice, and untreated or infected with viable S. pneumoniae (MOI of 25:1,
75:1 or 250:1 bacteria to each glial cell). As shown in Figures 1A and 1B, microglia derived
from wild type animals (NOD2+/+) exposed to S. pneumoniae produced large amounts of
IL-6 and TNF-α at 24 hours following bacterial challenge. Importantly, microglia derived
from NOD2 deficient animals (NOD2-/-) produced significantly less of these cytokines
following S. pneumoniae challenge than wild type cells both in terms of absolute cytokine
levels in the culture supernatant and as fold increases in cytokine production (Figures 1A
and 1B).

Consistent with our previous demonstration that astrocytes respond to Gram-negative
bacterial pathogens including N. meningitidis (Chauhan et al, 2008; Chauhan et al, 2009.
Rasley et al, 2006), this major glial cell type also demonstrated robust inflammatory
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cytokine production following exposure to S. pneumoniae (Figures 1C and 1D).
Interestingly, astrocytes derived from NOD2-/- mice produced significantly lower
concentrations and fold increases over basal levels of both IL-6 and TNF-α at 24 hours
following bacterial challenge than NOD2+/+ derived cells (Figures 1C and 1D,
respectively).

NOD2 is not required for maximal glial responses to S. pneumoniae lysates
To further explore the role of NOD2 in the inflammatory immune responses of resident CNS
cells, we investigated the ability of S. pneumoniae lysates to induce IL-6 and TNF-α
production by isolated cultures of primary glial cells. As shown in Figure 2A, while S.
pneumoniae lysates elicit significant IL-6 and TNF-α production by microglia derived from
NOD2+/+ mice, such production is significantly lower than that induced by an equal number
of intact viable bacteria. Interestingly, this difference was not apparent in microglia derived
from NOD2-/- animals where lysates and intact bacteria elicited almost identical levels of
IL-6 and TNF-α production (Figure 2B). Furthermore, inflammatory cytokine production by
NOD2-/- derived microglia following exposure to S. pneumoniae lysates was not
significantly different from that produced by identically treated NOD2+/+ derived cells
(Figure 2C).

Similarly, S. pneumoniae lysates elicited significantly less inflammatory cytokine
production by murine astrocytes than an equal number of intact bacteria (Figure 3A). Again,
this disparity was absent in parallel experiments utilizing astrocytes isolated from NOD2-/-
mice (Figure 3B). Furthermore, increases in IL-6 and TNF-α production by NOD2-/- cells
following exposure to S. pneumoniae lysates were not significantly different from those
produced by similarly treated NOD2+/+ derived cells (Figure 3C). Taken together, these
data indicate that viable bacteria are a more potent stimulus for inflammatory cytokine
production by wild type mice-derived glial cells than mixed bacterial components and this
disparity is mediated by NOD2.

NOD2 expression is required for maximal S. pneumoniae-mediated increases in NF-kB
activation in microglia and astrocytes

To further determine the role played by NOD2 in S. pneumoniae-mediated glial immune
responses, we assessed NF-kB p65 subunit (RelA) nuclear translocation in microglia and
astrocytes derived from NOD2+/+ and NOD2-/- mice following exposure to this bacterium.
As shown in Figure 4, exposure of NOD2+/+ mice-derived microglia to S. pneumoniae
elicited increases in NF-kB activation with 15 to 16 fold increases in nuclear RelA levels
(Figure 4). Similarly, this bacterium also induces RelA translocation in astrocytes with up to
47-fold increases in the nuclear levels of this transcription factor (Figure 4). Importantly,
such S. pneumoniae-induced NF-kB activation was markedly attenuated in microglia and
astrocytes isolated from NOD2-/- mice (Figure 4) with maximal increases of only 15-27% of
that seen in NOD2+/+ derived cells. As such, these data are in agreement with published
studies in HEK293 cells (Opitz et al, 2004) and indicate that NOD2 is required for maximal
S. pneumoniae-mediated activation of a pivotal pro-inflammatory transcription factor in
resident CNS cells.

NOD2 is a major contributor to acute CNS inflammation following in vivo S. pneumoniae
administration

To begin to establish the in vivo relevancy of our in vitro findings, we have extended our
studies to a murine model of pneumococcal bacterial meningitis. Known numbers of S.
pneumoniae (1×106 organisms) were directly administered via i.c. injection into NOD2+/+
and NOD2-/- mice. At 1, 3, and 5 days following administration, inflammatory cytokine
levels were assessed in S. pneumoniae-infected brain tissue in the absence or presence of
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NOD2 expression. As shown in Figure 5A, levels of the chemokine MIP-1α were
significantly increased in the brains of NOD2+/+ mice 24 hours following infection with
this Gram-positive organism. However, such elevations were not observed in NOD2-/-
animals (Figure 5A). Similarly, we have found that increases in CNS levels of the
inflammatory cytokine TNF-α observed at 24 hours following S. pneumoniae administration
were absent in NOD2-/- mice (Figure 5B). Furthermore, we have found that S. pneumoniae-
induced decreases in the level of the immunosuppressive cytokine IL-10 at 24 hours
following infection were markedly reduced in the absence of NOD2 expression (25.8 +/-
2.0% decrease in NOD2+/+ mice versus 3.6 +/- 6.1% decrease in NOD2-/- animals; n = 4, p
< 0.05).

In addition, brain tissue was prepared for immunofluorescence microscopy to determine the
relative proportion of cells positive for the astrocyte marker, GFAP, and its relative level of
expression as a measure of reactive astrogliosis in infected mice. As shown in Figure 6A, S.
pneumoniae elicits a pronounced increase in the number and fluorescence intensity of GFAP
positive cells that peaked at 72 hours post-infection in wild type animals. Importantly,
significantly lower GFAP-associated fluorescence was seen in infected NOD2-/- animals at
72 hours following S. pneumoniae administration compared to that seen in infected NOD2+/
+ mice (1.63 +/- 0.44 versus 5.45 +/- 1.54 arbitrary intensity units, respectively; n = 4, p <
0.05) (Figure 6A).

Finally, demyelination was assessed in parallel studies by Luxol blue staining and lightfield
microscopy. As shown in Figure 6B, S. pneumoniae infection of NOD2+/+ mice elicits
demyelination within the CNS as evidenced by the progressively reduced staining of the
corpus callosum (n = 4). Importantly, S. pneumoniae-associated demyelination was less
apparent in NOD2-/- animals (Figure 6B). Taken together, these data indicate that NOD2 is
required for the inflammatory mediator production, gliosis, and demyelination, resulting
from S. pneumoniae infection, and provides a compelling case for a role of this cytosolic
receptor in the lethal CNS inflammation associated with a major Gram-positive bacterial
pathogen.

Discussion
While it is likely that infiltrating immune cells contribute to inflammatory responses within
the CNS, a growing body of evidence suggests that resident glial cells play an important role
in the initiation and progression of inflammation following infection or trauma. To
accomplish this role, resident cells such as microglia and astrocytes express multiple
microbial pattern recognition receptors including TLRs to perceive bacterial pathogens and
to initiate potentially damaging CNS inflammation (Bsibsi et al. 2002; Carpentier et al.
2008; Esen and Kielian 2005; Kielian et al. 2005; Olson and Miller 2004; Rasley et al.
2002a). Accordingly, our laboratory and others have demonstrated the ability of microglia
and astrocytes to produce key inflammatory cytokines including TNF-α, and IL-6 in
response to TLR ligands and Gram-negative bacterial pathogens of the CNS (Kielian 2004;
Kielian et al. 2002; Rasley et al. 2002a; Rasley et al. 2004b; Bowman et al. 2003; Bsibsi et
al. 2002; Carpentier et al. 2005; Dong and Benveniste 2001; Esen et al. 2004; Lieberman et
al. 1989; Takeshita et al. 2001).

In the present study, we demonstrate that mixed antigen lysates prepared from the Gram-
positive organism, S. pneumoniae, are potent stimuli for both microglia and astrocytes. We
show that bacterial lysate preparations elicit the production of significant quantities of TNF-
α and IL-6 by these resident CNS cells. These findings are in agreement with the results of
others demonstrating that S. pneumoniae cell wall preparations elicit MAP kinase activation
by glial cells (Schumann et al, 1998) and inflammatory mediator and/or antimicrobial
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peptide production by both microglia and astrocytes (Freyer et al, 1996; Kim and Tauber,
1996; Prinz et al, 1999; Brandenburg et al, 2008). Similarly, heat killed S. pneumoniae has
been demonstrated to induce NO production by astrocytes (Bernatowicz et al, 1995) while
purified pneumolysin elicits release of this inflammatory mediator by primary mouse
microglia (Ebert et al, 2005). Importantly, in the present study we report that acute in vitro
exposure to viable intact S. pneumoniae results in significantly greater inflammatory
immune production by both microglia and astrocytes than that elicited by a lysate
preparation derived from an equal number of bacteria.

NLR proteins such as NOD2 have been identified as cytosolic pattern recognition receptors
that play a role in the initiation of inflammatory host immune responses to bacterial
challenge (Dziarski and Gupta 2005; Strober et al. 2006). NOD2 appears to function as an
intracellular receptor for a minimal motif common to all bacterial peptidoglycans (Fournier
and Philpott 2005; Girardin et al. 2003b; Takada and Uehara 2006). Previously, we have
characterized the expression of NOD2 and its downstream effector molecule Rip2 kinase in
primary cultures of murine glial cells (Sterka and Marriott 2006; Sterka et al. 2006). More
recently, we have shown that that exposure of microglia and astrocytes to bacterial lysates
increases the association of NOD2 with Rip2 kinase, and demonstrated that this cytosolic
receptor underlies the ability of MDP to augment TLR-induced inflammatory responses of
microglia and astrocytes (Chauhan et al, 2009). Furthermore, we demonstrated that this
cytosolic receptor is required for maximal inflammatory immune responses of primary glia
cells to the Gram-negative bacteria, N. meningitidis and B. burgdorferi, and is a significant
contributor to the progression of inflammatory CNS damage caused by these organisms
following in vivo administration (Chauhan et al, 2009).

In the present study, we have assessed the relative importance of NOD2 in the immune
responses of isolated cultures of primary glia cells to Gram-positive pneumococci. We show
that the activation of the pivotal inflammatory transcriptional activator NF-kB and the
production of key inflammatory cytokines in both astrocytes and microglia following
challenge with intact S. pneumoniae are significantly reduced in the absence of NOD2
expression. Importantly, we have established the in vivo relevancy of our in vitro studies by
studying the CNS inflammation associated with direct i.c. bacterial administration in wild
type animals and mice genetically deficient in the expression of NOD2. We have shown that
infection of adult wild type mice with a sub-lethal dose of S. pneumoniae elicits a significant
increase in inflammatory chemokine and cytokine production at 24 hours following
infection with a concomitant decrease in the level of an immunosuppressive cytokine. The
bacterial burden peaks within the CNS at 3 days post infection and this is associated with a
pronounced astrogliosis and the onset of demyelination. This demyelination becomes
progressively more apparent at 5 days following infection even as the bacterial burden
diminishes. Importantly, we have found that the rapid increase in inflammatory mediators
associated with S. pneumoniae administration is absent in NOD2-/- animals and we have
demonstrated that the astrogliosis and demyelination following infection are markedly
reduced in these animals, despite the presence of a significantly higher bacterial burden.
Together, these studies suggest that NOD2 is an important component in the initiation and/
or progression of damaging CNS inflammation associated with pneumococcal meningitis.

The present study indicates that the immune responses of glia to Gram-positive bacterial
components are significantly smaller than those elicited by intact S. pneumoniae.
Interestingly, we have found that inflammatory cytokine production by either microglia or
astrocytes following exposure to pneumococcal lysates is unaffected by the absence of
NOD2 expression. This finding is in contrast to the results obtained using intact S.
pneumoniae and our previous studies in which we demonstrated that the glial responses to
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Gram-negative bacterial lysates were significantly attenuated in cells derived from NOD2
deficient animals (Chauhan et al, 2009).

A precedent for these somewhat surprising results can be found in other studies employing
Gram-positive CNS pathogens. TLR2 has been implicated in the initiation of CNS
inflammation following Gram-positive bacterial infections based upon the observed
attenuation of glial responses to Staphylococcus aureus in the absence of TLR2, CD14, and/
or MyD88 expression (Esen and Kielian, 2005; Esen and Kielian, 2006; Esen et al, 2004)
and the ability of specific TLR2 ligands to mimic meningitis disease pathology (Hoffman et
al, 2007). However, it is apparent that glial cells employ additional mechanisms to perceive
such pathogens. Esen and coworkers (2004) have previously demonstrated that TLR2
expression is required for a portion, but not all, of the inflammatory response of murine
astrocytes to S. aureus challenge. Importantly, these investigators have also shown that
TLR2 and its co-receptor, CD14, are required for microglial responses to bacterial
components but not intact S. aureus (Esen and Kielian, 2005; Kielian et al, 2005).

Based upon these observations and the present study, we suggest that maximal glial
responses to intact Gram-positive bacterial pathogens require the involvement of cytosolic
NOD2. While the notion that S. pneumoniae is internalized by resident glial cells is
currently controversial, such a hypothesis is supported by the documented ability of this
organism to invade human epithelial and endothelial cell lines (Opitz et al., 2004; Bergmann
et al, 2009; Rajam et al, 2008; Pracht et al, 2005), and primary human brain microvascular
and umbilical vein-derived endothelial cells (Pracht et al, 2005). As such, we propose a
scenario in which S. pneumoniae is perceived by microglia and astrocytes via TLRs and
NOD2 in a cooperative manner in which extracellular components are recognized by cell
surface pattern recognition receptors such as TLR2, while internalized bacteria elicit
maximal glial activation and potentially lethal inflammation in a NOD2-mediated manner.
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FIGURE 1.
Inflammatory cytokine responses of glia to intact S. pneumoniae are significantly lower in
the absence of NOD2 expression. Microglia (Panels A and B) or astrocytes (Panels C and D)
(2 × 106 cells per well) from wild type (NOD2+/+) and NOD2 knockout (NOD2-/-) animals
were untreated or exposed to viable S. pneumoniae (MOI, of 25:1, 75:1, 250:1 bacteria to
each glial cell). At 24 hrs following bacterial challenge culture supernatants were isolated
and assayed for the presence of IL-6 (Panels A and C) or TNF-α (Panels B and D) by
specific capture ELISA. Data are presented as the culture supernatant cytokine
concentrations (Left panels) and as fold increases over levels in unstimulated cells (Right
panels) and are the means of triplicate determinations of samples from three separate
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experiments +/- SEM. Asterisks indicate statistically significant differences in cytokine
production between cells derived from wild type and NOD2 deficient animals (p < 0.05).
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FIGURE 2.
Microglial cytokine responses to S. pneumoniae lysates are significantly smaller than those
elicited by intact bacteria and are not dependent on the expression of NOD2. Microglia (2 ×
106 cells per well) from wild type (NOD2+/+) (Panels A and C) or NOD2 knockout
(NOD2-/-) (Panels B and C) animals were untreated or exposed to either viable S.
pneumoniae (MOI, of 25:1, 75:1, 250:1 bacteria to each glial cell) or lysates derived from an
equal number of bacteria. At 24 hrs following bacterial challenge culture supernatants were
isolated and assayed for the presence of IL-6 and TNF-α by specific capture ELISA. Data
are presented as the culture supernatant cytokine concentrations (Panels A and B) and as
fold increases over levels in unstimulated cells (Panel C) and are the means of triplicate
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determinations of samples from three separate experiments +/- SEM. Asterisks indicate
statistically significant differences in cytokine production between cells treated with intact
bacteria or bacterial lysates (p < 0.05).
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FIGURE 3.
Astrocyte cytokine responses to S. pneumoniae lysates are significantly smaller than those
elicited by intact bacteria and are not dependent on the expression of NOD2. Astrocytes (2 ×
106 cells per well) from wild type (NOD2+/+) (Panels A and C) or NOD2 knockout
(NOD2-/-) (Panels B and C) animals were untreated or exposed to either viable S.
pneumoniae (MOI, of 25:1, 75:1, 250:1 bacteria to each glial cell) or lysates derived from an
equal number of bacteria. At 24 hrs following bacterial challenge culture supernatants were
isolated and assayed for the presence of IL-6 and TNF-α by specific capture ELISA. Data
are presented as the culture supernatant cytokine concentrations (Panels A and B) and as
fold increases over levels in unstimulated cells (Panel C) and are the means of triplicate

Liu et al. Page 15

Glia. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



determinations of samples from three separate experiments +/- SEM. Asterisks indicate
statistically significant differences in cytokine production between cells treated with intact
bacteria or bacterial lysates (p < 0.05).

Liu et al. Page 16

Glia. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 4.
Activation of NF-kB following exposure to intact S. pneumoniae is significantly lower in
glia deficient in the expression of NOD2. Microglia (Upper immunoblot) or astrocytes
(Lower immunoblot) (2 × 106 cells per well) from wild type (NOD2+/+) and NOD2
knockout (NOD2-/-) animals were untreated (0) or exposed to viable S. pneumoniae (MOI,
of 25:1, 75:1, 250:1 bacteria to each glial cell). At 2 hrs following bacterial challenge
nuclear protein isolates were prepared and assayed for the presence of NF-kB p65 (RelA) by
immunoblot analysis. Fold increases in nuclear RelA levels following bacterial challenge
were determined by densitometric analysis and are indicated below the bands. The
immunoblots shown are representative of three separate experiments.
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FIGURE 5.
In the absence of NOD2 expression, intracerebral S. pneumoniae administration fails to
elicit rapid elevations in inflammatory mediator levels and is associated with higher
bacterial burdens within the CNS. Vehicle (0) or S. pneumoniae (1 × 106 bacteria) was
administered via i.c. injection into C57BL/6 wild type (NOD2+/+) and NOD2 deficient
(NOD2-/-) mice. At 1 (D1), 3 (D3), and 5 (D5), days post-infection tissue homogenates
were isolated for measurement of TNF-α (Panel A) and MIP-1α (Panel B) protein
expression by specific capture ELISA, and assessment of bacterial burden (Panel C). Data
are presented as the means of triplicate determinations of samples from four animals in each
group +/- SEM. Asterisk indicates significant difference between levels in infected NOD2+/
+ and NOD2-/- mice, and pound symbol indicates significant difference from uninfected
animals (p < 0.05).
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FIGURE 6.
S. pneumoniae-induced astrogliosis and demyelination is attenuated in the absence of NOD2
expression. Vehicle or S. pneumoniae (1 × 106 bacteria) was administered via intracerebral
injection into C57BL/6 wild type (NOD2+/+) and NOD2 deficient (NOD2-/-) mice. At day
1 (D1), 3 (D3), and 5 (D5), post-infection brain tissue was perfused in situ, isolated, and
prepared for analysis by immunofluorescence and lightfield microscopy. Panel A shows
astrocyte-associated GFAP (green) and cell nuclei-associated DAPI (blue)
immunofluorescence in representative coronal cortical fields (40× objective) from one of the
four animals in each group while Panel C shows representative Luxol blue staining of the
corpus callosum in coronal fields (10× objective).
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