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Abstract

Gap junctions establish direct intercellular conduits between adjacent cells and are formed by the
hexameric organization of protein subunits called connexins (Cx). It is unknown whether the
proinflammatory milieu that ensues during CNS infection with S. aureus, one of the main etiologic
agents of brain abscess in humans, is capable of eliciting regional changes in astrocyte homocellular
gap junction communication (GJC) and, by extension, influencing neuron homeostasis at sites distant
from the primary focus of infection. Here we investigated the effects of S. aureus and its cell wall
product peptidoglycan (PGN) on Cx43, Cx30, and Cx26 expression, the main Cx isoforms found in
astrocytes. Both bacterial stimuli led to a time-dependent decrease in Cx43 and Cx30 expression;
however, Cx26 levels were elevated following bacterial exposure. Functional examination of dye
coupling, as revealed by single-cell microinjections of Lucifer yellow, demonstrated that both S.
aureus and PGN inhibited astrocyte GJC. Inhibition of protein synthesis with cyclohexamide (CHX)
revealed that S. aureus directly modulates, in part, Cx43 and Cx30 expression, whereas Cx26 levels
appear to be regulated by a factor(s) that requires de novo protein production; however, CHX did
not alter the inhibitory effects of S. aureus on astrocyte GJC. The p38 MAPK inhibitor SB202190
was capable of partially restoring the S. aureus-mediated decrease in astrocyte GJC to that of
unstimulated cells, suggesting the involvement of p38 MAPK-dependent pathway(s). These findings
could have important implications for limiting the long-term detrimental effects of abscess formation
in the brain which may include seizures and cognitive deficits.
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INTRODUCTION

Many cell types within multi-cellular systems must communicate with each other to function
properly. Inthe CNS, communication via gap junctions is critical for the homeostatic functions
of non-excitable cells such as astrocytes. Gap junction channels are formed by the joining of

two hemichannels (connexons) between adjacent cells each composed of hexameric protein
subunits called connexins (Cx). Several connexins have been reported to be expressed by
astrocytes including connexin 43 (Cx43), connexin 26 (Cx26), and connexin 30 (Cx30)
(Altevogt and Paul, 2004; Dermietzel et al., 2000; Nagy et al., 2001, 2003).
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It has been well established that astrocytes play an important role in maintaining CNS
homeostasis by regulating extracellular pH, K*, and glutamate levels through their ion channels
and membrane transporters (Anderson and Swanson, 2000; Ransom, 2000; Ransom and
Orkand, 1996). Moreover, astrocytes conduct signaling by propagating Ca2* waves over
considerable distances from the focus of initiation (Scemes et al., 1998; Schipke et al., 2002).
All of these functions have been shown to be influenced, in part, by gap junction
communication (GJC) (Charles et al., 1992; Farahani et al., 2005; Froes and de Carvalho,
1998; Naus and Bani-Yaghoub, 1998; Naus et al., 1999; Rozental et al., 2000a; Spray, 1999;
Stout et al., 2002; Ye et al., 2003). Astrocytes represent the largest gap junction-coupled cell
population of the CNS which results in extensive syncytium formation. Functionally, the
astrocyte syncytium serves to effectively dilute substances cleared from the extracellular
environment such as glutamate, and facilitates the trafficking of substances such as glucose
and its metabolites at the blood-brain barrier (BBB), forming a link between cerebral vascular
endothelium and neurons over long distances (Froes and de Carvalho, 1998; Spray, 1999).

In addition to physiological maintenance, growing evidence suggests that the astrocyte
syncytium plays an important role in various CNS pathological conditions such as brain
ischemia and hemorrhage, epilepsy, and brain tumors (Nakase and Naus, 2004; Naus et al.,
1999; Rouach et al., 2002). However, the functional consequences resulting from changes in
the extent of astrocyte coupling remain an area of debate and are likely influenced by the context
of CNS damage (Farahani et al., 2005; Perez Velazquez et al., 2003). Neuroinflammation is a
hallmark of various CNS pathologies such as trauma, bacterial meningitis, brain abscess,
Alzheimer’s disease, and multiple sclerosis, which share a general feature of reactive gliosis
characterized, to varying degrees, by the proliferation and hypertrophy of activated astrocytes
(Eikelenboom et al., 2002; Griffin and Mrak, 2002; Kielian, 2004; Koedel et al., 2002; McGeer
and McGeer, 2002; Nau and Bruck, 2002; Scheld et al., 2002). When activated by an
appropriate stimulus, astrocytes have the capacity to produce robust amounts of
proinflammatory mediators which may have profound effects on GJC (Dong and Benveniste,
2001; Esenetal., 2004; Kimetal., 2005; Smits etal., 2001). Indeed, the gram-negative bacterial
cell wall component lipopolysaccharide (LPS) has been shown to attenuate GJC in primary rat
astrocytes, which was attributed, in part, to the autocrine/paracrine action of nitric oxide (NO),
since the iNOS inhibitor N®-monoethyl-L-arginine (NMMA) was capable of restoring gap
junction coupling (Bolanos and Medina, 1996). In addition, treatment of human fetal astrocytes
with the proinflammatory cytokine interleukin-1p (IL-1p) resulted in reduced Cx43 expression
concomitant with an attenuation in GJC (John et al., 1999). Taken together, these findings
suggest that inflammatory stimuli and proinflammatory mediators can regulate the expression
of gap junction proteins and subsequent communication in astrocytes.

Recently we have demonstrated that astrocytes are capable of recognizing the gram-positive
bacterium S. aureus and its cell wall component peptidoglycan (PGN), and respond by
elaborating numerous proinflammatory mediators including NO, IL-1p, and TNF-o (Esen et
al., 2004). S. aureus is one of the main pathogens of parenchymal brain infection leading to
the establishment of brain abscess (Townsend and Scheld, 1998). In the experimental brain
abscess model which has been developed in our laboratory using S. aureus, we have shown
that IL-1p and TNF-a play critical roles in CNS pathology (Kielian et al., 2004). Interestingly,
these same proinflammatory cytokines have recently been reported by others to exert dramatic
effects on glial homocellular GJC (Chanson et al., 2001; Duffy et al., 2000; Faustmann et al.,
2003; John et al., 1999). Based upon this evidence, we propose that proinflammatory mediators
released by S. aureus-activated astrocytes in developing brain abscesses may be capable of
modulating the nature and extent of GJC, with changes initiated in the proximity of the lesion
and consequently extending to affect the surrounding astrocytic syncytial network.
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The current studies were designed to investigate the effects of S. aureus and its cell wall product
PGN on Cx isoform expression and homocellular GJC in astrocytes. Both stimuli led to a time-
dependent decrease in Cx43 and Cx30 levels with a concomitant increase in Cx26 expression.
Inaddition, both S. aureus and PGN were found to significantly attenuate the extent of astrocyte
gap junction coupling as evaluated by single-cell microinjections of Lucifer yellow. Inhibition
of protein synthesis with cyclohexamide (CHX) revealed that S. aureus directly modulates, in
part, Cx43 and Cx30 expression, whereas Cx26 levels appear to be regulated by factor(s) that
require de novo protein production. However, despite these differences, CHX did not alter the
inhibitory effects of S. aureus on astrocyte GJC. The p38 MAPK pathway appears to play an
important role in regulating astrocyte GJC in response to S. aureus since the p38 MAPK
inhibitor SB202190 was capable of partially restoring the S. aureus-mediated decrease in
astrocyte GJC to that of unstimulated cells. These results suggest that gram-positive bacteria
such as S. aureus can influence astrocyte Cx isoform expression and subsequent homocellular
GJC either directly or indirectly through the release of proinflammatory mediators.

MATERIALS AND METHODS

Primary Astrocyte Culture and Reagents

Neonatal C57BL/6 mice (1-6 days of age) were used to prepare mixed glial cultures as
previously described (Esen et al., 2004). Briefly, when cultures reached confluency (1-2
weeks), flasks were shaken at 200 rpm overnight at 37°C to recover microglia. The supernatant
containing microglia was collected and fresh medium was added to the flasks and incubated
another 5-7 days. This was repeated 3—4 times, whereupon flasks were trypsinized and cells
resuspended in astrocyte medium supplemented with 0.1 mM of the microglial cytotoxic agent
L-leucine methyl ester (L-LME; Sigma-Aldrich, St. Louis, MO). Astrocytes were treated with
L-LME for at least 2 weeks prior to use in experiments. The purity of astrocyte cultures was
determined by immuno-histochemical staining using antibodies for CD11b (BD PharMingen,
San Diego, CA) and GFAP (DAKO Corp., Carpinteria, CA) to detect microglia and astrocytes,
respectively. The purity of astrocyte cultures prepared in this manner was routinely >95%.

Throughout this study, astrocytes were seeded into 6-well plates or 35 mm dishes at 1 x 108
or 5 x 10°, respectively, and incubated overnight. The following day, cells were stimulated
with heat-inactivated S. aureus (107 cfu; strain RN6390, kindly provided by Dr. Ambrose
Cheung, Dartmouth Medical School) or 10 ug/mL PGN (Fluka, St. Louis, MO) for 24 h. These
doses were selected based on previous studies demonstrating optimal proinflammatory
mediator induction in astrocytes without any evidence of cytotoxicity (Esen et al., 2004). In
studies designed to examine the requirement of de novo protein synthesis on Cx mRNA
expression and functional GJC, astrocytes were treated with the protein synthesis inhibitor
CHX (Sigma). CHX treatment was initiated 1 h prior to S. aureus exposure and was maintained
throughout the period of S. aureus stimulation (6, 12, or 24 h). The amount of CHX used for
these experiments (10 uM) was optimized by dose-response studies and was not found to induce
astrocyte toxicity as determined by a standard MTT assay (Esen et al., 2004) (data not shown).

All reagents and culture media were verified to have endotoxin levels <0.03 EU/mL as
determined by Limulus amebocyte lysate assay (LAL; Associates of Cape Cod, Falmouth,
MA).

Quantitative Real-Time RT-PCR

Total RNA from astrocytes was isolated using the TriZol reagent and treated with DNAsel
(both from Invitrogen, Carlsbad, CA) prior to use in quantitative real-time RT-PCR (qRT-
PCR) studies. GAPDH primers and TAMRA TagMan probes were designed as previously
described (Esen et al., 2004) and synthesized by Applied Biosystems (ABI, Foster City, CA).
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ABI Assays-on-Demand™ Tagman Kits were utilized to examine Cx26, Cx30, and Cx43
expression. The RT reaction was conducted using the iScript cDNA™ synthesis kit (Bio-Rad,
Hercules, CA) according to the manufacturer’s instructions. Real-time PCR reactions were
performed using the iCycler™ kit and analyzed using the iCycler IQ™ multicolor real-time
PCR detection system (both from Bio-Rad). Cx expression levels in primary astrocytes were
calculated after normalizing cycle thresholds against the housekeeping gene GAPDH and are
presented as the fold-induction (272ACY) value relative to unstimulated cells.

Protein Extraction and Western Blotting

The effects of heat-inactivated S. aureus and PGN on astrocytic Cx26, Cx30, and Cx43 protein
expression were evaluated by Western blot analysis as previously described (Esen et al.,
2004). Astrocytic protein extracts (40 ug of total protein) were electrophoresed on 10% Tris-
HCI Ready Gels (Bio-Rad) and transferred to a PVDF membrane (Immobilon-P, Millipore,
Bedford, MA) using a semidry transfer apparatus (Bio-Rad). Blots were probed using
polyclonal rabbit anti-mouse Cx26, Cx30, and Cx43 antibodies (all from Zymed, San
Francisco, CA, Cat nos. 51-2800, 71-2200, and 71-0700, respectively) (Penes et al., 2005;
Rash et al., 2001) followed by a donkey anti-rabbit IgG-HRP conjugate (Jackson
Immunoresearch, West Grove, PA). Blots were developed using the ChemiGlow West
substrate (Alpha Innotech, San Leandro, CA) and visualized by exposure to X-ray film.
Following Cx isoform detection, blots were stripped and re-probed with a rabbit anti-actin
polyclonal antibody (Sigma) for normalization. For experiments designed to demonstrate the
specificity of Cx30 immunoreactive bands, Cx30 pAb (1 pg) was pre-adsorbed with a 100-
fold excess of Cx30 blocking peptide (generously provided by Dr. David Phan, Invitrogen) for
2 h at room temperature in PBS/0.1% Tween/1% milk prior to membrane blotting. For
quantitation, non-saturated autoradiographs were scanned and the pixel intensity for each band
was determined using the Image/J program (NIH Image) and normalized to the amount of actin.
Results are expressed in arbitrary units as the ratio of Cx26, Cx30, or Cx43 to actin.

Immunofluorescence Staining of Cx Isoforms and Confocal Microscopy

Cx isoform expression in astrocytes was examined using two-color immunofluorescence
staining and subsequent confocal microscopy. Primary astrocytes were seeded onto glass
coverslips (10° cells/coverslip) and incubated in 24-well plates overnight. The following day,
cells were treated with either 107 heat-inactivated S. aureus or 10 pg/mL PGN for 6 or 24 h
(three replicates per time point). At the end of each incubation period, cells were washed
extensively with PBS and immediately fixed in ice-cold methanol. Astrocytes were incubated
with the rabbit polyclonal Cx26, Cx30, or Cx43 antibodies described above in conjunction
with a polyclonal rat anti-mouse GFAP antibody (Zymed) overnight at 4°C in a humidified
chamber. Following numerous rinses in PBS, cells were incubated with biotinylated donkey
anti-rabbit 1gG and donkey anti-rat-FITC antibodies (to detect Cx isoform and GFAP
expression, respectively; both from Jackson Immunoresearch, West Grove, PA) for 1 h at room
temperature. Cx isoform expression was visualized by the addition of a streptavidin-Alexa
Fluor 568 conjugate (Molecular Probes, Eugene, OR) and Hoechst 33342 (2 uM; Molecular
Probes) was included for identification of nuclei. All antibody dilutions were prepared in PBS
supplemented with 10% donkey serum (Jackson Immunoresearch) to minimize non-specific
binding. Importantly, the anti-rabbit and anti-goat 1gG secondary Abs employed in this study
were pre-adsorbed with normal goat and rabbit serum, respectively, to prevent non-specific
cross-reactivity with primary antibodies. Upon completion of the staining protocol, coverslips
were mounted onto glass slides using the Prolong anti-fade reagent (Molecular Probes) and
sealed using nail polish. Coverslips were imaged using a Zeiss laser scanning confocal
microscope (LSM 510, Carl Zeiss Microimaging Inc, Thornwood, NY). Samples were scanned
using a multi-track mode and images corresponding to each fluorophore were collected
sequentially using individual lasers to eliminate bleed-through. Hoechst 33342 for nuclear
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visualization was excited by a 405 nm diode laser, FITC to visualize GFAP immunoreactivity
was excited with a 488 nm argon laser, and Alexa Fluor 568 to demonstrate Cx isoform
expression was excited with a 561 nm DPSS laser, with images collected using the appropriate
emissions. The confocal pinhole was set to obtain an optical section thickness of 1.6 um. To
demonstrate colocalization of GFAP, Cx isoforms, and Hoechst 33342, RGB merges of
individual confocal images were performed using the ImageJ software program (NIH Image).

Single-Cell Microinjections of Lucifer Yellow

Statistics

Astrocytes were plated for lucifer yellow (LY) injections in 35 mm dishes (5 x 10° cells/dish)
and incubated for 24 h. Subsequently, cells were stimulated with either 107 heat-inactivated
S. aureus or 10 pg/mL PGN and incubated for another 24 h. During LY injections, astrocyte
cultures were continuously superfused with carbogen (95% O, and 5% CO»)-saturated Ames
medium (Sigma) at a rate of 3—-4 mL/min. The perfusion solution was pre-warmed to 37°C
using an inline solution heater regulated by a dual channel heater (both from Warner
Instruments, Hamden, CT). Cells were allowed to equilibrate for 15 min prior to
microinjections. Sharp micro-pipettes (resistance 100-200 M) were prepared from
borosilicate filament tubing (OD 1.0 mm, ID 0.5 mm) using a micropipette puller (P-97
Fleming/Brown, both from Sutter Instruments, Novato, CA). Pipettes were backfilled with the
gap junction-permeable dye LY CH (Sigma, 4% (w/v) LY in 150 mM LiCl) with a 34-gauge
microfill syringe needle (World Precision Instruments, Sarasota, FL). LY was injected
intracellularly by applying brief hyperpolarizing pulses generated by a micro-iontophoresis
current generator (World Precision Instruments) through a micropipette that was carefully
inserted into the cell guided by a micromanipulator (MP-225, Sutter Instruments). In studies
designed to confirm the gap junction-dependent nature of LY spread in astrocytes, cells were
treated with the gap junction blocker 18-a-glycyrrhetinic acid (AGA, Sigma). Briefly, a
minimum of three LY intracellular injections were performed in unstimulated astrocyte
cultures prior to AGA treatment to confirm the establishment of gap junction-dependent
coupling. Subsequently, the same cultures were continuously perfused for 20 min in Ames
medium supplemented with 25 uM AGA to allow for sufficient levels of inhibitor to accumulate
within the culture medium, whereupon gap junction-dependent coupling was assessed while
still in the presence of AGA. A minimum of 10 individual cells were microinjected with LY
in each experimental group (unstimulated, unstimulated + AGA, S. aureus, and PGN) with
results replicated in five independent experiments. To evaluate the mechanism(s) influencing
astrocyte GJC in response to S. aureus, cells were treated with either CHX (10 uM) or the p38
MAP kinase inhibitor SB202190 (SB; 1 uM, Calbiochem, San Diego, CA), both of which were
initiated 1 h prior to S. aureus exposure and maintained throughout the period of bacterial
stimulation (12 or 24 h). LY injected cells were visualized using a fixed stage upright
epifluorescence microscope (BX51WI, Olympus) equipped with a 40x water immersion
objective lens (NA 0.8), a 12-bit intensified monochrome CCD camera (CoolSnap ES, Photo-
metrics, Tucson, AZ), a multiple excitation filter controlled through a filter wheel (Prior
Scientific, Rockland, MA), and a quad emission filter (Chroma, Rockingham, VVT). Images
were acquired and processed using MetaMorph software (Universal Imaging Corporation,
Downingtown, PA). Images depicting the extent of LY spread are presented after background
subtraction for LY (excitation wave length 425 nm, emission wave length 540 nm), to correct
for autofluorescence.

Significant differences between experimental groups were determined by the Student’s t-test
at the 95% confidence interval using Sigma Stat (SPSS Science, Chicago, IL).
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RESULTS

S. aureus and PGN Modulate Cx mRNA and Protein Expression in Astrocytes

Previous studies have demonstrated that inflammatory mediators elicited in response to the
gram-negative bacterial cell wall product LPS inhibit GJC in several cell types (De Maio et
al., 2000; Eugeninetal., 2003; Fernandez-Cobo et al., 1999). In addition, infection of astrocytes
with Toxoplasma gondii has been shown to result in the loss of GJC (Campos de Carvalho et
al., 1998). However, the effects of gram-positive bacteria on astrocyte homocellular GJC
remain unknown. Due to its prevalence as a CNS pathogen and the finding that activated
astrocytes are a hallmark of brain abscess (Baldwin and Kielian, 2004; Kielian, 2004), we
evaluated the effects of S. aureus and its cell wall component PGN on astrocytic Cx mRNA
expression by qRT-PCR. Interestingly, both S. aureus and PGN were found to differentially
modulate the expression of various Cx isoforms in astrocytes. Specifically, both stimuli led to
a significant decrease in both Cx30 and Cx43 mRNA expression (Figs. 1B,C, respectively),
whereas Cx26 levels were augmented within 6 h following S. aureus and PGN exposure (Fig.
1A).

To examine whether the observed alterations in Cx isoform mRNA expression correlated with
changes in protein levels, Western blots were performed. As shown in Fig. 2, Cx43 protein
levels were significantly attenuated following exposure to either S. aureus or PGN, with
inhibition most prominent at 24 h post-treatment. In our hands, a well-characterized Cx30
polyclonal antibody (71-2200) produced two prominent bands corresponding to the predicted
molecular weight of Cx30 monomers and dimers (Fig. 3A), the identity of which was confirmed
by peptide blocking studies (Supplemental Figure 1). Evaluation of astrocytic Cx30 expression
revealed an intriguing relationship between the monomeric and dimeric forms of the protein
following bacterial exposure. Specifically, within 6 h following S. aureus or PGN stimulation,
a decrease in Cx30 monomers was observed, whereas the dimer form of Cx30 remained
relatively unaffected (Fig. 3). Cx26 protein expression was elevated following either S.
aureus or PGN stimulation (Fig. 4) in agreement with mRNA levels (Fig. 1A). Collectively,
these findings suggest that gram-positive bacterial stimuli modulate astrocytic Cx isoforms
differentially and with distinct kinetics.

S. aureus Influences Cx26, Cx30, and Cx43 Immunoreactivity

Although Western blots demonstrated that S. aureus and PGN differentially regulate Cx
isoform expression in astrocytes, this approach does not allow for the direct visualization of
Cx distribution in cells. Since previous studies have revealed that various treatments can lead
to the re-distribution of Cx isoforms (Campos de Carvalho et al., 1998; Martinez and Saez,
2000), the expression of Cx26, Cx30 and Cx43 was examined in S. aureus- and PGN-stimulated
astrocytes by immunofluorescence analysis. The expression of Cx43 was enhanced in
unstimulated cells with increasing time in culture where it demonstrated a characteristic
localization along junctional domains. Both S. aureus- and PGN-activated astrocytes
consistently displayed lower Cx43 immunoreactivity at 24 h post-treatment compared with
unstimulated cells (Fig. 5). Similar changes were observed with Cx30, where protein levels
were drastically reduced in S. aureus- and PGN-treated cells (Fig. 6). Cx26 immunoreactivity
was not detected in unstimulated astrocytes, but was found associated with cellular aggregates
in response to both S. aureus and PGN (Fig. 7). Similar changes in Cx isoform expression were
also observed at 6 h following S. aureus and PGN exposure (Supplemental Figures 2—4).
Interestingly, unlike Cx43, we did not observe significant Cx30 and Cx26 localization along
junctional domains (Figs. 6 and 7). Rather, these Cx isoforms appeared to be distributed
throughout the cell, which suggests that S. aureus and PGN stimulation may elicit gap junction-
independent functions for Cx30 and Cx26, although this possibility remains speculative at the
present time. Collectively, the observed changes in Cx isoform immunoreactivity together with
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mRNA and protein expression suggest that the gram-positive bacterium S. aureus may be
capable of influencing activation-dependent GJC.

Astrocytic Homocellular GJC is Attenuated by Both S. aureus and PGN

To determine whether the observed changes in astrocytic Cx isoform expression following S.
aureus and PGN stimulation translated into alterations in the activity of functional gap junction
channels, GJC was evaluated in primary astrocytes using a single-cell microinjection technique
with LY. This approach led to the finding that both S. aureus and PGN resulted in an activation-
dependent decrease in GJC (Fig. 8). Quantitation of the number of dye coupled astrocytes
revealed that an average of 7-10 cells were coupled under normal conditions; however both
S. aureus and PGN significantly decreased the number of gap junction coupled astrocytes to
an average of 2-3 cells per treatment (Fig. 8B). Importantly, the observed dye coupling in
unstimulated astrocytes was completely inhibited by the gap junction blocker AGA (Rozental
etal., 2000b), confirming the specificity of dye transfer through astrocyte gap junction channels
(Figs. 8A,B). Collectively, the findings that S. aureus and PGN affect not only Cx isoform
expression but also functional GJC indicate that gram-positive bacteria modulate both
structural and functional aspects of astrocytic gap junctions.

S. aureus Exhibits Both Direct and Indirect Effects on Cx mRNA Expression

The modulation of Cx isoform expression by S. aureus could result from either a direct effect
of signals initiated by bacteria binding to pattern recognition receptors such as Toll-like
receptor 2 (TLR2) and/or indirectly as a consequence of proinflammatory mediators released
by activated astrocytes (Esen et al., 2004). To begin to discriminate between these two
possibilities, astrocytes were treated with the protein synthesis inhibitor cyclohexamide (CHX;
10 uM) prior to S. aureus stimulation. The ability of CHX to suppress proinflammatory
mediator production in response to S. aureus and PGN stimulation was established prior to the
initiation of these studies (data not shown). Inhibition of de novo protein synthesis with CHX
revealed that the modulatory actions of S. aureus on Cx isoform mRNA expression are
mediated by both direct and indirect effects. As shown in Fig. 9A, with CHX treatment the
elevation in Cx26 expression normally seen after S. aureus stimulation was prevented,
suggesting that the effect of S. aureus on Cx26 was indirect, possibly due to the autocrine/
paracrine action of proinflammatory mediators known to be produced by S. aureus-stimulated
astrocytes (Esen et al., 2004). In contrast, the suppression of Cx30 by S. aureus was found to
be primarily a direct effect since CHX treatment did not alter the ability of S. aureus to attenuate
Cx30 expression during acute time points following bacterial exposure (Fig. 9B). Interestingly,
in the presence of cyclohexamide, Cx30 levels were significantly attenuated at 24 h following
bacterial exposure compared with S. aureus treatment only (Fig. 9B), suggesting indirect
effects due to mediator(s) released in response to bacterial stimulation. Interestingly,
cyclohexamide did not alter the suppressive effect of S. aureus on Cx43 mRNA expression,
which implies that S. aureus attenuates Cx43 mRNA levels directly (Fig. 9C). Taken together,
these findings suggest that S. aureus modulates Cx isoform expression differently via either
direct or indirect pathways, the latter of which may be mediated, in part, through the release
of proinflammatory mediators by activated astrocytes.

De novo Protein Synthesis Is Not Essential for the Inhibitory Effects of S. aureus on Astrocyte

GJC

Although our CHX results suggested that S. aureus modulates Cx isoform expression via both
direct and indirect pathways, alterations in mMRNA levels do not necessarily indicate that the
activity of these proteins is affected. Therefore, to investigate the functional relevance of these
Cx mRNA changes we have also examined the dynamic effects of CHX together with S.
aureus on GJC. These studies were performed on astrocytes at 12 h following CHX and/or S.
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aureus exposure, since initial studies revealed that treatment with CHX alone for a 24 h period
attenuated astrocyte GJC, emphasizing the dynamics of Cx protein turnover (data not shown).
Inhibition of de novo protein synthesis by CHX had no effect on the ability of S. aureus to
attenuate astrocyte GJC, suggesting that S. aureus modulates coupling via direct effects, at
least at the early time interval examined in this study (Fig. 10). GJC in CHX-treated astrocytes
remained similar to unstimulated cells at 12 h, indicating that the observed outcome was not
due to confounding effects of CHX treatment.

The Inhibitory Effects of S. aureus on Astrocyte GJC are Mediated, in Part, via a p38 MAPK-
dependent Pathway

The direct effects of S. aureus on astrocyte gap junction coupling could be mediated either by
the transcriptional modulation of Cx genes and/or activated kinases that influence the
phosphorylation state of Cxs and subsequent GJC. Indeed, TLR2-dependent signaling, a
receptor we have previously shown to be essential for mediating S. aureus recognition by
astrocytes (Esen et al., 2004), leads to the activation of NF-xB and mitogen-activated protein
kinase (MAPK) signaling cascades (Akira and Hemmi, 2003). To evaluate the importance of
the MAPK pathway in mediating the S. aureus-dependent decrease in astrocyte GJC, cells were
treated with the p38 MAPK inhibitor SB202190 (Ajizian et al., 1999; Singh et al., 1999). As
shown in Fig. 11, p38 MAPK inhibition partially restored the level of GJC in S. aureus-treated
astrocytes to that of unstimulated cells. In addition, SB202190 was also capable of partially
reversing the S. aureus-dependent decrease in Cx43 protein expression (data not shown).
Collectively, these findings indicate that S. aureus regulates astrocytic GJC, in part, via a p38
MAPK-dependent pathway. However, the finding that both Cx43 protein levels and functional
GJC were not completely restored to baseline indicates that an additional factor (or factors) is
also involved in mediating the S. aureus-induced reduction in astrocyte coupling.

DISCUSSION

Based on its prevalence as a CNS pathogen, we evaluated the effects of S. aureus and its cell
wall component PGN on astrocytic gap junctional coupling. Here we demonstrate that both S.
aureus and PGN differentially modulate Cx isoform expression, which appears to be regulated
by a complex series of events. Specifically, both bacterial stimuli led to a decrease in astrocyte
Cx43 and Cx30 expression concomitant with the inhibition of functional GJC. In contrast,
Cx26 levels were enhanced in response to S. aureus and PGN. Our findings demonstrating the
activation-dependent decrease in astrocyte Cx43 expression are in agreement with other reports
demonstrating that Cx43 levels are downregulated in astrocytes in response to proinflammatory
mediators such as NO and IL-1f (Bolanos and Medina, 1996; Duffy et al., 2000; John et al.,
1999).

The observed inhibition of Cx43 and Cx30 expression in S. aureus- and PGN-stimulated
astrocytes could be due to either direct and/or indirect effects, the latter of which may be
mediated by the autocrine/paracrine action of proinflammatory cytokines released from
activated astrocytes such as IL-1 and TNF-a. To discriminate between these two possibilities,
astrocytes were treated with the protein synthesis inhibitor CHX. Inhibition of de novo protein
synthesis with CHX did not alter the reduction in Cx43 expression that was consistently
observed following bacterial exposure, suggesting that S. aureus directly regulates the
expression of this Cx and potentially subsequent gap junction communication. Examination
of dye coupling in CHX-treated cells revealed that S. aureus directly inhibits astrocytic GJC
since CHX did not alter the inhibitory effects of bacteria on functional coupling at a relatively
early time point following S. aureus exposure. This finding raises an important point, namely
that alterations in Cx expression do not necessarily always translate into changes in functional
coupling as evident by the ability of CHX to modulate the expression of certain Cx isoforms
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(i.e. Cx26). Alternatively, these results could be interpreted to mean that Cx43 represents the
major Cx protein responsible for the observed alterations in astrocyte GJC following S.
aureus stimulation since Cx43 levels remained unaffected by CHX, which mirrored the LY
gap junction coupling data. However, we cannot exclude a potential indirect role for
proinflammatory mediators such as TNF-a and IL-1p in modulating the S. aureus-dependent
changes in astrocyte GJC, since many cell types harbor a pre-formed pool of these cytokines
in an inactive state that would be CHX-insensitive. Therefore, examining gap junction coupling
in IL-1 or TNF-a KO astrocytes would enable the direct assessment of these cytokines on
astrocyte GJC in response to S. aureus.

Astrocyte activation by S. aureus occurs primarily via pattern recognition receptors such as
Toll-like receptor 2 (TLR2), which we have recently shown to be pivotal for the recognition
of S. aureus by astrocytes and subsequent induction of proinflammatory mediator release
(Esen et al., 2004). As a consequence of TLR2-dependent signaling, NF-xB and MAPK
signaling cascades are activated (Akira and Hemmi, 2003; Kaisho and Akira, 2002; Takeda
and Akira, 2004). With regard to Cx regulation, these pathways could be envisioned to either
directly influence the transcriptional activity of Cx genes and/or the expression of
proinflammatory mediators that would act in an autocrine/paracrine fashion to modulate Cx
levels. In addition to transcriptional regulation, activated kinases could influence the
phosphorylation state of Cx proteins which in turn, would modulate GJC. Indeed, it has been
reported that MAPK-dependent signal transduction pathways are capable of influencing the
phosphorylation state of Cx43 (Warn-Cramer et al., 1996; Warn-Cramer and Lau, 2004) and
inactivation of MAPKSs with various inhibitors prevented the attenuation of GJC observed in
response to pathophysiological stimuli (Cho et al., 2002; Lee et al., 2004). Similarly, our results
with the p38 MAPK inhibitor SB202190 indicate that the MAPK pathway is responsible, in
part, for the inhibitory effects of S. aureus on functional GJC in astrocytes. However, the
participation of other kinases that have been shown to interact with Cx43, such as PKC
(Martinez etal., 2002; Reynhout et al., 1992), casein kinase 1 (Cooper and Lampe, 2002), PKA
(Burghardt et al., 1995; TenBroek et al., 2001), and c-Src (Li et al., 2005; Sorgen et al.,
2004) cannot be excluded in modulating the S. aureus-induced decrease in Cx43 expression,
and warrant further investigation.

Although to date, the majority of studies have focused on the functional implications of
modulating Cx43 expression in astrocytes (Nakase et al., 2003; Naus et al., 1999; Spray et al.,
1999), alterations in Cx30 levels in response to S. aureus may also impact astrocyte function
and GJC. Indeed, it has been shown that Cx30 KO mice exhibit altered reactivity to novel
environmental stimuli implying a role of Cx30 on neuronal activity (Dere et al., 2003). In this
study, we found an interesting relationship between the monomeric and dimeric forms of Cx30
in activated astrocytes by Western blot analysis. Specifically, S. aureus and PGN treatment led
to a decrease in Cx30 monomers, whereas the dimer form remained relatively unaffected.
Interestingly, our immunofluorescence results using the same Cx30 polyclonal antibody
mimicked the changes observed with the monomeric form of Cx30 in Western blot analysis,
with both decreasing following bacterial stimulation. Although Western blots demonstrated
that Cx30 dimer expression remained essentially unaltered following bacterial stimulation, it
is intriguing why an overall decrease in Cx30 immunofluorescence staining was observed in
both S. aureus- and PGN-treated cells at both 6 and 24 h after bacterial exposure. The reason
for this finding is currently unknown.

In contrast to Cx43 and Cx30, the S. aureus-induced increase in Cx26 expression was reversed
following inhibition of de novo protein synthesis, suggesting that Cx26 levels are regulated,
in part, via an indirect manner. Recently, we have shown that astrocytes respond to S. aureus
and PGN with the robust production of numerous proinflammatory mediators including
IL-1f and TNF-o (Esen et al., 2004). An indirect effect of S. aureus on astrocyte Cx26
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expression could be envisioned to occur through an autocrine/paracrine action since both TNF-
a and IL-1p are capable of activating MAPK pathways upon binding to their cognate receptors
(Hanada and Yoshimura, 2002). Since Cx26 is not phosphorylated it is more likely that any
indirect effects of proinflammatory stimuli would be exerted at the level of transcription/
translation (Kojima et al., 1999; Saez et al., 1998, 2005; Traub et al., 1989). Although Temme
et al. (1998) have reported that IL-1 and TNF-o augment Cx26 while decreasing Cx32 mRNA
expression in hepatocytes, to our knowledge, the role of proinflammatory mediators on
modulating Cx26 levels in astrocytes has not yet been examined. Moreover, the functional
consequences of augmented Cx26 expression in S. aureus- and PGN-stimulated astrocytes are
unknown and warrant further investigation.

One intriguing finding that surfaced during the course of these studies related to the apparent
disconnect between the degree of alterations in Cx43 and Cx30 expression detected by Western
blots versus immunofluorescence staining. In particular, both Cx isoforms were detected at
very low levels in S. aureus- or PGN-activated astrocytes when assessed by
immunofluorescence staining and confocal microscopy, whereas the reduction in Cx
expression observed in Western blots was not as dramatic. These results were highly
reproducible and it is currently unclear why the activation-dependent changes in Cx43 and
Cx30 expression were not more concordant between the two assays. One reason may relate to
differences in the relative abundance of antigen between the two assays. For example, we load
40 pg of protein per lane for Western blot analysis to ensure strong signal detection. However,
with immunofluorescence analysis, the amount of antigen present within individual cells is
much more limited. In addition, our confocal analysis utilized very thin optical sections (1.6
um), which may have also contributed to lower sensitivity since the images reported did not
contain cumulative data of stacked confocal images. Therefore, what appears to be a modest
decrease in Cx isoform expression in Western blot analysis could translate into a dramatic
reduction in immunoreactivity due to decreased sensitivity from essentially a mass effect. In
support of this possibility, it is important to note that although astrocytic Cx43 and Cx30
immuofluorescence staining is dramatically reduced in response to bacterial stimulation, these
Cx isoforms are still detectable, albeit at very low levels.

The consequence(s) of S. aureus-dependent inhibition of astrocyte GJC is currently not known.
Under physiological conditions, the astrocyte syncytium plays a supportive role through the
transport of nutrients and waste products that are crucial for neuron homeostasis. However,
under pathological conditions, this extended communication may also lead to the propagation
of apoptotic and/or necrotic signals at distant sites within injured tissue leading to extended
neuronal injury (Frantseva et al., 2002a,b; Lin etal., 1998). Thus, inhibition of GJC in response
to injury could be envisioned to represent a protective defense mechanism of the CNS.
However, in vivo studies from several groups have produced conflicting results regarding
whether Cx expression is beneficial or detrimental in the context of disease pathogenesis
(Farahani et al., 2005; Perez Velazquez et al., 2003). Since the brain is a complex organ with
intricate relationships among its cellular constituents, it is not unexpected that different
experimental paradigms such as tissue injury location, type of injury, and the resultant chemical
and structural changes that occur in gap junctions may be key determinants of whether such
changes are detrimental or beneficial for the outcome of various brain insults. The functional
implications of changes in Cx isoform expression and GJC induced by S. aureus could be
facilitated with studies of Cx43 heterozygous mice in the experimental brain abscess model
that has been established in our laboratory (Kielian, 2004; Kielian et al., 2004), an area that
we are actively pursuing.

In summary, S. aureus is capable of differentially modulating astrocyte Cx isoform expression
that culminates in the inhibition of functional gap junction coupling. These activation-
dependent changes were found to occur primarily via a direct manner, with the exception of
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Cx26 whose levels were influenced by de novo protein synthesis. The potential impact of these
changes in the context of CNS infectious disease await testing the consequences of
neuroinflammation on astrocytic GJC in acute cortical slices as well as in in vivo studies
examining the relative importance of gap junction channels in the experimental brain abscess
model.
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Fig. 1.

Both S. aureus and PGN modulate Cx isoform mRNA expression differentially in astrocytes.
Primary astrocytes were seeded at 10° cells per well in 6-well plates and incubated overnight.
The following day, cells were stimulated with either 107 heat-inactivated S. aureus or 10 pg/
mL PGN for 6, 12, or 24 h, whereupon total RNA was isolated and examined for Cx26, 30 and
43 expression by gRT-PCR as described in the Materials and Methods. Gene expression levels
were calculated after normalizing Cx26 (A), Cx30 (B) and Cx43 (C) signals against the
housekeeping gene GAPDH and are presented in relative mRNA expression units (mean +
SEM of three independent experiments). Significant differences between untreated versus S.
aureus- or PGN-stimulated astrocytes are denoted with asterisks (*P < 0.05; **P < 0.001).
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Fig. 2.

Cx43 protein levels are attenuated by S. aureus and PGN in astrocytes. Primary astrocytes were
seeded at 10° cells per well in 6-well plates and incubated overnight. The following day, cells
were stimulated with either 107 heat-inactivated S. aureus or 10 pg/mL PGN for 24 h,
whereupon protein extracts from whole cell lysates (40 pg per sample) were evaluated for Cx43
expression by Western blotting as described in the Materials and Methods. Results are
presented as the raw gel data (A) and quantitative analysis of Cx43 expression by densometric
scanning (B). For quantitation in (B), the pixel intensity of each Cx43 band was normalized to
the amount of actin included as a loading control. Results are expressed in arbitrary units as
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the ratio of Cx43 to actin and represent the mean = SEM of three independent experiments.
Significant differences are denoted with asterisks (*P < 0.05).
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Fig. 3.

Effects of S. aureus and PGN on Cx30 protein expression. Primary astrocytes were seeded at
106 cells per well in 6-well plates and incubated overnight. The following day, cells were
stimulated with either 10 heat-inactivated S. aureus or 10 pg/mL PGN for 24 h, whereupon
protein extracts from whole cell lysates (40 pg per sample) were evaluated for Cx30 expression
by Western blotting as described in the Materials and Methods. Results are presented as the
raw gel data (A) and quantitative analysis of Cx30 expression by densometric scanning (B).
For quantitation in (B), the pixel intensity of each Cx30 band was normalized to the amount
of actin included as a loading control. Results are expressed in arbitrary units as the ratio of
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Cx30 to actin and represent the mean + SEM of three independent experiments. Significant
differences are denoted with asterisks (*P < 0.05).
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Fig. 4.

S. aureus and PGN augment astrocytic Cx26 protein expression. Primary astrocytes were
seeded at 10° cells per well in 6-well plates and incubated overnight. The following day, cells
were stimulated with either 107 heat-inactivated S. aureus or 10 pg/mL PGN for 24 h,
whereupon protein extracts from whole cell lysates (40 pg per sample) were evaluated for Cx26
expression by Western blotting as described in the Materials and Methods. Results are
presented as the raw gel data (A) and quantitative analysis of Cx26 expression by densometric
scanning (B). For quantitation in (B), the pixel intensity of each Cx26 band was normalized to
the amount of actin included as a loading control. Results are expressed in arbitrary units as
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the ratio of Cx26 to actin and represent the mean + SEM of three independent experiments.
Significant differences are denoted with asterisks (*P < 0.05).
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Fig. 5.

S. aureus and PGN attenuate Cx43 immunoreactivity in astrocytes. Primary astrocytes were
seeded on coverslips (10° cells/coverslip) and incubated overnight. The following day,
astrocytes were stimulated with 107 heat-inactivated S. aureus or 10 pg/mL PGN for 24 h,
whereupon cells were processed for immunofluorescence staining for Cx43 (red) and GFAP
(green) as described in the Materials and Methods and imaged using a x40 oil immersion
objective lens by confocal microscopy. Nuclei were visualized using Hoechst 33342 (blue).
Results are representative of five independent experiments.
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Fig. 6.

S. aureus and PGN reduce astrocytic Cx30 immunoreactivity. Primary astrocytes were seeded
on glass coverslips (10° cells/coverslip) and incubated overnight. The following day, astrocytes
were stimulated with 107 heat-inactivated S. aureus or 10 pg/mL PGN for 24 h, whereupon
cells were processed for immunofluorescence staining for Cx30 (red) and GFAP (green) as
described in the Materials and Methods and imaged using a x40 oil immersion objective lens
by confocal microscopy. Nuclei were visualized using Hoechst 33342 (blue). Results are
representative of five independent experiments.

Glia. Author manuscript; available in PMC 2008 June 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

ESEN et al. Page 24

S. aureus

PGN

Fig. 7.

Astrocytic Cx26 immunoreactivity is enhanced following S. aureus and PGN stimulation.
Primary astrocytes were seeded on glass coverslips (10° cells/coverslip) and incubated
overnight. The following day, astrocytes were stimulated with 107 heat-inactivated S. aureus
or 10 ug/mL PGN for 24 h, whereupon cells were processed for immunofluorescence staining
for Cx26 (red) and GFAP (green) as described in the Materials and Methods and imaged using
a x40 oil immersion objective lens by confocal microscopy. Nuclei were visualized using
Hoechst 33342 (blue). Results are representative of five independent experiments.
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Fig. 8.

Both S. aureus and PGN attenuate homocellular gap junction communication in astrocytes.
Primary astrocytes were seeded at 5 x 10° cells per well in 35-mm dishes and incubated
overnight. The following day, cells were stimulated with either 107 heat-inactivated S.
aureus or 10 pg/mL PGN for 24 h, whereupon functional GJC was evaluated by single-cell
injections of LY (A) as described in the Materials and Methods. To confirm the specificity of
dye transfer, unstimulated astrocytes were treated with the gap junction blocker AGA (25 uM)
for 30 min prior to LY injection to inactivate gap junction channels. Microinjected cells are
depicted by asterisks (*). In (B), the number of cells displaying dye transfer from each
microinjected astrocyte is quantitated. Results are reported as the mean + SEM from three
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independent experiments evaluating at least 10 injected cells per treatment group per
experiment. Significant differences between unstimulated and AGA-, S. aureus- or PGN-
treated cells are denoted with asterisks (**P < 0.001), whereas significant differences between
S. aureus- and PGN-treated cells are denoted with a hatched sign (*P < 0.05). [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 9.

S. aureus exerts both direct and indirect effects on astrocytic Cx mRNA expression. Primary
astrocytes were seeded at 10° cells per well in 6-well plates and incubated overnight. The
following day, cells were pre-treated with the protein synthesis inhibitor CHX (10 uM) for 1
h prior to stimulation with 107 heat-inactivated S. aureus for 6, 12, or 24 h in the continued
presence of CHX. At the indicated time points, total RNA was isolated and examined for Cx26,
30 and 43 expression by gRT-PCR as described in the Materials and Methods. Gene expression
levels were calculated after normalizing Cx26 (A), Cx30 (B) and Cx43 (C) signals against the
housekeeping gene GAPDH and are presented in relative mRNA expression units (mean +
SEM of three independent experiments). Significant differences between untreated versus S.
aureus- or CHX treated S. aureus-stimulated astrocytes are denoted with asterisks (*P < 0.05,
**P < 0.001), whereas significant differences between S. aureus- versus CHX treated S.
aureus-stimulated astrocytes are denoted with a hatched sign (*P < 0.05).
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Fig. 10.

The inhibitory effects of S. aureus on astrocyte GJC are direct. Primary astrocytes were seeded
at’5 x 10° cells per well in 35-mm dishes and incubated overnight. The following day, cells
were pre-treated with the protein synthesis inhibitor CHX (10 pM) for 1 h prior to stimulation
with 107 heat-inactivated S. aureus for 12 h in the continued presence of CHX, whereupon
functional GJC was evaluated by single-cell injections of LY (A) as described in the Materials
and Methods. Microinjected cells are denoted by asterisks (*). In (B), the number of cells
displaying dye transfer from each microinjected astrocyte is quantitated. Results are reported
as the mean £ SEM from two independent experiments evaluating at least 10 injected cells per
treatment group per experiment. Significant differences between unstimulated versus S.
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aureus alone or S. aureus + CHX are denoted with asterisks (*P < 0.05). [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 11.

S. aureus attenuates astrocyte GJC, in part, via a p38 MAPK-dependent pathway. Primary
astrocytes were seeded at 5 x 10° cells per well in 35-mm dishes and incubated overnight. The
following day, cells were pre-treated with the p38 MAPK inhibitor SB202190 (SB, 1 uM) for
1 h prior to stimulation with 107 heat-inactivated S. aureus for 24 h in the continued presence
of SB, whereupon functional GJC was evaluated by single-cell injections of LY (A) as
described in the Materials and Methods. Microinjected cells are denoted by asterisks (*). In
(B), the number of cells displaying dye transfer from each microinjected astrocyte is
quantitated. Results represent the mean = SEM of three independent experiments evaluating
at least 10 injected cells per treatment group per experiment. Significant differences between
unstimulated versus S. aureus treated cells are denoted with asterisks (**P < 0.001), whereas
significant differences between S. aureus only versus S. aureus + SB treated astrocytes are
denoted with a hatched sign (*P < 0.05). [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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