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Abstract
Microglial hyperactivity contributes to neuronal damage resulting from CNS injury and disease.
Therefore, a better understanding of endogenous microglial receptor systems that can be exploited
to modulate their inflammatory functions is important if better, neuroprotective therapeutics are to
be designed. Previous studies from our lab and others have demonstrated that the P2X7 purinergic
receptor agonist BzATP attenuates microglial inflammatory mediator production stimulated by
lipopolysaccharide (LPS), suggesting that purinergic receptors may be one such receptor system
that can be used for manipulating microglial activation. However, although P2X7 receptor
activation is well recognized to regulate processing and release of cytokines, little is known
concerning its role in regulating the transcription of inflammatory genes, nor the molecular
mechanisms underlying these transcriptional effects. In the present studies, we identify that the
transcription factors early growth response (Egr)-1, -2 and -3 are downstream signaling targets of
P2X7 receptors in microglia, and that their activation is sensitive to MEK and p38 mitogen-
activated protein kinase (MAPK) inhibitors. Moreover, using RNAi, we demonstrate that Egr
factors and P2X7 receptors are necessary for BzATP-mediated attenuation of iNOS, and
stimulation of TNF-α and IL-6 gene expression. BzATP also attenuates neuronal death induced by
LPS conditioned medium, and P2X7 receptors are required for this effect. These studies are the
first to identify Egr factors as regulators of inflammatory gene expression following P2X7
receptor activation, and suggest that P2X7 receptors may utilize the MAPK-Egr pathway to exert
differential effects on microglial inflammatory activities which are beneficial to neuron survival.

Introduction
Many immune properties of microglia, CNS-resident, phagocytic immune cells, are
controlled by P2 purinergic receptors, for which adenine nucleotides are the endogenous
ligands. Whereas the actions of the P2X7 receptor in particular have been assigned to
increased microglial processing and release of mature cytokines including interleukin
(IL)-1α, IL-1β and IL-18 (Ferrari et al. 1996; Perregaux et al. 2000), as well as the release of
other cytokines and inflammatory mediators including tumor necrosis factor (TNF)-α,
inducible nitric oxide synthase (iNOS), plasminogen and matrix metalloproteinase-9
(Boucsein et al. 2003; Brautigam et al. 2005; Gu and Wiley 2006; Hide et al. 2000; Inoue et
al. 1998), the molecular mechanisms underlying potential stimulatory or inhibitory
transcriptional effects of P2X7 receptors on the expression of these or other inflammatory
mediators have not been well characterized. Activation of the transcription factors NF-κB
and NFAT by P2X7 receptors in microglia have long been known (Ferrari et al. 1999;
Ferrari et al. 1997), but surprisingly, the gene targets of these transcription factors in
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response to P2X7 receptor activation in microglia have not been identified. However, in this
regard, NFAT was very recently shown to mediate the transcriptional effects of P2X7
receptors on CC-chemokine ligand (CCL)3 (also called macrophage inflammatory protein
(MIP) -1 alpha) expression in microglia (Kataoka et al. 2009), which is the first report to
directly link these receptors to a transcription factor necessary for subsequent inflammatory
gene expression in any cell type.

Work from our laboratory and others’ has pointed to a role for P2 purinergic receptors in
reducing microglial production of inflammatory mediators stimulated by gram-negative
bacterial lipopolysaccharide (LPS) (Boucsein et al. 2003; Brautigam et al. 2005; Ogata et al.
2003). Although all purinergic receptors involved in these effects have not yet been
elucidated, the P2X receptor agonist BzATP decreases the expression of several LPS-
stimulated inflammatory mediators (Boucsein et al. 2003; Brautigam et al. 2005) including
that of iNOS. Because BzATP is an agonist of several P2X receptor subtypes (Burnstock
and Knight 2004), and the mechanisms underlying the inhibitory effects of BzATP on
microglial gene transcription are not known, the first hypothesis we tested in the present
studies was that P2X7 receptors in specific, mediate the inhibitory effects of BzATP on
LPS-stimulated iNOS gene expression in microglia.

P2X7 receptors are well-known to promote the activation of the mitogen-activated protein
(MAP) kinases ERK-1/-2 and p38 in both microglia and macrophages (reviewed in (Potucek
et al. 2006; Watters et al. 2001)), although alone, activation of these pathways is not
sufficient to promote iNOS expression, for example (Aga et al. 2004; Brautigam et al.
2005). MAP kinases are requisite for controlling inflammatory gene expression in many cell
types (Aga et al. 2004; Bhat et al. 1998; Watters et al. 2002) via their activation of
transcription factors critical for inflammatory gene expression (McCubrey et al. 2000;
Watters et al. 2001; Williams et al. 2008). Because MAP kinases can regulate many
transcription factors necessary for inflammatory gene expression, we performed a
microarray analysis to narrow down potential BzATP-induced transcription factor targets.
We found an up-regulation of early growth response (Egr) target genes in microglia treated
with BzATP for 4 hours (JW and PJB unpublished data), suggesting that Egr transcription
factors may mediate some of the effects of BzATP in microglia. The four known members
of this immediate early gene family: Egr-1 (also known as NGFI-A, Krox-24 or Zif268),
Egr-2/KROX-20, Egr-3 and Egr-4/NGFI-C are regulated by MAP kinases (Hipskind et al.
1994; McCubrey et al. 2000), and their transcriptional activities control the expression of
many inflammatory genes including IL-6 and tumor necrosis factor (TNF)-α (Decker et al.
2003; Prince et al. 2007). Consequently, in microglia, we next tested the hypotheses that: 1)
MAP kinase activation mediates Egr transcription factor induction in response to BzATP
treatment, and 2) that Egr factors are necessary for controlling inflammatory gene
expression following BzATP treatment.

Materials and Methods
Materials

LPS (E.coli 0111:B4), 3’-O-(4-benzoylbenzoyl)-adenosine 5’-triphosphate (BzATP),
adenosine 5’-triphosphate (ATP), alpha,beta methylene-ATP (α,β Me-ATP), adenosine 5’-
triphosphate-2’,3’-dialdehyde (oATP), and brilliant blue G (BBG) were purchased from
Sigma Chemical Company (St. Louis, MO). 1,4-diamino-2,3-dicyano-1,4-
bis(methylthio)butadiene (U0126), 4-(4-Fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-
pyridyl)1H-imidazole (SB202190), 1-[N, O-bis(5-isoquinolinesulphonyl)-N-methyl-L-
tyrosyl]- 4-phenylpiperazine (KN-62), 1,4-diamino-2,3-dicyano1,4-bis(methylthio)butadiene
(U0124) were obtained from EMD Biosciences/Calbiochem (San Diego, CA). 4-(4-
Fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)1H-imidazole (SB203580), 2’-
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Amino-3’-methoxyflavone (PD98059) were purchased from the Promega Corporation
(Madison, WI). A-438079 was purchased from Tocris Bioscience (Ellisville, MO). YO-
PRO-1 and propidium iodide were purchased from Molecular Probes/Invitrogen (Carlsbad,
CA).

Cell Culture
Murine N9 microglial cells, kindly provided by Dr. Paula Ricciardi Castagnoli (University
of Milan) (Righi et al. 1989), were routinely cultured in Dulbecco's modified Eagle's
medium (DMEM; Cellgro, Herndon, VA) supplemented with 5% bovine growth serum
(Hyclone, Logan, UT) and 100 U/ml penicillin/streptomycin (Cellgro) in 100 mm Sarstedt
plates. Cells were grown to ~90% confluency and passaged every 2 days. For
experimentation, cells were plated at densities of 4×105 per well in 12-well plates or 2×105

per well in 24 well plates. The next day, the cells were treated in triplicate as specified in the
figures. For nucleotide treatments, concentrations above 150 μM for BzATP, and 300 μM
for ATP were not used because they promote significant cell death (data not shown and
(Brautigam et al. 2005)). Murine hippocampal HT22 neurons (kindly provided by Dr. Daniel
Dorsa, Oregon Health and Sciences University, Portland, OR) were routinely cultured as
described for N9 microglia above, except they were grown in DMEM with 5% FBS. For
experimentation, HT22 cells were plated at 1×104 cells/well in 96 well plates.

Primary microglia shaken from mixed glial cultures were obtained from neonatal ICR-CD1
mice (~postnatal days 3-5) and cultured in DMEM supplemented with 10% fetal bovine
serum (Hyclone) and 100 U/ml penicillin/streptomycin (Cellgro) as previously described
(Nikodemova et al. 2006). For experimentation, primary microglia were plated at 105 cells/
well in 96 well plates for NO assays, or 2×105 cells/well in a 24 well plate for gene
expression analysis.

HT22 neuronal cell death
HT22 hippocampal neurons were plated in 96 well plates (1×104 cells/well) and treated in
triplicate with conditioned medium from microglia that were treated overnight with vehicle
(250 mM Hepes), LPS (1 μg/mL), BzATP (150 μM) or both LPS and BzATP together for
18-22 hours. Microglial conditioned medium was added to HT22 growth medium to obtain a
final ratio of 1:1. Neuronal viability was evaluated using the CellTiter96 Aqueous Non-
radioactive Cell Proliferation Assay (Promega, Madison, WI), according to the
manufacturer's instructions. This proliferation assay assesses metabolic/mitochondrial
function by measuring the conversion of a tetrazolium compound (MTS) to a soluble
formazan product that can be quantified spectrophotometrically. The data shown are
representative of 4-6 independent experiments.

YO-PRO dye uptake assay
Parental N9, shP2X7/N9, shP2X4/N9 and shEgr/N9 microglia (5×105 cells) were washed in
HEPES-buffered saline (HBS: 130 mM NaCl, 5 mM KCl, 0.5 mM CaCl2, 20 mM HEPES
(pH 7.4), 0.1% BSA and10 mM glucose), and then resuspended in fresh HBS. The dye
uptake reaction was initiated by addition of YO-PRO-1 (1-2 μM final concentration) with
and without BzATP (300 μM). Cells were incubated at room temperature for 15 min, and
then washed and resuspended in fresh HBS containing propidium iodide (5 μg/ml). Flow
cytometry and data analysis with the exclusion of dead cells was then performed as
described previously (Aga et al. 2002). The data shown are representative of at least 3
independent experiments.
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Measurement of NO Production
Microglia were plated at a density of 2×105 per well in 24-well plates and treated for 24
hours. Cells under these conditions were stimulated with LPS (0.1-1 μg/mL) in the presence
or absence of BzATP (150 μM) as indicated in the figures. In experiments using all P2
receptor antagonists except oATP, cells were pretreated with the antagonists for 15 or 30
minutes prior to stimulation with LPS and/or BzATP; oATP pretreatment was 1 hr. For NO
determination, the medium was removed and analyzed for the concentration of nitrite (a
stable break down product of nitric oxide generation) using the Greiss reagent (Mitchell et
al. 1992).

Ras activation
Microglia were treated with vehicle (250 mM Hepes) or BzATP (250 μM) for 5 minutes and
cells were lysed in lysis buffer (10% glycerol, 50 mM Tris-HCl: pH 7.4, 200 mM NaCl, 1%
NP-40 and 2 mM MgCl2). The cell lysates were then pre-cleared using glutathione-agarose
beads (Pierce) and incubated at 4°C for 10 minutes, followed by centrifugation to remove
the beads. The pre-cleared supernatants were incubated with glutathione-agarose beads
conjugated to a glutathione-S-transferase (GST) fusion protein of the Ras-binding domain of
Raf (Upstate Biotechnology) for 30 minutes at 4°C. The beads were washed 3 times with
lysis buffer and active Ras proteins were eluted with sample buffer, followed by boiling for
5 minutes. The proteins were separated by SDS-PAGE, and processed for immunoblot
analysis using anti-Ras antibodies (Transduction Laboratories; Lexington, KY). Data shown
are representative of at least 2 independent experiments.

Immunoblot Analyses
Western blots using whole cell lysates were performed as we have described previously
(Brautigam et al. 2005). The levels of p44/42, p38, iNOS and P2X7 were ascertained using:
anti-active p44/42 antibodies (1:1000, Cell Signaling, Danver, MA), anti-active p38 MAP
kinase antibodies (1:1000, Cell Signaling, Danver, MA), anti-iNOS antibodies (1:2000;
Transduction Laboratories, Lexington, KY), and anti-P2X7 antibodies (1:200; Alomone
Labs, Jerusalem, Israel). The immunoreactive bands were visualized using secondary
antibodies conjugated to horseradish peroxidase (Santa Cruz) and chemiluminescent
detection methods (Pierce Biochemical Company). To confirm protein loading, membranes
were probed with antibodies recognizing GAPDH, Grb-2 or β-actin (1:5000; Santa Cruz).
The immunoblot data shown are representative of at least 3 independent experiments.

Real time PCR
Murine N9 microglia were grown in 6 well plates as detailed above. Cells were lysed in Tri-
Reagent (Sigma), and total RNA was harvested according to the manufacturer's protocol.
Reverse transcription PCR (RT-PCR) was performed using 1μg of total RNA as a template
for the reverse transcription reaction using random hexamers and ImProm-II Reverse
Transcriptase (Promega) according to the manufacturer's protocol. Quantitative RT-PCR
was performed by monitoring in real-time the increase in fluorescence of the SYBR-
GREEN dye using the TaqMan 7300 Sequence Detection System (Applied Biosystems).
The relative amounts of each gene were determined using the comparative CT method. CT
values were normalized to the relative levels of β-actin in each sample. Primer sequences for
the following murine genes were used: β-actin Forward-AGGATGCCACGGCTGATG and
Reverse-ACAACAGGAGGTCGTACCAGA; BDNF Forward-
CCCATCACAATCTCACGGTATTC and Reverse- TGCGGAGGGTCTCCTATGAA; Egr
1 Forward-CATGCCTGGCCCTTGCT and Reverse-GAGGGCCCAAACCCATTTT; Egr 2
Forward-GGTTGGGAGTTGCTGATTCCT and Reverse-
ATTAAAGTGCCACATCAGTTTTGCT; Egr 3 Forward-ATTCCCCCCAGGATTACCAA
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and Reverse-GTGGTACAGGTTGTAGTCAGGAATCA; IL-6 Forward-
GTGGCTAAGGACCAAGACCA a n d Reverse-GGTTTGCCGAGTAGACCTCA; IL-10
Forward-AAGCTGAAGACCCTCTGGATACA and Reverse-
CCACTGCCTTGCTTTTATTCTCA; iNOS Forward-CATCAGGTCGGCCATCACTG and
Reverse-CGTACCGGATGAGCTGTGAATT; NAB-1 Forward-
CTGGCCAGGCAGGTTTCTC and Reverse-TGGCACAGATTCCTGGAAGTC; NAB-2
Forward-GGAGAGGATCTTCCGGAGTTTC and Reverse-TCCGCGCCAGCTTCTTATT;
P2X7 Forward-CCACAACTACACCACGAGAAAC and Reverse-
ACTTCTTGGCCCTTGACATCTT; TGFβ Forward-TGACGTCACTGGAGTTGTACGG
and Reverse-GGTTCATGTCATGGATGGTGC; TNF-α Forward-
TGCCACTTCATACCAGGAGA and Reverse-CCGGACTCCGTGATGTCTA; VEGF
Forward-TTGAGACCCTGGACATCT and Reverse-CACACAGGACGGTTGAAGA.

RNA interference
N9 microglia plated in 96 well plates (3×104 cells/well) were mock infected, or infected
with Sigma MISSION™ lentivirus particles (1.2×104 TU/well) encoding short hairpins to
the murine P2X7 or P2X4 receptors, or Egr-1, Egr-2 and Egr-3 factors in the presence of
hexadimethrine bromide (final concentration 8 μg/mL). Catalog numbers for Sigma
lentiviral particles with which we made stable cell populations are as follows: SHVRSC-
TRCN00000: 68568 (P2X7); 68534 (P2X4); 81626 (Egr-1); 81678 (Egr-2); and 96140
(Egr-3). All vectors contained puromycin resistance to facilitate stable cell clone selection.
The medium was changed the day after infection, and cells were allowed to grow to
confluence at which time cell populations containing stably integrated short hairpins were
selected with puromycin (10 μg/mL) over several passages; antibiotic concentration was
gradually decreased to 2 μg/mL, the final dose used for routine stable cell line maintenance.
Because of functional Egr compensation, we had to knock down all three Egr factors
expressed in our cells in order to assess their role in P2X7 signaling (data not shown). Cells
stably expressing short hairpins to the P2X7 receptor (shP2X7/N9), P2X4 receptor (shP2X4/
N9) or to the combination of Egr-1, -2 and -3 factors (shEgr/N9) were then plated for
experiments as indicated above.

Statistical Analysis
Statistical analyses were performed using an unpaired t-test or one-way ANOVA pre hoc
test and the Tukey-Kramer Multiple Comparisons, Dunnett Multiple Comparisons, or Fisher
LSD post hoc tests. Statistical significance was set at p < 0.05. Quantitative data are
expressed as the mean ± SEM of n ≥ 3 independent measurements.

Results
BzATP acts on P2X7 receptors to decrease LPS-stimulated inducible nitric oxide synthase
(iNOS) and nitric oxide (NO) levels in a time frame consistent with the need for immediate
early gene transcription

The P2X receptor agonist BzATP decreases LPS-stimulated NO production both in primary
microglia and in the N9 microglial cell line (Fig. 1A), consistent with our previous report in
BV-2 microglia (Brautigam et al. 2005). BzATP dose-dependently reduces LPS-induced
iNOS mRNA levels (Fig. 1B), and this attenuation by BzATP was completely blocked by
the new and highly selective P2X7 receptor antagonist A-438079 (Fig. 1C). These effects on
iNOS expression were also observed at the protein level where the P2X7 receptor
antagonists BBG (Supplementary Fig. 1) and KN-62 (data not shown) prevented BzATP
from reducing LPS-stimulated iNOS protein levels. To begin to investigate the signaling
mechanisms involved in these effects, we performed time courses of BzATP exposure and
washout, to determine the length of time required for BzATP to inhibit LPS-stimulated NO
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production (Fig. 1D). Microglia were treated with BzATP for 0.5 hours to 8 hours as
indicated in the figure, after which time the nucleotides were removed by medium washout
(white bars). The cells were then stimulated overnight with LPS in fresh medium (striped
bar), and nitrite accumulation in the tissue culture medium was analyzed using the Griess
reagent (Mitchell et al. 1992). As a control, BzATP was also added concomitantly with LPS
with no medium wash out (black bar). BzATP statistically significantly reduced NO
production within 1 to 2 hours, a time course consistent with the synthesis of immediate
early gene transcription or translation. Due to their inability to be washed away and their
subsequent interference with LPS signaling, we were unable to use standard transcription or
translation inhibitors to directly test this idea (data not shown). However, as discussed
above, our microarray data suggested that Egr immediate early genes might be reasonable
candidates for transcription factors whose expression could be induced by BzATP within the
1 to 2 hour time window. Importantly, we identified multiple, putative cis-acting elements
for Egr factors in the 5’ flanking region of the iNOS gene (Table 1), using the Genomatix
program MatInspector.

BzATP induces Egr expression in a time and dose-dependent manner
We next tested the ability of BzATP to promote Egr factor induction. Treatment of
microglia with BzATP for 1 hour dose-dependently increased Egr-1, Egr-2 and Egr-3
mRNA levels; Egr-4 mRNA levels were very low and often not detectable (ND; Fig. 2A). A
time course of BzATP treatment demonstrated peak Egr expression at 1 hour in both N9
microglia (Fig. 2B) and primary microglia (Fig. 2C), consistent with the time course of NO
inhibition (Fig.1D), previous reports of BzATP treatment of adventitial fibroblasts
(Gerasimovskaya et al. 2002) and HEK 293 cells transiently transfected with P2X7 receptors
(Stefano et al. 2007). Egr-4 expression in N9 microglia did not change following BzATP
treatment at any time point we assessed up to 24 hours, so it was not evaluated further.
Because 150μM BzATP was the lowest dose that gave statistically significant Egr
stimulation, all subsequent Egr studies were performed using this concentration.

P2X7 receptors mediate the effects of BzATP on Egr induction
Although BzATP is a potent agonist of P2X7 receptors, it also has strong affinity for other
P2X receptors (Bianchi et al. 1999; North 2002). Using the P2X7 antagonists oATP, BBG,
KN-62 and A-438079, we evaluated the role of P2X7 receptors in Egr gene expression
induced by BzATP. We found that all P2X7 antagonists significantly reduced the ability of
BzATP to induce Egr factor expression by between 70% and 95% (Fig. 3A). We confirmed
the role of P2X7 receptors in these effects of BzATP using RNAi. In N9 microglia stably
expressing short hairpins to the P2X7 receptor (shP2X7), which show reduced P2X7 mRNA
(Fig. 3B, graph), protein levels (Fig. 3B, blot) and functionality as assessed by reduced
P2X7 pore activity (Fig. 3C, upper right panel), we found that BzATP-stimulated Egr gene
induction was attenuated by approximately 80-90% (Fig. 3D), confirming the role of P2X7
receptors in these effects of BzATP. As a control for RNAi in these experiments, we
knocked down P2X4 receptors since they are highly related to P2X7 receptors and BzATP is
a potent agonist (Bianchi et al. 1999; North 2002). We find that the effects of BzATP on Egr
gene induction in shP2X4/N9 cells are not different from those in parental cells (Fig. 3D).
Egr-4 levels remained low/undetectable in both basal and BzATP-treated shP2X7- and
shP2X4- expressing cells. P2X7 pore activity is unaffected by P2X4 knockdown (Fig. 3C,
lower left panel). To determine if P2X4 receptors were functionally knocked down in
shP2X4/N9 cells, we evaluated BDNF mRNA levels because P2X4 receptors are central to
nucleotide-induced BDNF expression in microglia (Trang et al. 2009; Ulmann et al. 2008).
We found that whereas BzATP-induced BDNF expression was comparable in parental and
shP2X7/N9 cells, BDNF gene induction was not observed in shP2X4/N9 cells
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(Supplementary Fig. 2), indicating that P2X4 receptors are functionally reduced in these
cells.

BzATP promotes Egr induction via activation of the ERK-1/-2 and p38 mitogen-activated
protein kinase pathways in microglia

Egr factors are well-known to be regulated by MAP kinase pathways, especially by
ERK-1/-2 (Lo et al. 2001; McCubrey et al. 2000; Park and Koh 1999); but the p38 pathway
has also been shown to regulate Egr factors as well (Kim et al. 2007; Lim et al. 1998; Shin et
al. 2006). To our knowledge, Ras activation in response to P2X7 receptor stimulation has
only been demonstrated in RAW 264.7 macrophages (Aga et al. 2004), so we assessed its
activation in microglia following treatment with BzATP. Ras is a small molecular weight G
protein that lies upstream of MEK/ERK activation in many growth factor signaling
pathways; we found that BzATP also promotes Ras activation within 5 minutes in microglia
(Fig. 4A). Accordingly, BzATP rapidly increased ERK-1/-2 (Fig. 4B) and p38 (Fig. 4C)
activation within 5-10 minutes of treatment, an effect that persisted at 15 minutes. Blockade
of ERK-1/-2 activation using the MEK inhibitors PD98059 and U0126 (but not the inactive
analog U0124), attenuated Egr gene induction stimulated by BzATP by about 70-90% (Fig.
4D). And interestingly, blockade of the p38 pathway with SB202190 also interfered with
Egr induction stimulated by BzATP, but only by about 50%. In contrast, stimulation of Egr
expression was observed using the p38 inhibitor SB203580. The concentrations of all
inhibitors used in the present studies were those we have previously shown to be effective in
preventing nucleotide and/or LPS signaling in microglia and macrophages (Baker et al.
2004; Watters et al. 2002). Although both the ERK and p38 MAP kinase pathways appear to
play a role in the mechanisms whereby BzATP stimulates Egr expression, both pathways are
not equally efficacious, since MEK inhibitors more strongly interfere with Egr induction
than do p38 inhibitors. This idea is consistent with our previous studies wherein a role for
the p38 MAP kinase pathway in the inhibitory effects of BzATP on NO production was not
observed (Brautigam et al. 2005).

The P2X7-Egr pathway is necessary for BzATP-mediated alterations in Egr target gene
expression

In order to specifically evaluate the role of Egr factors in P2X7-dependent signaling in
microglia, we employed an RNAi strategy. Knock down of each Egr factor individually
showed little, if any, alteration in BzATP-stimulated Egr target gene expression (data not
shown), likely due to compensatory mechanisms by the remaining Egr factors. Therefore,
we created N9 cells in which the levels of all three Egr factors detectably expressed in N9
microglia (Egr-1, -2 and -3) had been simultaneously knocked down (shEgr/N9). As shown
in Figure 5A, in shEgr/N9 cells, we found BzATP-stimulated Egr-1 and Egr-2 expression to
be decreased by 80-95%, whereas that of Egr-3 was reduced by about 50%. P2X7 receptor
function was intact in these cells because BzATP-mediated YO-PRO uptake was not
different from that in parental N9 cells (Fig. 3D, lower right panel). Egr-4 levels in shEgr/
N9 cells remained unchanged and were still very lowly detectable (Fig. 5A) even when their
Egr family counterparts are knocked down. We next assessed if knockdown of Egr
expression in these cells translated into functional reductions in Egr activity in cells
expressing short hairpins to Egr factors and P2X7. To do this, we evaluated the expression
of the known Egr target genes NGFI-A binding proteins -1 and -2 (NAB-1 and NAB-2)
(Mechta-Grigoriou et al. 2000; Nagarajan et al. 2001), which are not readily detectable in
our cells in the absence of stimulation. In shP2X7-expressing cells, NAB-1 and NAB-2
expression was almost completely abolished (<5% expression remained) whereas in shEgr-
expressing cells treated with BzATP, NAB-1 and NAB-2 gene expression was reduced by
85-95% (Fig. 5B), suggesting that BzATP regulates NAB expression via P2X7 receptor-Egr
pathway activation, and that our Egr hairpins effectively reduce Egr function. As another
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control for functional Egr knockdown, we also evaluated the basal expression of vascular
endothelial growth factor (VEGF), a cytokine known to be positively regulated by Egr
factors (Worden et al. 2005), but not by P2X7 receptors in immune cells (Wei et al. 2008).
Whereas RNAi to P2X7 receptors had no effect, shEgr expression significantly reduced
VEGF mRNA levels (Fig. 5C).

P2X7 receptors are necessary for the effects of BzATP on LPS-stimulated iNOS and TNF-α
production

We next returned to the original question, which was to determine if the P2X7-Egr pathway
was involved in the inhibitory effects of BzATP on iNOS gene expression. We found that in
shP2X7-expressing cells, but not in shP2X4/N9 cells, the inhibitory effects of BzATP on
iNOS expression were abrogated (Fig. 6A), confirming the involvement of P2X7.
Surprisingly however, in cells expressing short hairpins to Egr factors, iNOS mRNA levels
were not detectable in the LPS- or BzATP-treated state, suggesting that Egr factors may be
necessary for basal iNOS expression levels as well as for P2X7 receptor-dependent
regulation.

Because TNF-α expression is positively regulated by Egr factors, we reasoned that if P2X7
receptors promoted Egr induction in a meaningful way in microglia, and Egr factors increase
TNF-α expression, then BzATP treatment via induction of Egr factors would also augment
LPS-stimulated TNF-α expression. As shown in Figure 6B, BzATP strongly increases LPS-
stimulated TNF-α expression in parental cells, an effect which is significantly attenuated in
shP2X7/N9 and shEgr/N9 cells. However, similar to iNOS expression, we found that basal
and LPS-stimulated TNF-α mRNA levels were also not detectable in shEgr/N9 cells. But
shEgr/N9 cells are viable and healthy by all endpoints we have evaluated; the expression of
short hairpins to Egr factors does not universally decrease or ablate the expression of all
genes in the presence of LPS. For example, in shEgr/N9 cells the levels of transforming
growth factor (TGF)-β (an Egr target gene in several tumor cell types (Liu et al. 1996a; Liu
et al. 1996b) but not known to be transcriptionally regulated by LPS), and β-actin (the
expression of which is commonly evaluated as a standard “housekeeping” gene in
experiments like these) are not different in the presence or absence of LPS (Fig. 6C). In
addition, the effects of BzATP on LPS-stimulated IL-10 expression, a transcriptional target
gene of LPS signaling (Aloisi et al. 1999), which is not known to be transcriptionally
regulated by Egr factors, were not different between parental/N9 and shEgr/N9 cells (Fig.
6D), indicating that both LPS and BzATP have the capacity to influence gene expression
normally in shEgr/N9 cells as long as functional Egr factors are not required.

RNAi to P2X7 and Egr factors abrogate BzATP-induced IL-6 production
Given that our ability to interpret the role of the P2X7-Egr pathway in regulating iNOS and
TNFα inflammatory gene expression in microglia was confounded by LPS, we next chose to
ascertain the role of P2X7 receptor activation alone on microglial gene expression.
However, this is difficult because there are few reports in the literature indicating effects of
P2X7 receptor activation on inflammatory mediator production in cells that have not been
previously primed with an activating stimulus like LPS, beta amyloid peptides or hypoxia
(Brautigam et al. 2005; Morigiwa et al. 2000; Ogata et al. 2003; Rampe et al. 2004).
Moreover, the few reports that do indicate that P2X7 receptor activation (by itself) promotes
inflammatory gene expression, demonstrate effects that do not occur in the microglia we
use. For example, BzATP reportedly increases TNF-α release and transcription in primary
rat microglia (Hide et al. 2000) but we do not observe any effects of BzATP alone on TNF-α
in either murine N9 microglia or in primary mouse microglia (data not shown); this could be
a species difference.
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Therefore, we chose to evaluate the effects of P2X7 receptors on the expression of the Th2
cytokine IL-6 because available information indicates an effect of P2X7 receptors on IL-6
release (Boucsein et al. 2003; Rampe et al. 2004; Shigemoto-Mogami et al. 2001), and IL-6
expression is regulated by Egr factors in other cell types (Hoffmann et al. 2008; Prince et al.
2007; Worden et al. 2005). Although effects on transcription were not evaluated, based on
these data, and our observations that P2X7 receptors stimulate Egr factors in microglia, we
reasoned that if activation of the P2X7-Egr pathway is sufficient for promoting
inflammatory gene transcription, then P2X7 receptor activation alone would increase IL-6
production in microglia. Indeed, we found that BzATP promoted IL-6 expression (Fig. 7A)
in the absence of any other microglial stimuli, and that IL-6 mRNA levels were greatly
attenuated in cells expressing short hairpins both to P2X7 and Egr factors (Fig. 7B).
Importantly, basal IL-6 expression remains detectable in shEgr/N9 cells. Approximately
10-20% of BzATP-stimulated IL-6 mRNA levels remain in both shP2X7/N9 and shEgr/N9
cells. These data further support the contention that ablation of both basal and LPS-
stimulated iNOS and TNF-α levels in shEgr/N9 cells are likely to be gene-specific effects.
They also identify IL-6 as a novel transcriptional target of the P2X7-Egr factor pathway in
microglia.

BzATP confers protection from LPS-induced hippocampal neuron death via P2X7
receptors

To determine if the effects of BzATP on altered microglial inflammatory gene expression is
functionally relevant to neurons, we performed cell survival studies on hippocampal HT22
neurons using microglial conditioned medium. Conditioned medium (CM) from LPS-treated
parental (black bars) and shP2X7/N9 (white bars) microglial cell lines induced significant
(~50%) neuronal death (Fig. 8). However, CM from parental N9 cells treated with both LPS
and BzATP together induced significantly less death than LPS CM, suggesting that BzATP
reduces microglial production of neurotoxic, or increases the production of neuroprotective
factors. Interestingly, neuronal death induced by LPS CM was unchanged in the presence of
BzATP when the CM was from shP2X7/N9 cells, suggesting that the neuroprotective effects
of BzATP are mediated by P2X7 receptors. Although neuronal death was observed in CM
from BzATP-treated microglia, this was not statistically different from that promoted by CM
from vehicle-treated cultures, and cell death induced by LPS CM was significantly greater
than that induced by vehicle or BzATP CM. Decreased neuron survival resulting from the
addition of CM from unactivated microglia to neuronal cultures has also been previously
reported (Ciesielski-Treska et al. 2001; Hur et al. ; Wu et al. 2000).

Discussion
In the present studies, we report for the first time that P2X7 receptor activation promotes
induction of Egr-1, -2 and -3 transcription factors in microglia, and that these factors are
necessary for P2X7-induced IL-6 gene expression as well as modulation of LPS-stimulated
iNOS and TNF-α expression by P2X7 receptors. To our knowledge, there have been no
previous reports of P2X7 receptor activation exerting effects on Egr factors in any immune
cell type. The two available studies in this regard show activation of Egr-1 indirectly by
P2X7 receptors in adventitial fibroblasts exposed to hypoxia (Gerasimovskaya et al. 2002)
or by BzATP treatment of HEK 293 cells transiently transfected with P2X7 receptors
(Stefano et al. 2007); Egr-1 was the only Egr factor evaluated in both studies.

Although the P2X7 receptor is one of the best studied P2 receptors, there is surprisingly
little information available about how its activation regulates gene transcription in any cell
type. Reports of P2X7-dependent transcription factor activation are plentiful, and many
correlative studies exist discussing the potential significance of transcription factor
activation following P2X7 activation. However, important with reference to the present
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studies, only one paper to our knowledge has directly demonstrated the necessity of a
transcription factor activated by P2X7 receptors (NFAT) in controlling subsequent gene
transcription (Kataoka et al. 2009). This very recent paper demonstrated that P2X7 receptor-
dependent NFAT activation promotes MIP-1α expression in microglia, which may
contribute to T cell recruitment to the CNS in certain neurodegenerative disorders.

Another important finding in the present report is the demonstration that P2X7 receptors
have differential effects on the expression of different LPS-stimulated inflammatory genes.
For example, P2X7 activation decreases LPS-induced iNOS expression and NO production,
whereas it increases that of TNF-α. In addition, activation of P2X7 receptors in quiescent or
unactivated microglia promotes the expression of IL-6, but has no detectable effect on TNF-
α or iNOS gene expression in the absence of microglial activating stimuli. Our data also
show that P2X7 receptor activation attenuates LPS-induced neuronal death, possibly
representing a neuroprotective response of P2X7 receptors. Interestingly, that several reports
demonstrate neuroprotective effects of TNF-α and IL-6 (reviewed in (Morganti-Kossmann
et al. 2007; Stoll et al. 2000)), two inflammatory genes whose expression we find to be
augmented by P2X7 receptors. The reduction in LPS-stimulated NO release as a result of
P2X7 receptor activation may also be neuroprotective, but NO in its own right has also been
suggested to exert neuroprotective effects in certain circumstances (Chiueh 1999). These
results raise the exciting possibility that selective activation of P2X7 receptors may promote
neuroprotection in certain circumstances, but further studies are necessary to address this
fully.

Consistent with reports of Egr induction in other cell types, we find that P2X7-dependent
Egr gene stimulation in microglia is also dependent on MAP kinase activation. In particular,
ERK-1/-2 appear to have dominant effects on Egr induction in response to BzATP
treatment, although p38 also plays a role. It is necessary to remark here however, that the
two different p38 inhibitors we used in our studies gave opposing effects; SB202190
attenuated Egr induction whereas SB203580 potentiated it, consistent with other Egr reports
using the SB203580 inhibitor (Rolli-Derkinderen and Gaestel 2000; Schaefer et al. 2004).
We surmise that augmented Egr expression in the presence of SB203580 likely involves its
ability to stimulate Raf kinase activity (Yoon et al. 2004), an effect that is not well-
referenced in the Egr or signaling literature to our knowledge.

It was unanticipated that short hairpins to Egr factors would interfere with basal iNOS
expression and gene induction by LPS since we have been unable to find any reports
indicating direct regulation of the iNOS gene by Egr factors in any cell type. However, Egr
factors are central to LPS stimulation of other inflammatory genes (Pawlinski et al. 2003;
Shi et al. 2002), and we have identified several putative DNA binding sites for Egr factors in
the 5’flanking region of the iNOS gene which may underlie the present observations. In
support of this notion, Harada et al. recently demonstrated that iNOS expression is decreased
in lung epithelial allografts from Egr-1 knockout mice compared to wildtype mice (Harada
et al. 2007), suggesting that the absence of Egr-1 negatively influences iNOS expression.
Although a direct role for transcriptional regulation of iNOS by Egr factors was surmised
because of two Egr binding sites identified in the iNOS promoter by another group, details
were not provided. Our own data are also consistent with this notion; we find that basal
iNOS levels in microglia isolated from Egr-1 knockout mice are considerably lower than in
microglia from wild type mice (unpublished observations, SAF, JPS and JJW). Further
studies to assess the means whereby Egr factors regulate basal and/or LPS-stimulated iNOS
gene expression are necessary to better understand the complex regulation of this gene. The
ablation of basal TNF-α expression in shEgr/N9 cells was similarly unexpected, but the
critical role of Egr factors in mediating the stimulatory effects of LPS on TNF-α expression
are well-documented (Tsai et al. 2000; Yao et al. 1997).
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Because we found that both basal and LPS-stimulated expression of iNOS and TNF-α were
absent in cells stably expressing short hairpins to Egr factors, it was possible that gene
expression in general, or specifically in response to LPS treatment, was somehow aberrant in
these cells. To investigate this, we examined TGF-β and β-actin gene expression in the
presence and absence of LPS. TGF-β is a known Egr target gene in certain tumor cell types
(Liu et al. 1996a), but to our knowledge it is not a known target of LPS action in
macrophage-like cells. We also evaluated the expression of β-actin because this gene is
commonly used to normalize mRNA content between samples in RT-PCR, and its
expression is not known to be regulated by Egr factors or LPS in microglia. We found that
the levels of TGF-β and β-actin were not different in shEgr/N9 cells treated with vehicle or
LPS, suggesting that LPS treatment of these cells does not universally decrease or ablate the
expression of all genes. To ensure that LPS and P2X7 receptor signaling was intact in shEgr/
N9 cells, we had to identify another target gene whose LPS-induced expression was changed
by BzATP in a manner that was independent of Egr factors; there is no literature in this
regard. P2X7 receptors were suggested to play a role in regulating IL-10 levels because
inflammation-induced IL-10 levels were reduced in P2X7 receptor knockout mice (Chessell
et al. 2005), and other studies demonstrated that BzATP was the most potent P2 receptor
agonist tested at promoting IL-10 expression in cultured rat microglia (Seo et al. 2008),
though the effects of BzATP were independent of P2X7 receptors. Therefore, we reasoned
at a minimum that we would obtain a response to BzATP treatment on LPS-stimulated
IL-10 expression, an effect of LPS and BzATP that would likely be independent of Egr
signaling. We found that while BzATP significantly augmented LPS-induced IL-10
expression in both parental and shEgr/N9 microglia, suggesting that LPS and BzATP
signaling in both cell lines is comparable. The smaller variation in the magnitude of the
BzATP effects on LPS-induced IL-10 expression observed in the shEgr/N9 cells compared
to the parental cells is likely the result of population selection during preparation of the
stable shEgr/N9 cell line.

Many of the activities assigned to P2X7 receptors are based primarily on the use of two
pharmacologic agents: 3’-O-(4-benzoylbenzoyl)-adenosine 5’-triphosphate (BzATP), a
strong agonist of P2X7 receptors but a more potent agonist of other P2X receptor subtypes
(Burnstock and Knight 2004; North 2002), and oxidized ATP, a P2X7 receptor antagonist
that also has effects independent of P2X7 receptors (Beigi et al. 2003). In our study, we used
complementary pharmacologic and RNAi approaches to overcome these issues, and to test
the role of P2X7 receptors in the regulation of Egr and inflammatory gene transcription. We
describe here a new pathway whereby P2X7 receptors utilize Egr transcription factors to
differentially regulate the expression of important microglial inflammatory genes. Because
the inappropriate activation of microglia and their production of neurotoxic cytokines, and
reactive oxygen and nitrite species are thought to play a role in the pathology of many
neurodegenerative disorders, agents that function to reduce microglial pro-inflammatory
activities and/or stimulate their anti-inflammatory/neuroprotective activities are being
actively sought. We postulate that the P2X7-Egr pathway may be one such target in
microglia that could be used to modulate their expression of factors such as NO, TNF-α and
IL-6, molecules that can exert condition-specific, pleiotropic and potentially neuroprotective
effects in the CNS.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. BzATP-induced attenuation of LPS-induced iNOS/NO production in murine microglia
occurs within 2 hours and is sensitive to P2X7 antagonists
(A) BzATP treatment attenuates LPS-stimulated NO production. N9 and primary murine
microglia were treated with vehicle (250 mM Hepes), LPS (100 ng/mL) or co-treated with
LPS+ BzATP (150 μM) for 16-20 hours. Nitrite levels were measured in the medium the
following day. **p< 0.01 vs. vehicle treatment. (B) LPS-induced iNOS mRNA levels are
dose-dependently reduced by BzATP treatment. The data are graphed as percent expression
relative to LPS treatment. **p<0.01 vs. LPS treatment. (C) LPS-induced iNOS mRNA
levels are reduced by BzATP, an effect that is reversed by the novel P2X7 antagonist
A-438079. **p<0.01 vs. LPS treatment. (D) BzATP reduces LPS-stimulated NO production
within 1-2 hours after treatment. Cells were treated with LPS alone (hatched bar), co-treated
with LPS+BzATP (black bar), or pre-treated with BzATP for times indicated (3rd through
7th bars, respectively), prior to medium washout and stimulation with LPS. All treatments
were performed in triplicate and the means ± SEM for the data shown are representative of
4-7 independent experiments. **p<0.01 vs. LPS treatment alone.
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Figure 2. BzATP dose-dependently stimulates Egr expression which is maximal at 1 hour
Total RNA was isolated from N9 (A, B) and primary (C) microglia treated with vehicle (250
mM Hepes) or BzATP (doses and times as indicated in the figure), and qRT-PCR was
performed to assess expression levels of the transcription factors Egr-1 (white bars), Egr-2
(black bars), and Egr-3 (striped bars). Egr-4 levels were very low and often not detectable
(ND). The data are graphed as fold induction relative to vehicle treatment for each gene.
Data represent the mean of at least 3 independent experiments ± SEM. * p<0.05, ** p<0.01
and *** p<0.001 vs. vehicle treatment.
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Figure 3. P2X7 purinergic receptors mediate induction of Egr factors by BzATP
(A) P2X7 receptor antagonists significantly attenuate BzATP-induced Egr expression. N9
microglia were pre-treated with vehicle (250 mM Hepes) or the P2X7 receptor antagonists
oATP (500μM) for 2 hours, or Brilliant Blue G (1mM) or KN-62 (25μM) for 30 minutes
prior to stimulation with either vehicle or BzATP (150 μM) for 1 hour. The data shown
represent the mean ± SEM of at least 3 independent experiments, expressed as percent gene
induction relative to N9 cells treated with BzATP alone. (B) Cells stably expressing short
hairpins to P2X7 receptors (shP2X7/N9) show decreased P2X7 mRNA (upper panel) and
protein levels (lower panel). In the representative Western blot shown, a high molecular
weight, non-specific band is observed using this P2X7 antibody. (C) YO-PRO uptake
stimulated by BzATP in parental N9 cells (upper left panel) is abrogated in shP2X7/N9
(upper right panel), but not in shP2X4/N9 (lower left panel) or shEgr/N9 (lower right panel)
cells. (D) BzATP-induced Egr expression is greatly attenuated in shP2X7/N9 but not in
shP2X4/N9 cells treated with vehicle or BzATP for 1 hour. **p<0.01 vs. BzATP treated
parental cells.
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Figure 4. BzATP-induced Egr expression is sensitive to MEK and p38 inhibitors
N9 microglia were treated with vehicle (250 mM Hepes) or BzATP (250μM) for the times
indicated. Ras activation was assessed using a GST-Raf pull-down assay (A), and ERK-1/2
(B) and p38 (C) activation was detected using antibodies against the dually phosphorylated
and enzymatically active proteins. (A) BzATP stimulates Ras activation within 5 minutes.
BzATP-induced ERK-1/-2 (B) and p38 (C) activation is maximal within 5-10 minutes of
treatment. Immunoreactivity of the cytosolic protein Grb-2 was used to verify protein
loading. (D) Pharmacologic inhibitors of MEK and p38 interfere with BzATP-stimulated
Egr induction. Cells were pre-treated with either vehicle (0.01% DMSO), the MEK
inhibitors U0126 (10μM) or PD98509 (50μM), the inactive MEK inhibitor analog U0124
(10μM), or the p38 inhibitors SB202190 (10μM) or SB203580 (10μM) for 15 minutes prior
to treatment with vehicle or BzATP (150μM) for 1 hour. Egr gene expression was assessed
by qRT-PCR. Data are expressed as percent Egr expression relative to BzATP treatment
alone and represent the mean of at least 3-8 independent experiments + SEM. ***p<0.001
vs. BzATP treatment.
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Figure 5. BzATP-mediated Egr target gene induction is dependent on the P2X7-Egr pathway
Parental N9, shEgr/N9 or shP2X7/N9 microglia were treated with either vehicle (250 mM
Hepes) or BzATP (150μM) for 1 hour (A, B) or 20 hours (C). (A) BzATP-induced Egr
expression is blunted in shEgr/N9 cells. (B) RNAi to P2X7 and Egr factors prevents
BzATP-induced Egr target gene (Nab-1/Nab-2) activation. Nab gene induction by BzATP in
parental cells ranged from 3-14 fold over vehicle treatment. (C) RNAi to Egr factors, but not
to P2X7 receptors, decreases VEGF expression. The data are graphed as fold induction
relative to BzATP-treated parental N9 cells for each gene and represent the means of 4-8
independent experiments + SEM.
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Figure 6. BzATP-induced alterations in LPS-stimulated NO and TNF-α production requires the
P2X7-Egr pathway
Parental N9, shP2X7/N9 and shEgr/N9 cells were treated with vehicle (250 mM Hepes),
LPS (1 μg/mL), or LPS+BzATP (150 μM) overnight. (A) BzATP-mediated inhibition of
LPS-stimulated iNOS expression does not occur in shP2X7/N9 and shEgr/N9 cells. (B)
BzATP-mediated augmentation of LPS-induced TNF-α expression is abrogated in shP2X7/
N9 and shEgr/N9 cells. (C) Expression of TGF-β and β-actin are unchanged in shEgr/N9
cells treated with vehicle or LPS. (D) BzATP treatment increases LPS-stimulated IL-10
mRNA levels in both parental N9 and shEgr/N9 cells. The means ± SEM are graphed as fold
induction relative to vehicle treatment (C) or LPS treatment (A, B, D) in 3-8 independent
experiments. * p<0.05, **p<0.01, ***p<0.001 vs. vehicle or LPS treatment.
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Figure 7. BzATP-induced IL-6 expression is blocked in microglia stably expressing short
hairpins to P2X7 and Egr factors
Parental N9, shP2X7/N9 and shEgr/N9 cells were treated overnight with either vehicle (250
mM Hepes) or BzATP (150 μM). (A) BzATP increases IL-6 expression in parental N9
microglia. (B) BzATP-induced IL-6 expression is strongly attenuated in shP2X7/N9 and
shEgr/N9 cells. The data are graphed as fold induction relative to either vehicle (A) or
BzATP treatment (B) in each cell type. Treatments represent the mean ± SEM of at least 4
independent experiments. ***p<0.001 vs. vehicle treatment; §§§p<0.001 vs. BzATP-treated
parental cells.
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Figure 8. BzATP abrogates LPS-induced HT22 hippocampal neuron death via P2X7 receptors
Parental N9 and shP2X7/N9 cells were treated overnight with vehicle (250 mM Hepes) or
LPS (1 μg/mL) in the presence and absence of BzATP (150 μM). Microglial conditioned
medium was applied to HT22 neurons for 18-22 hours after which time neuron survival was
assessed by the MTS mitochondrial function assay. The data are graphed as % of neurons
surviving relative to control treatment and represent the means of 3-6 independent
experiments ± SEM. ** p<0.01 vs. control; ***p<0.001 vs. control; §§ p<0.01 vs. LPS.
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Table 1
Putative Egr Binding Sites in 5' Flanking Region of iNOS Gene

Using the Genomatix program MatInspector, we identified four putative Egr factor binding sites in the first
4.182kb of the 5’ flanking region of the mouse iNOS gene. Capital letters indicate the core consensus used by
the MatInspector algorithm, and underlined nucleotides represent residues which are highly conserved. Sites 1
and 4 had 100% similarity to the core sequence in the algorithm, whereas sites 2 and 3 had 77% and 76%,
respectively. There is considerable heterogeneity among Egr factors for the nucleotide sequences to which
they bind, so specific Egr factors cannot be assigned to particular Egr binding sites using solely an informatics
approach.

Site Position From Transcription Start Site (+1) Nucleotide Sequence

1 -379-395 ctctgcggGGGCtgaat

2 -2787-2803 gcatGGGTtggtgagat

3 -3358-3374 gtatGTGTgggtgactt

4 -3758-3774 actaGGGAgggaggctg
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