
Inflammatory cytokines stimulate the chemokines CCL2/MCP-1
and CCL7/MCP-7 through NFκB and MAPK dependent pathways
in rat astrocytes

Wendy L. Thompson and Linda J. Van Eldik*
Department of Cell and Molecular Biology, and, Center for Drug Discovery and Chemical Biology,
Northwestern University, Chicago, IL 60611

Abstract
The chemokines CCL2 and CCL7 are upregulated in the brain during several neurodegenerative and
acute diseases associated with infiltration of peripheral leukocytes. Astrocytes can respond to
inflammatory cytokines like IL-1β and TNF-α by producing chemokines. This study aims to test the
ability of IL-1β and TNF-α to stimulate CCL2 and CCL7 protein production in rat astrocyte cultures,
and to elucidate signaling pathways involved in the cytokine-stimulated chemokine upregulation.
Astrocytes were stimulated with IL-1β or TNF-α, and CCL2 and CCL7 levels determined by ELISA.
Our results show that IL-1β and TNF-α each stimulate production of the chemokines CCL2 and
CCL7 in astrocytes in a concentration- and time-dependent manner, with CCL2 showing a more
rapid and robust response to the cytokine treatment than CCL7. As a first step to determine the
signaling pathways involved in CCL2 and CCL7 upregulation, we stimulated astrocytes with
IL-1β or TNF-α in the presence of selective inhibitors of MAPK pathways (SB203580 and SB202190
for p38, SP600125 for JNK, and U0126 for ERK) or NFκB pathways (MG-132 and SC-514). We
found that NFκB pathways are important for the cytokine-stimulated CCL2 and CCL7 production,
whereas MAPK pathways involving p38 and JNK, but not ERK, may also contribute but to a lesser
extent. These data document for the first time that CCL7 protein production can be stimulated in
astrocytes by cytokines, and that the upregulation may involve NFκB- and p38/JNK-regulated
pathways. In addition, our results suggest that CCL2 and CCL7 share similarities in the signaling
pathways necessary for their upregulation.
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1. Introduction
Chemokines or “chemotactic cytokines” are critical for directing cell migration during many
diverse processes such as development, angiogenesis, infections, and inflammation . During
inflammation, chemokines act in concert with selectins and integrins to cause adhesion and
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directed migration of specific sets of leukocytes to sites of inflammation . In the brain, several
cell types are capable of producing chemokines including astrocytes. When activated by a
variety of stimuli, astrocytes can upregulate adhesion and co-stimulatory molecules, express
pattern recognition receptors such as toll like receptors, and produce inflammatory mediators
like reactive oxygen species, cytokines and chemokines . The chemokine monocyte
chemoattractant protein-1 (MCP-1/CCL2) is a potent stimulator of monocyte chemotaxis and
has been implicated in the progression of several peripheral and central nervous system (CNS)
diseases associated with increased mononuclear cell infiltrates . Astrocytes are a major source
of CCL2 in several experimental models such as experimental allergic encephalomyelitis, brain
mechanical injury, entorhinodentate lesions, middle cerebral artery occlusion (MCAO), and
endotoxemia as well as in the human diseases multiple sclerosis (MS), amyotrophic lateral
sclerosis, and Alzheimer’s disease .

Another member of the MCP family is CCL7 (MCP-3), a chemokine that attracts several types
of leukocytes including monocytes, lymphocytes, granulocytes, NK cells, and dendritic cells .
CCL7 is upregulated in the CNS in several disorders associated with increased inflammatory
infiltrates such as demyelinating diseases, simian virus induced acquired immune deficiency
syndrome (AIDS) encephalitis, lymphocytic choriomeningitis, and MCAO . CCL7 has been
localized to astrocytes during MS , and CCL7 mRNA is increased in astrocytes infected with
the hepatitis virus or Theiler’s murine encephalomyelitis virus (Palma and Kim, 2004).

Because overexpression of CCL7 and CCL2 can lead to increased leukocyte infiltration into
the CNS during disease states and subsequent inflammation and tissue damage, it is critical to
understand the mechanisms by which production of these chemokines is regulated. The pro-
inflammatory cytokines interleukin (IL)-1β and tumor necrosis factor (TNF)-α are increased
in several neurodegenerative and acute inflammatory diseases of the CNS , and stimulation
with either cytokine increases CCL2 and CCL7 mRNA levels in a variety of cell types .
However, regulation of CCL2 and CCL7 protein production in astrocytes has not been explored
in detail in response to IL-1β and TNF-α. Therefore, the goal of this study was to test the ability
of IL-1β and TNF-α to stimulate CCL2 and CCL7 protein production in rat astrocyte cultures,
and to elucidate signaling pathways involved in the cytokine-stimulated chemokine
upregulation. We focused on the mitogen activated protein kinase (MAPK) and nuclear factor
kappa B (NFκB) pathways because of their important role in upregulation of various
inflammatory mediators and their known activation in response to IL-1β and TNF-α (Gosselin
and Rivest, 2007; McCoy and Tansey, 2008; O'neill, 2006).

We report here that IL-1β and TNF-α each stimulate increased levels of CCL2 and CCL7 in
rat astrocytes in a concentration- and time-dependent manner, although the response of CCL7
to the cytokine stimulation is quantitatively less and delayed compared to CCL2. Using
selective inhibitors of the p38, extracellular signal-regulated kinase 1/2 (ERK1/2), and c-Jun
N-terminal kinase 1/2 (JNK1/2) MAPKs and NFκB pathways, we found for both CCL2 and
CCL7 that the NFκB pathway appears to play an important role in cytokine-induced chemokine
production. In contrast, the p38 and JNK1/2 pathway inhibitors only partially blocked CCL2
and CCL7 production, and the ERK pathway inhibitor had no effect. These data suggest that
IL-1β and TNF-α regulate CCL2 and CCL7 protein production through similar signaling
pathways in astrocytes.

2. Results
2.1 Cytokine-stimulated upregulation of the chemokines CCL2 and CCL7 in rat astrocytes

To examine the time- and concentration-dependent effects of inflammatory cytokines on CCL2
and CCL7 production, we treated rat astrocyte cultures with IL-1β or TNF-α for different
lengths of time up to 48 hrs (Fig. 1A,B) or with increasing concentrations of IL-1β or TNF-α
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(0.025 – 25 ng/ml) for 6 hr (Fig. 1C) or 24 hr (Fig. 1D). CCL2 (Fig. 1A,C) and CCL7 (Fig.
1B,D) protein levels in conditioned media were measured by ELISA. IL-1β and TNF-α induced
significant increases in CCL2 levels (Fig. 1A) above control beginning by 6 hrs and continuing
until at least 48 hrs, whereas significant increases in CCL7 protein were not seen until 12 hrs
after cytokine addition (Fig. 1B). Both cytokines induced significant concentration-dependent
increases in CCL2 (Fig. 1C) and CCL7 (Fig. 1D) protein levels, with ~10-fold higher
concentrations of TNF-α required compared to IL-1β to reach the same level of chemokine
induction until this difference leveled out at higher concentrations of the cytokines. In addition,
~10-fold higher concentrations of IL-1β and TNF-α were required to induce a significant
increase in CCL7 compared to CCL2, and ~10-fold less CCL7 protein was produced at all time
points and all concentrations of cytokines. For subsequent experiments, we harvested
conditioned media at 6 hr for CCL2 and at 24 hr for CCL7 because these represent times at
which we found a 3–4 fold increase in stimulated protein levels over basal protein levels.

2.2 Activation of MAPK and NFκB pathways by IL-1β and TNF-α
Both IL-1β and TNF-α activate the MAPKs and NFκB (McCoy and Tansey, 2008; Gosselin
and Rivest, 2007), and these pathways are important in production of many inflammatory
proteins including chemokines (O’neill, 2006). To confirm activation of the MAPK and
NFκB pathways in our rat astrocyte cultures, we studied the activation state of these pathways
30 min after IL-1β and TNF-α treatment. The activation of p38, ERK1/2, and JNK1/2 was
analyzed in cell lysates by using antibodies that selectively recognize the phosphorylated
(activated) forms, as well as total protein forms of each MAPK. Both IL-1β and TNF-α
consistently produced an increase in the phosphorylated forms of each MAPK, while the total
protein levels of each MAPK were not changed (Fig. 2A). To verify activation of the NFκB
pathway, cell lysates were analyzed for changes in levels of phosphorylated p65 and total
IκBa, because phosphorylation of the p65 NFκB subunit and degradation of IκBα are associated
with activation of the NFκB pathway (Hayden and Ghosh, 2008). IL-1β and TNF-α induced
an increase in phosphorylated p65 and a decrease in protein levels of IκBα (Fig. 2B). To further
examine activation of NFκB, we studied translocation of p65 from the cytosol to the nucleus,
and found increased levels of p65 in nuclear extracts of rat astrocytes 2 hr after IL-1β and TNF-
α stimulation (Fig. 2C). These data demonstrate that IL-1β and TNF-α stimulation of rat
astrocytes activates the MAPK and NFκB pathways and that this activation occurs before an
increase in CCL2 and CCL7 protein levels.

2.3 Suppression of cytokine-stimulated CCL2 and CCL7 production by MAPK inhibitors
To validate our experimental system, we first confirmed that each MAPK inhibitor would block
activation of its respective pathway in cytokine-stimulated rat astrocytes. We stimulated cells
with IL-1β or TNF-α in the presence of one of the MAPK inhibitors and determined if activation
(phosphorylation) of a substrate downstream of the inhibitor target was blocked. We analyzed
by Western blots the levels of phospho MK2 for the p38 inhibitor SB203580, phospho ERK1/2
for the MEK1/2 inhibitor U0126, and phospho c-jun for the JNK inhibitor SP600125. In each
case, phosphorylation of the downstream substrate was blocked by its respective pathway
inhibitor at 10 µM (Fig. 3A), confirming that the MAPK inhibitors are functional in our in
vitro system. Next, we confirmed with a MTS assay that there was no decrease in cell viability
after 24 hr with the concentrations of inhibitors used (Fig. 3B). Further, no obvious phenotypic
changes were seen by visual examination of the rat astrocytes after treatments.

To test whether MAPK pathways are important in CCL2 and CCL7 production, we stimulated
rat astrocytes in the presence of selective inhibitors of the MAPK pathways. Astrocytes were
pre-treated for 20 min with each inhibitor and then stimulated with IL-1β or TNF-α for 6 hr
(CCL2) or 24 hr (CCL7). Levels of CCL2 (Fig. 3C,D) and CCL7 (Fig. 3E,F) in conditioned
media were measured by ELISA. Inhibition of the ERK pathway with U0126 or treatment with
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U0124, a negative control compound, did not result in any inhibition of CCL2 or CCL7 (Fig.
3C–F). Inhibition of the JNK pathway with SP600125 resulted in a partial yet significant
inhibition (20–30%) for both IL-1β or TNF-α stimulated CCL2 and CCL7, while the negative
control compound (JNK ctr) did not inhibit chemokine production (Fig. 3C–F). Similarly,
inhibition of the p38 pathway with either SB203580 or SB202190 partially blocked IL-1β or
TNF-α stimulated CCL7 production, whereas the negative control compound SB202474 had
no effect (Fig. 3C–F). The p38 inhibitors had less effect on CCL2 levels, with only the
SB202190 compound showing significant inhibition of IL-1β induced CCL2 (Fig. 3C),
although there was a trend toward inhibition of TNF-α induced CCL2 (Fig. 3D).

These data suggest that inhibition of a single MAPK pathway is not sufficient to completely
suppress cytokine-induced CCL2 and CCL7 upregulation. To determine if multiple MAPK
pathways are important for CCL2 and CCL7 production, we stimulated rat astrocytes in the
presence of different combinations of MAPK inhibitors or the negative control compounds at
10 µM (Fig. 4). A combination of SB203580 + U0126 or SB203580 + SP600125 resulted in
a significant decrease in IL-1β stimulated CCL2 or CCL7 production (Fig. 4A,C) compared
to each inhibitor alone (see Fig. 3C,E), suggesting an additive effect of inhibiting the p38 and
ERK, or p38 and JNK pathways. When SB203580 was added at a lower concentration, 0.625
µM, to 10 µM of U0126 there was also a significant reduction in IL-1β stimulated CCL2 or
CCL7 protein compared to U0126 alone (data not shown). These data suggest that the additive
effect of inhibiting both p38 and ERK is due mostly to inhibition of p38, and less to inhibition
of ERK. Additionally, a combination of U0126 + SP600125 resulted in a significant decrease
in IL-1β stimulated CCL2 or CCL7 levels (Fig. 4A,C) compared to U0126 alone, but not to
SP600125 alone (see Fig. 3C,E), suggesting that inhibition of both the ERK and JNK pathways
results in no further effect than inhibition of the JNK pathway alone. The chemokine responses
to TNF-α and inhibitor combinations were slightly different. SB203580 + U0126, SB203580
+ SP600125, and U0126 + SP600125 all resulted in a significant decrease in TNF-α stimulated
CCL2, however this inhibition was not significantly different from any of the inhibitors added
alone (Fig 4B, compare to Fig. 3D). In contrast, all three combinations of inhibitors
significantly inhibited TNF-α stimulated CCL7 production compared to each inhibitor alone
(Fig. 4D; compare to Fig. 3F). Again, a lower concentration of SB203580 (0.625 µM) plus
U0126 or plus SP600125 was able to significantly inhibit CCL7 production compared to U0126
or SP600125 alone (data not shown). Similarly, SP600125 (0.625 µM) plus U0126 was able
to significantly inhibit TNF-α stimulated CCL7 compared to U0126 alone (data not shown).
None of the combinations of negative controls compounds at 10 µM caused inhibition of CCL7
or CCL2, except TNF-α plus SB202474 + JNK ctr at 24 hr. This was not due to a loss in cell
viability because none of the treatments decreased cell viability in the MTS assay (data not
shown).

2.4 Suppression of cytokine-stimulated CCL2 and CCL7 production by NFκB inhibitors
To evaluate whether inhibition of the NFκB pathway blocked CCL2 and CCL7 production in
IL-1β or TNF-α stimulated rat astrocytes, we used two different inhibitors of the NFκB
pathway, MG-132 and SC-514. We first confirmed that both inhibitors blocked NFκB pathway
activation by showing that the inhibitors prevented the IL-1β or TNF-α induced reduction in
IκB-α levels (Fig. 5A). We also showed by MTS assay that the inhibitors did not cause a
decrease in cell viability at any of the concentrations used (Fig. 5B). To test whether the
NFκB pathway is important for CCL2 and CCL7 production, we stimulated astrocytes in the
presence of selective inhibitors of the NFκB pathway. Astrocytes were pre-treated for 20 min
with increasing concentrations of MG-132 or SC-514, and then stimulated with IL-1β or TNF-
α for 6 hr (CCL2) or 24 hr (CCL7). Treatment of astrocytes with SC-514 resulted in a very
similar concentration-dependent inhibition of IL-1β or TNF-α stimulated CCL2 and CCL7
production (Fig. 5C,E). At the highest concentration of SC-514 (100 µM), both chemokines
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were inhibited about 50% after stimulation with either IL-1β or TNF-α (Fig. 5C,E). A second
NFκB inhibitor, MG-132 also concentration-dependently inhibited IL-1β or TNF-α stimulated
CCL2 or CCL7 production (Fig. 5D,F). Higher concentrations (5 and 10 µM) of MG-132 did
not result in any further inhibition of CCL2 or CCL7 protein production, or any further
restoration of IκB-α levels (data not shown). CCL2 was inhibited concentration-dependently
by MG-132 through 1000 nM, while CCL7 reached its maximal inhibition at 250 nM, and
leveled off at higher doses of MG-132 (Fig. 5 D, F). The maximal inhibition seen with MG-132
for both chemokines was about 50%, the same level of inhibition seen with SC-514.

3. Discussion
We have demonstrated here that IL-1β and TNF-α each stimulate production of the chemokines
CCL2 and CCL7 in rat astrocyte cultures, with CCL2 showing a more rapid and robust response
to the cytokine treatment compared to CCL7. In addition, we have shown that NFκB pathways
are important for the cytokine-stimulated CCL2 and CCL7 production, whereas MAPK
pathways involving p38 and JNK, but not ERK, may also contribute though to a lesser extent.
Our results provide several new findings related to the mechanisms of chemokine production.
First, although CCL2 upregulation had been studied in certain other cell types, information
about the regulation of CCL2 production in astrocytes in response to IL-1β or TNFα was
lacking. We demonstrate that IL-1β- or TNFα- stimulated CCL2 protein production may
involve NFκB- and p38/JNK-regulated pathways. Second, our findings showing upregulation
of CCL7 protein production in cytokine-stimulated astrocytes and the signaling pathways
involved are amongst the first data related to regulation of the protein levels of this chemokine
in any cell type. Finally, our results suggest that even though CCL2 and CCL7 show differences
in their responses to IL-1β or TNF-α in terms of the temporal onset and protein levels produced,
the chemokines share similarities in the signaling pathways necessary for their upregulation.

IL-1β or TNF-α stimulation of rat astrocytes produced significant concentration- and time-
dependent production of CCL2 and CCL7. We found several differences in the protein
production of the two chemokines: 1) approximately 10-fold more CCL2 protein than CCL7
was produced both in unstimulated cells and in response to all concentrations of IL-1β or TNF-
α, 2) 10-fold higher concentrations of IL-1β and TNF-α were required to produce significant
amounts of CCL7 compared to CCL2, and 3) significant increases in CCL7 protein were not
seen until 12 hr after cytokine addition compared to 6 hr for CCL2. These data confirm previous
reports documenting differences in production of CCL2 and CCL7 in other systems. For
example, considerably lower amounts of CCL7 than CCL2 were produced in cytokine-
stimulated human osteosarcoma cells, monocytes, and endothelial cells , and in the brains of
mice with lymphocytic choriomeningitis (Asensio and Campbell, 1997). Further, CCL7 but
not CCL2 was found upregulated in simian virus induced AIDS encephalitis .

Our data suggest that both IL-1β and TNF-α signal through the same converging pathways to
induce protein production of CCL2 and CCL7, because we found comparable results with the
inhibitors blocking either the IL-1β or TNF-α induced chemokines. Both NFκB inhibitors
blocked protein production of the chemokines to about 50% of stimulus alone in response to
either IL-1β or TNF-α. Similarly, the p38 and JNK, but not ERK MAPKs may also be important
to a lesser extent in the CCL2 and CCL7 response to IL-1β or TNF-α. Although the receptors
and upstream post-receptor signaling are distinct for IL-1β or TNF-α, both cytokines activate
the NFκB and MAPK pathways in many different cell types including astrocytes. Once
activated, these two pathways can result in production of many pro-inflammatory genes
(O'neill, 2006).

The regulation of CCL2 in response to IL-1β and TNF-α has been studied previously but is
variable, and the contributions of the MAPK and NFκB pathways may differ depending on the
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cell type and stimulus conditions. Several studies have reported participation of the NFκB
pathway in TNF-α and IL-1β stimulated CCL2 protein production . However, the contributions
of the MAPK pathways to IL-1β or TNF-α stimulated CCL2 production are more uncertain.
For example, some studies have shown that p38 MAPK is important for IL-1β or TNF-α
stimulated CCL2 , while other studies have not found any dependence on p38 . Likewise, JNK
MAPK was required for IL-1β or TNF-α stimulated CCL2 under certain conditions but not
others. Consistent with our findings with astrocytes, most previous studies also find only a
partial inhibition of CCL2 protein production when blocking either p38 or JNK. Since we did
not see total inhibition of stimulated CCL2 or CCL7 with any of the inhibitors alone or in any
of the combinations, this suggests that several converging signaling pathways are necessary
for CCL2 and CCL7 production. In particular, p38 MAPK has numerous direct and indirect
interactions with NFκB , so an obvious direction for future studies will be to examine the
interactions of the MAPK and NFκB pathway and their roles in CCL2 and CCL7 protein
production.

In contrast to an extensive literature on CCL2 regulation, much less is known about the
regulation of CCL7 protein in any cell type. However, there is some evidence implicating the
MAPK and NFκB pathways in CCL7 mRNA production. Inhibition of p38 or NFκB blocked
CCL7 mRNA in IL-1β stimulated human airway smooth muscle cells , inhibition of ERK
blocked amyloid β stimulated CCL7 mRNA in microglia , and inhibition of the NFκB or JNK
pathways inhibited free fatty acid induced CCL7 mRNA in adipocytes . Additionally, inhibition
of transforming growth factor β-activated protein kinase 1 (TAK1), (a MAPKKK upstream of
MAPKs) strongly suppressed TNF-α stimulated CCL7 mRNA in mouse fibroblasts . Further,
in vivo administration of a NFκB inhibitor to LPS treated apoE−/− mice blocked upregulation
of plasma CCL7 levels . The data reported here are consistent with the importance of signaling
pathways involving NFκB, p38 and JNK in the regulation of IL-1β- or TNF-α- stimulated
CCL7 production in astrocytes.

Astrocytes are the most numerous cell type in the brain, comprise part of the BBB, and become
activated in response to a variety of stimuli which all can affect infiltration of circulating
leukocytes from the periphery into the CNS. The chemokines CCL2 and CCL7 are upregulated
in several neurodegenerative disorders that are associated with increased leukocyte infiltration.
Although the functions of the two chemokines overlap (recruitment of monocytes/
macrophages), the in vivo specificities of the two chemokines are likely to be distinct. CCL7
attracts a wider range of leukocytes and interacts with more chemokine receptors than CCL2 .
Further, distinct actions of each chemokine can result from differences in cellular localization,
the amount of each chemokine produced in response to the same stimuli, and the effect of each
chemokine on a responding leukocyte. Our data are consistent with another potential regulatory
mechanism that could influence chemokine action. Specifically, our results suggest that
multiple, distinct signaling pathways can converge on the same disease-relevant biological
endpoints (chemokine upregulation), but that the relative quantitative contribution of each
pathway to the mechanisms of chemokine production may differ. More detailed analyses must
be done in future studies to address the complex interactions and cross-talk among contributing
signaling pathways that culminate in CCL2 and CCL7 upregulation in response to cytokines.
These kinds of studies are required as a foundation to evaluate the possibility that components
of these signaling pathways may represent points of future drug discovery efforts that target
inflammatory responses of activated astrocytes.

4. Experimental Procedure
4.1 Preparation of Reagents

IL-1β and TNF-α (R&D Systems, Minneapolis, MN) were prepared in sterile phosphate
buffered saline (PBS) at 20 µg/ml and 50 µg/ml respectively, and used at the concentrations
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indicated. Inhibitors of MAPK pathways, SB203580 and SB202190 (p38 MAPK inhibitors),
U0126 (MEK inhibitor), SP600125 (JNK inhibitor) and control compounds SB202474
(negative control for p38 MAPK inhibitor), U0124 (negative control for MEK inhibitor), and
JNK Inhibitor II negative control (JNK ctr) (all from Calbiochem, La Jolla, CA) were prepared
as 30 mM stocks in dimethysulfoxide (DMSO; Sigma, cell culture grade) and used at the
concentrations indicated. Inhibitors of the NFκB pathway, SC-514 and MG-132 (Calbiochem)
were prepared as 100 mM and 30 mM stocks respectively in DMSO, and were used at the
concentrations indicated.

4.2 Cell Culture
Mixed glial cultures were prepared from the cerebral cortex and hippocampus of neonatal
Sprague-Dawley rats as described previously and maintained in complete α-MEM (media
supplemented with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT), 2 mM glutamine
and antibiotics [100 units/ml penicillin/100 µg/ml streptomycin (Mediatech, Inc., Manassas,
VA)]) and incubated at 37°C with 5% carbon dioxide. To maximize astrocyte purity and reduce
contamination of other cell types (especially microglia) in our cultures, we utilized the
following steps: 1) Glial cultures were fed twice weekly, and after 10–14 days in culture,
primary cultures of glial cultures were trypsinized and passaged to secondary cultures (1:4).
Cells were again grown for at least 10 days before being used as tertiary passages. Subculturing
has been shown to reduce the proportion of other contaminating cell types, and therefore
enriches the astrocyte population (Saura, 2007). 2) The glia cultures were subjected to a shaking
protocol that resulted in “shaking off” of less adherent cells like microglia and
oligodendrocytes. The flasks were shaken for 2 hours on an orbital shaker at 250 rpm at 37°
C, the media containing loosely adherent cells was aspirated, and the flasks were shaken for
an additional 22 hours. The remaining adherent cells were trypsinized and plated as described
below. This procedure resulted in both type 1 and type 2 astroglia . To confirm astrocyte purity,
we performed GFAP (an astrocyte specific intermediate filament) staining as described
previously . Cultures were routinely >97% GFAP positive, while in contrast staining for
OX-42, a rat microglial marker, was <1.5%.

4.3 Cell Stimulation
Rat astrocytes were plated at 4 × 104 cells in 48 well plates (for ELISAs), 1 × 105 cells in 24
well plates (for Western blot experiments), and 1 × 106 cells in 60-mm dishes (for nuclear
extractions) in complete α-MEM and allowed to grow for 24 hours. Twenty-four hours before
treatment, media was removed and replaced with serum-free α-MEM containing N2
supplements (Invitrogen, Carlsbad, CA). Cells were treated with either diluent, IL-1β, or TNF-
α in the absence or presence of a MAPK inhibitor or NFκB inhibitor for various times. When
inhibitors were used, they were added to the cells 20 min before IL-1β or TNF-α. The
concentration of DMSO never exceeded 0.1% in any cell treatments.

4.4 ELISA and Western blots
The levels of CCL2 and CCL7 released into the conditioned media were measured by ELISA
(CCL2 BD OptEIA, BD Biosciences, San Jose, CA and CCL7 Construction Kit, Antigenix,
Huntington Station, NY) according to the manufacturer’s instructions. Cell lysates were
harvested for Western blot analysis using lysis buffer (40 mM Tris-HCL, pH 6.8, 2% SDS,
10% glycerol, 0.02% NaN3, 1 µg/ml aprotinin, 1 mM phenylmethylsulphonylfluoride, 1 µg/
ml leupeptin, and 2 mM NaVO3). Analysis of cell lysates was performed as described
previously (Fuller and Van Eldik, 2008) and visualized using SuperSignal West Pico or West
Femto Chemiluminescent Substrate (Thermo Fisher Scientific, Rockford, IL). Images of blots
were acquired for quantification using Kodak CF440 digital imager and analyzed with Kodak
Molecular Imaging Software (Kodak, Rochester, NY). The primary antibodies used were (at
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1:1000, unless noted) mouse monoclonal anti-phospho p65, rabbit polyclonal anti-p65, rabbit
polyclonal anti-phospho p38 MAPK, rabbit polyclonal anti-p38 MAPK (1:2500), mouse
monoclonal anti-phospho JNK p46/54, rabbit polyclonal anti-JNK p46/54, mouse monoclonal
anti-phospho ERK p42/44 MAPK (1:20,000), rabbit polyclonal anti-ERK p42/44 MAPK
(1:5000), rabbit polyclonal anti-IκB-α, rabbit polyclonal anti-phospho c-jun, rabbit polyclonal
anti-phospho MK2 (all from Cell Signaling, Beverly, MA) and mouse monoclonal anti-β-Actin
(Sigma-Aldrich, St. Louis, MO). The secondary antibodies used were horseradish peroxidase-
conjugated goat anti-mouse (1:2000) and goat anti-rabbit (1:5000) (Jackson Immuno Research,
West Grove, PA).

4.5 Nuclear Extractions
Rat astrocytes were treated in 60-mm dishes for 2 hr and nuclear extractions were prepared as
described previously .

4.6 Cell Viability MTS Assay
The number of viable cells was determined using the CellTiter 96 AQueous One Solution Cell
Proliferation Assay (Promega, Madison, WI) according to manufacturer instructions. This
assay, known as the MTS assay, utilizes the chemical reduction of a tetrazolium substrate by
the NADPH or NADH present in living cells. Therefore, a reduction in the number of living
cells in a sample results in less color product formation at 490 nm.

4.7 Statistical Analysis
Data were analyzed by one way ANOVA followed by Dunnett’s multiple comparison test,
with two way ANOVA followed by Bonferroni post test, or with the student’s t-test using a
statistical software package (GraphPad Prism, version 4.0; Graphpad Software, San Diego,
CA). Statistical significance was established when P<0.05.
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Figure 1. IL-1β and TNF-α stimulate CCL2 and CCL7 in rat astrocytes in a concentration-and
time- dependent manner
Rat astrocytes were stimulated with serum-free media (Control) (□), 2.5 ng/ml IL-1β (●) or 25
ng/ml TNF-α (▼) for increasing amounts of time over 48 hrs (A,B), or were stimulated with
increasing concentrations of IL-1β (●) or TNF-α (▼) for 6 hr (C) or 24 hr (D). Conditioned
media was analyzed by ELISA for CCL2 (A,C) or CCL7 (B,D) as described in Methods. Data
are mean ± SEM from triplicate determinations and show a representative 1 of 3 independent
experiments. Data were analyzed with two way ANOVA followed by Bonferroni post test
(A,B) or with one way ANOVA followed by Dunnett’s multiple comparison test (C,D).
*p<0.05, **p<0.01, ***p<0.001, vs. controls.
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Figure 2. IL-1β and TNF-α activate MAPK and NFκB pathways in rat astrocytes
Rat astrocytes were stimulated for 30 min (A,B) with serum-free media (Control), 2.5 ng/ml
IL-1β or 25 ng/ml TNF-α. The levels of the activated MAPKs (phospho p38, phospho ERK1/2,
and phospho JNK1/2), and total MAPKs (p38, ERK1/2, and JNK1/2) were measured by
Western blots of cell lysates with antibodies against the phosphorylated and total forms of the
MAPKs (A). Activation of the NFκB pathway (phospho p65 and IκBα) was measured by
Western blots of cell lysates with antibodies against phosphorylated p65 and total IκBα and
β-Actin loading control (B). Translocation of p65 to the nucleus was measured by Western
blot of nuclear extracts with an antibody against total p65 (C). Data show one representative
experiment of 3 independent experiments.
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Figure 3. Inhibition of CCL2 and CCL7 production by single MAPK inhibitors
Rat astrocytes were pre-treated with 10 µM of selective inhibitors of MAPK pathways
(SB203580 and SB202190 for p38, U0126 for ERK1/2, or SP600125 for JNK1/2) or control
compounds (SB202474, U0124, or JNK ctr- B-F only) for 20 min before addition of 2.5 ng/
ml IL-1β or 25 ng/ml TNF-α for 30 min (A), 24 hr (B,E,F) or 6 hr (C,D). Inhibition of specific
MAPK pathways was analyzed by Western blots of cell lysates with antibodies against the
activated (phosphorylated) form of a substrate downstream of the inhibitor target: phospho
MK2 (for p38 inhibitor SB203580), phospho ERK1/2 (for MEK1/2 inhibitor U0126), phospho
c-jun (for JNK1/2 inhibitor SP600125), and β-Actin loading control (A). Cell viability was
measured by MTS assay (B). After stimulation of cells with IL-1β or TNF-α for 24 hr, MTS
reagent was added into each well, cultures were incubated for an additional hr, and the
absorbance at 490 nm was measured as described in Methods. Levels of CCL2 (C,D) or CCL7
(E,F) in conditioned media from astrocytes stimulated with IL-1β (C,E) and TNF-α (D,F) were
determined by ELISA as described in Methods. Data are expressed as % IL-1β alone or %
TNF-α alone. Data are mean ± SEM from triplicate determinations and show a representative
1 of 3 independent experiments (A,B), or are the mean ± SEM of 9–11 independent experiments
of triplicate determinations (C–F). Data were analyzed by one way ANOVA followed by
Dunnett’s multiple comparison test, *p<0.05, **p<0.01, ***p<0.001 vs. IL-1β alone or vs.
TNF-α alone.
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Figure 4. Inhibition of CCL2 and CCL7 production by combinations of MAPK inhibitors
Rat astrocytes were pre-treated with 10 µM of either SB203580 (SB580) + U0126 (U6),
SB203580 + SP600125 (SP125), U0126 + SP600125, SB202474 (SB474) + U0124 (U4),
SB202474 + JNK ctr, or U0124 + JNK ctr for 20 min before addition of 2.5 ng/ml IL-1β or 25
ng/ml TNF-α for 6 hr (A,B) or 24 hr (C,D), and conditioned media was analyzed by ELISA
for CCL2 (A,B) or CCL7 (C,D). Data are expressed as % IL-1β alone or % TNF-α alone. Data
are means ± SEM of 3 independent experiments of triplicate determinations. Data were
analyzed by one way ANOVA followed by Dunnett’s multiple comparison test for treatments
versus stimulus alone, *p<0.05, **p<0.01, ***p<0.001, or by student’s t-test for treatments
versus inhibitors alone (Fig 3), ϕ =versus SB203580, ≠ =versus U0126, and ┴=versus
SP600125, p<0.05.
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Figure 5. Inhibition of CCL2 and CCL7 production by NFκB inhibitors
Rat astrocytes were pre-treated with 100 µM of SC-514 or 1 µM of MG-132 (NFκB inhibitors)
for 20 min before addition of serum-free media (Control), 2.5 ng/ml IL-1β or 25 ng/ml TNF-
α for 15 min (A). Inhibition of the NFκB pathway was analyzed by Western blots of cell lysates
with antibodies against IκB-α and β-Actin loading control (A). Rat astrocytes were pre-treated
with increasing concentrations of SC-514 or MG-132 for 20 min before addition of IL-1β or
TNF-α, and after 24 hr MTS reagent was added into each well and cultures were incubated for
an additional hr. The absorbance at 490 nm in each well was then measured as described in
Methods (B). Rat astrocytes were pre-treated with increasing concentrations of SC-514 or
MG-132 for 20 min before addition of IL-1β or TNF-α, and media was collected at 6 hr (for
CCL2) and 24 hr (for CCL7) and analyzed by ELISA (C–F). Data are expressed as % IL-1β
alone or % TNF-α alone (C–F). Data are mean ± SEM of triplicate determinations of 1 of 3
independent experiments (A,B) or are the mean ± SEM of 6 independent experiments of
triplicate determinations (C–F). Data were analyzed by one way ANOVA followed by
Dunnett’s multiple comparison test, *p<0.05, **p<0.01, vs. IL-1β or vs. TNF-α.
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