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Abstract
Emerging evidence indicates that chemokines can regulate both the physiology and biochemistry of
CNS neurons and glia. In the current study, Western blot analysis showed that in rat hippocampal
neuronal/glial cultures the signal transduction pathway activated by CCL2, a chemokine expressed
in the normal brain and at elevated levels during neuroinflammation, involves a G-protein coupled
receptor, p38 MAPK as well as its immediate upstream kinase MKK3/6, and the downstream
transcription factor CREB. ERK 1/2 and the transcription factors STAT1 and STAT3 do not play a
prominent role. CCL2 also altered Ca2+ influx and synaptic network activity in the hippocampal
neurons. These results suggest an important role for p38 MAPK and CREB in hippocampal actions
of CCL2.
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1. Introduction
The chemokine CCL2, a 14 kDa protein previously known as monocyte chemoattractive
protein-1, was originally described in the immune system as a potent chemoattractant for
monocytes and macrophages (Matsushima et al., 1989). CCL2 and its primary receptor CCR2
are also widely expressed within the central nervous system (CNS), implicating roles for CCL2
in the CNS as well as in the immune system (Ambrosini and Aloisi, 2004; Bajetto et al.,
2002). Sources of CCL2 within the CNS include microglia and astrocytes, although some
neurons can also produce CCL2 (Babcock et al., 2003; Banisadr et al., 2005a; Farina et al,
2007; Josselyn and Nguyen, 2005; Kielian et al.., 2002; Weiss and Berman, 1998)

Emerging evidence supports both physiological and pathological roles for CCL2 in the CNS.
CCL2 expression in the normal CNS starts at an early stage of development, suggesting a
physiological role for CCL2 in CNS development (Geppert, 2003; Meng et al., 1999).
However, a significant upregulation or dysregulation of CNS expression of CCL2 occurs in a
variety of acute and chronic neuroinflammatory and neurodegenerative CNS disorders,
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implicating a role for CCL2 in pathological conditions. For example, CCL2 levels in the CNS
are elevated in brain injury (Little et al., 2006), cerebral ischemia (Che et al., 2001; Minami
et al., 2006), multiple sclerosis (Mahad and Ransohoff, 2003; McManus et al., 1998), human
immunodeficiency virus (HIV)-associated dementia (Cinque et al., 1998) and Alzheimer’s
disease (Galimberti et al., 2006). Both neurotoxic and neuroprotective roles for CCL2 have
been proposed in these conditions.

CCL2 and other chemokines elicit their biological effects through interactions with G protein-
coupled receptors. CCL2 preferentially binds to the chemokine receptor CCR2 (Bajetto et
al., 2002). Chemokine receptors are linked to a number of downstream signal transduction
pathways that mediate their biological effects (Bajetto et al., 2002). In immune cells, CCL2
signaling is reported to involve Gi/Go proteins and cellular calcium flux or activation of
phospholipase C (Cambien et al., 2001; Dubois et al., 1996; Kuang et al., 1996). CCL2 has
also been shown to trigger tyrosine phosphorylation and activation of Janus kinase 2 (JAK2)/
signal transducer and activator of transcription 3 (STAT3) pathway in immune cells (Mellado
et al., 1998) and to activate mitogen-activated protein kinases (MAPK) (Dubois et al., 1996;
Jimenez-Sainz et al., 2003).

CCR2 is expressed in several regions of the normal CNS including in the cortex, hippocampus,
caudate putamen, amygdala, hypothalamus, and cerebellum (Banisadr et al., 2002). Relatively
little is known about the downstream signal transduction pathways linked to CCR2 in these
brain regions or the biological consequences of receptor activation. This information is central
to an understanding of the roles played by CCL2 in the CNS under physiological or pathological
conditions. As a first step toward addressing these issues, we examined the signal transduction
pathways activated by CCL2 in primary cultures of rat hippocampal cells. Because MAPK
pathways are one of the major signaling pathways utilized by chemokines and are pathways
that play a central role in hippocampal function, our studies focused on these pathways. Results
show that CCL2 dramatically induces phosphorylation of p38 MAPK, which then acts to
increase the level of phosphorylation of the transcription factor cAMP response element-
binding protein (CREB). CCL2 also altered Ca2+ influx and synaptic network activity in the
hippocampal neurons.

Experimental procedures
Animals

Timed-pregnant Sprague-Dawley rats for hippocampal culture were obtained from Charles
River (Wilmington, MD, USA). The animal procedures were performed in accordance with
the National Institutes of Health Guideline for the Care and Use of Laboratory Animals. Animal
facilities and experimental protocols were in accordance with the Association for the
Assessment and Accreditation of Laboratory Animal Care.

Primary cultures of rat hippocampal cells
Cultures were prepared from hippocampi of Sprague-Dawley rat embryos at 20 days of
gestation and maintained as previously described (Nelson and Gruol, 2004). In brief,
hippocampi were isolated, minced, and triturated through fire-polished Pasteur pipettes in
saline containing (final concentrations in mM): 137 NaCl, 5.4 KCl, 0.17 Na2HPO4, 0.22
KH2PO4, 33.3 D-glucose, 43.8 sucrose, 10 HEPES-NaOH (pH 7.3). The cell suspension was
plated at a density of 1 hippocampus per glass bottom culture dish (for immunohistochemistry;
MatTek Corporation, Ashland, MA, USA) or 2.5 hippocampi per 35 mm culture dish (for
Western blotting; Falcon Plastics, Franklin Lakes, NJ, USA) pre-coated with Matrigel (BD
Biosciences, Bedford, MA, USA) in minimum essential medium (MEM) with Earle’s salts and
L-glutamine (Gibco-Invitrogen, Carlsbad, CA, USA) supplemented with D-glucose (final
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concentration, 5.0 g/L) and 5% heat-inactivated fetal calf serum and 10% horse serum (Gibco-
Invitrogen). The culture medium was exchanged twice weekly with a medium containing the
same composition as above without fetal calf serum. Cultures were maintained at 37°C in a
humidified atmosphere of 95% air/5% CO2. Proliferation of non-neuronal cells in cultures was
arrested by the treatment with the anti-mitotic agent 5-fluorodeoxyuridine (20 μg/ml) at 3 days
in vitro (DIV) for 3 days. For all studies, chemicals were of reagent grade or higher and were
obtained from Sigma (St. Louis, MO, USA) unless noted otherwise.

CCL2 treatment
Acute treatment with various concentrations of recombinant rat CCL2/MCP-1 (PeproTech Inc.
Rocky Hill, NJ, USA) was carried out at 13 DIV. The biological activity of the CCL2 used,
determined by chemoattraction of human monocytes, was 10–100 ng/ml (0.7–7 nM; PeproTech
Inc). We tested concentrations ranging from 1–25 nM (14–357 ng/ml) to provide dose-response
information. Based on the reported biological activity of the CCL2 in the immune cells, this
range is likely to reflect physiological to supraphysiological concentrations of CCL2.
Concentration dependent effects of CCL2 with an EC50 of 5.5 nM have been reported for CCL2
depression of GABA-A currents in spinal neurons (Gosselin et al., 2005), consistent with
physiological actions of CCL2 in the low nM range in neurons.

Immunohistochemistry
Immunohistochemical staining of the hippocampal cultures was performed at 15–23 DIV
according to the methods described previously (Nelson and Gruol, 2004; van Gassen et al.,
2005), using the affinity-purified goat polyclonal antibody raised against a peptide mapping at
the carboxy terminus of the C-C chemokine receptor gene type 2B (CKR-2B) of mouse origin.
In brief, cultures were rinsed with phosphate-buffered saline (PBS, 100 mM, pH 7.3) and fixed
with 4% paraformaldehyde in PBS for 15 min, and permeablized with 0.05% Triton X-100 in
PBS for 30 min. Endogenous biotin was blocked using the materials and methods provided in
the endogenous blocking kit (Molecular Probes, Eugene, OR, USA). Cultures were incubated
overnight at 4°C in PBS containing the primary antibody (1:100 dilution) and 0.05% BSA as
a blocking agent. Immunoreactivity was detected by an immunoperoxidase reaction using
Vectastain Elite ABC kit (Vector Laboratories (Burlingame, CA, USA) according to the
manufacturer’s instruction. As a control for non-specific staining, sister cultures were co-
incubated with the primary antibody and the antigenic peptide (1:50 dilution) used to produce
the primary antibody.

Western blotting analyses
Hippocampal cultures were serum-starved for 20 h and treated with CCL2 at the concentrations
indicated for the given periods of time as described in the figure legends. Then the cultures
were rinsed 3 times with ice-cold PBS, lysed in the lysis buffer containing 10 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 2 mM EDTA, 4.5 mM sodium pyrophosphate, 10 mM β-
glycerophosphate, 1 mM NaF, 1 mM Na3VO4, 1% Triton X-100, 0.5% NP-40, and protease
inhibitor cocktail (Boehringer, Indianapolis, IN, USA) for 30 min at 4°C, and then centrifuged
at 14,000 rpm for 30 min. Protein concentrations in the supernatant were determined using a
BioRad Dc protein assay kit (BioRad, Hercules, CA, USA). Equal amounts of protein (5–20
μg per lane) were separated by SDS-PAGE using 10% Novex NuPage Bis-Tris gels (Invitrogen
Life Technologies, Carlsbad, CA, USA) and transferred overnight onto Immobilon-P
membranes (Millipore, Billerica, MA, USA). Uniform transfer was confirmed by Ponceau S
staining. The membranes were blocked for 1 h at room temperature in Tris-buffered saline
(TBS), 0.05% Casein (Pierce Biotechnology, Rockford, IL, USA) and 0.1% Tween 20, and
incubated overnight at 4°C with primary antibodies. After washing, the membranes were
incubated for 1 h with anti-goat secondary IgG coupled to HRP, and immunoreactive bands
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were visualized on photographic film (Kodak, VWR Scientific Products, San Diego, CA, USA)
using the ECL detection system (Pierce Biotechnology).

To determine the relative level of protein loaded, membranes were stripped with Pierce Restore
Stripping buffer (Pierce Biotechnology, Rockford, Ill., USA) for 20 min, washed 5 times with
0.1% Tween 20 in PBS, and reprobed using anti-β-actin. The density of each band was
quantified and normalized against the corresponding density of β-actin in the same lane.
Normalized data from CCL2-treated cultures were then normalized to the normalized values
for control cultures. Protein signals were quantified from photographic film using the public
domain NIH image program (available on the Internet at http://rsb.info.nih.gov/nih-image/).

In some cases, the same membranes used for immunoblotting with the antibodies recognizing
phosphorylated kinases were stripped and reprobed for total kinase (phosphorylated plus non-
phosphorylated forms). Total kinase levels (normalized to β-actin levels in the same lane) were
similar across culture dishes within a culture set. The immunoblots shown are the
representatives of at least 3 separate experiments. The relevant regions of the blots are shown
in the figures.

Antibodies
The antibodies against human phospho-p38 MAP kinase (#9215, Cell signaling Technology,
Danvers, MA, USA, 1:1000 dilution) and human phospho-ERK 1/2 (#4377, Cell signaling
Technology, 1:1000 dilution) are rabbit monoclonal and specifically recognize the
corresponding kinases that are dually phosphorylated on tyrosine and threonine residues. The
affinity purified rabbit polyclonal antibody against human phospho-mitogen-activated protein
kinase kinase (MKK) 3/6 recognizes the kinase phosphorylated on serine residues at 189 and
207 (#9231, Cell Signaling Technology; 1:1000 dilution). The rabbit monoclonal antibody
against human pCREB recognizes the amino acid sequence containing phospho-serine
corresponding to residue 133 (#9198, Cell Signaling Technology; 1:750 dilution). The affinity
purified rabbit polyclonal antibody against human phospho-STAT1 detects p91 STAT1
phosphorylated at tyrosine 701 and also the p84 splice varient (#9171, Cell Signaling
Technology; 1:1000 dilution). The affinity purified rabbit polyclonal antibody against mouse
phospho-STAT3 detects STAT3 phosphorylated at tyrosine 705 (#9131, Cell Signaling
Technology; 1:1000 dilution). Other antibodies used are: an affinity purified rabbit polyclonal
antibody raised against a synthetic peptide derived from the sequence of human p38 MAPK
(#9212, Cell Signaling Technology; 1:1000 dilution); a mouse monoclonal antibody raised
against a synthetic peptide derived from the sequence of rat p44/42 MAPK (#4696, Cell
Signaling Technology; 1:1000 dilution); an affinity purified rabbit polyclonal antibody raised
against a synthetic peptide derived from the sequence of human MKK3 (#9232, Cell Signaling
Technology; 1:1000 dilution); an affinity purified rabbit polyclonal antibody raised against a
synthetic peptide derived from the sequence of human CREB (#9192, Cell Signaling
Technology; 1:1000 dilution); an affinity purified rabbit polyclonal antibody raised against a
synthetic peptide corresponding to residues 712 to 750 of human STAT1α (KAP-TF001,
StressGen Biotechnologies Corp, Victoria, Canada; 1–1000 dilution); an affinity purified
rabbit polyclonal antibody raised against a synthetic peptide corresponding to residues 686 to
709 of human STAT3; a monoclonal antibody against β-actin (A5441; Sigma, St. Louis, MO,
USA, 1:5000 dilution); an affinity purified goat antibody raised against a peptide mapping at
the C-terminus of human CKR-2B (CCR2: #sc-6228, Santa Cruz Biotechnology, INC, Santa
Cruz, CA, USA; 1:100 dilution); an affinity purified rabbit polyclonal antibody raised against
a peptide mapping at the amino terminus of human BDNF of human origin (#sc-546, Santa
Cruz Biotechnology, INC, 1:500 dilution); horseradish peroxidase (HRP)-conjugated
secondary antibodies (Southern Biotech, Birmingham, AL, USA; 1:10,000 dilution).
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Calcium imaging
Standard microscopic digital imaging techniques were used to measure intracellular Ca2+

levels as described previously (Przewlocki et al., 1999). The hippocampal cultures were loaded
with the Ca2+ sensitive dye fura-2/AM (Molecular Probes) at 3 μM in physiological saline
containing 0.02% pluronic F-127 (Molecular Probes) for 30 minutes at room temperature. The
composition of the physiological saline was (in mM): 140 NaCl, 3.5 KCl, 0.4 KH2PO4, 1.25
Na2HPO4, 2.2 CaCl2, 2 MgSO4, 10 glucose and 10 HEPES. After removal of the fura-2, the
cultures were incubated in dye-free saline for at least 45 minutes to allow for the de-
esterification of the fura-2/AM.

Fields were selected for study and live fluorescence images acquired at excitation wavelengths
of 340 and 380 nm using a SIT-66 video camera (DAGE-MTI, Dage, Michigan City, IN).
Images were digitized for real-time display using the MCID imaging software. Data were
collected at 0.8 to 1 s intervals (4 frames per wavelength were averaged for each time point).
Measurements of fluorescence levels were made in individual neurons and intracellular Ca2+

levels were calculated by converting the fluorescence ratios (340/380 nm) to intracellular
Ca2+ concentrations. The following formula was used for this conversion: [Ca2+]i = Kd(R-
Rmin)/(Rmax - R)*Fo/Fs, where R is the ratio value, Rmin is the ratio for a Ca2+ free solution,
Rmax is the ratio for a saturated Ca2+ solution, Kd is 225 (the dissociation constant for fura-2),
Fo is the intensity of a Ca2+ free solution at 380 nm and Fs is the intensity of a saturated
Ca2+ solution at 380 nm. The low level of background fluorescence and adjustment of the black
level of the SIT camera eliminated the need for background subtraction methods. Calibration
was done using fura-2 salt (100 μM) in solutions of known Ca2+ concentration (Molecular
Probes kit #C-3009). Recordings were made at room temperature. Data were analyzed with
AxoGraph software (Axon Instruments, Foster City, CA).

Ca2+ imaging experiments were performed in physiological saline or physiological saline with
reduced Mg2+ (final concentration, 30 μM) plus 5 μM glycine. The reduced Mg2+ saline was
used to facilitate activation of NMDA receptors. In some experiments, transmitter receptor
antagonists were added to the recording saline including 5 μM NBQX (2,3-dioxo-6-
nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulphonamide disodium; Tocris Cookson, Ltd.,
Langford, Bristol, UK), 50 μM dAPV (D(-)-2-amino-5-phosphonopentanoic acid; Tocris
Cookson), 100 μM picrotoxin (Sigma), and 1 μM CGP55854A (CGP; Novartis, Basel,
Switzerland) to block AMPA, NMDA, GABAA, and GABAB receptors, respectively. In some
studies the bath also contained 0.2 μM tetrodotoxin (TTX, Sigma) to block Na+ based action
potentials.

Statistical analyses
All experiments were performed at least 3 times. Quantitative data are expressed as the mean
± S.E.M. Statistical analysis was performed by ANOVA or the unpaired t-test. P values of less
than 0.05 were considered statistically significant.

Results
CCL2 activates p38 MAP kinase in hippocampal cultures

To determine if CCL2 activates p38 MAPK or p44/42 MAPK (also known as ERK1/2) in
hippocampal cells, we measured the level of phosphorylated p38 MAPK (p-p38MAPK) and
phosphorylated ERK1/2 (p-ERK1/2) in rat hippocampal cultures under control conditions and
after acute exposure to CCL2. Activation of p38 MAPK and ERK1/2 occurs by
phosphorylation of specific residues and the relative level of phosphorylation can be assessed
by Western blot using phospho-state specific antibodies.
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Acute exposure to CCL2 induced a concentration-dependent increase in the level of p-p38
MAPK in the hippocampal cultures (Fig. 1 A). The increase was prominent at 25 nM CCL2
and this concentration was utilized for additional studies. At 25 nM, CCL2 produced a rapid,
time-dependent increase in the level of p-p38 MAPK starting as early as 1 min of exposure
(Fig. 1B). Maximal levels of p-p38 MAPK were observed by 5–10 min of CCL2 exposure and
the levels remained elevated at 30 min (Fig. 1 B). In contrast to p38 MAPK, CCL2 had only
a small, non-significant effect on the level of p-ERK1/2 in the hippocampal cultures (Fig. 1C).

CCL2 activates MKK 3/6 in hippocampal cultures
The immediate upstream kinases that activate p38 MAPK are mitogen-activated protein kinase
kinase (MKK) 3 and 6. MKK3 and MKK6 (MKK3/6) activate p38 MAPK by phosphorylation
and are highly selective for p38 MAPK (Kyriakis and Avruch, 2001). We examined the effect
of CCL2 on the level of phosphorylated MKK3/6 (p-MKK3/6) to determine if CCR2 signal
transduction in the hippocampal cells involved a role for this kinase. Acute exposure of the
hippocampal cultures to CCL2 induced a rapid and prominent concentration- and time-
dependent increase in the level of p-MKK3/6 (Fig. 2A,B). The increased level of p-MKK3/6
was observed as early as 1 min of exposure and the maximal activation was achieved at 5 min
(Fig. 2B). Thus, p38 MAPK and MKK3/6 show a similar time course for the increase in the
level of the phosphorylated form of the protein following CCL2 exposure, consistent with the
known role of MKK3/6 in p38 MAPK activation.

CCR2, the receptor for CCL2, is a Gi/Go-coupled protein. To determine if a Gi/Go protein was
involved in the CCL2-induced increase in the level of p-MKK3/6 in the hippocampal cultures,
we tested the effect of pertussis toxin (PTX), a toxin that inactivates Gi/Go by ADP
ribosylation. As shown in Fig. 2C, pretreatment with PTX blocked the CCL2-induced
activation of MKK3/6, implying the involvement of Gi/Go protein in CCL2 signaling. PTX
alone had no effect on the level of p-MKK3/6 (Fig. 2C).

CCL2 activates CREB in hippocampal cultures
Downstream targets of p38 MAPK in immune and endothelial cells or cell lines include
transcription factors such as CREB (Gustin et al., 2004; Nemeth et al., 2003) and STAT1 and
STAT3 (Goh et al., 1999; Xu et al., 2003). To determine if the signal transduction pathway
activated by CCL2 in the hippocampal cultures involves these transcription factors, we
determined the relative level of phosphorylation and therefore activation of these proteins in
control and CCL2-treated cultures using Western blots analysis and phospho-specific
antibodies. Acute exposure to CCL2 induced a rapid, concentration- (Fig. 3A) and time-
dependent (Fig. 3B) increase in the level of phosphorylated CREB (p-CREB) in the
hippocampal cultures that reached a maximum at 10 min and remained elevated at 30 m of
exposure (Fig. 3B). In contrast, no significant effect on the level of phosphorylated STAT1
(Fig. 3E) or phosphorylated STAT3 (Fig. 3F) was observed.

To determine if the pathway involves p38 MAPK and Gi/Go protein in the CCL2-induced
increase in the level of p-CREB, we tested the effect of the Gi/Go protein inactivator PTX and
the selective p38 MAPK inhibitor SB203580. The cultures were pretreated with PTX (100 ng/
ml) overnight or with SB203580 (2 μM) for 30 min prior to CCL2 exposure. The CCL2-induced
phosphorylation of CREB was blocked by the pretreatment with either SB203580 (Fig. 3C) or
PTX (Fig. 3D).

CREB activation is often associated with increases in the level of the downstream protein brain
derived neurotrophic factor (BDNF)(Tao et al., 1998). To determine if this association also
occurred in the hippocampal cultures, we measured the relative level of the mature form of
BDNF (21 kDa) in cultures treated with 25 nM CCL2 (10–30 min) using Western blot analysis.
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BDNF levels showed a 2 fold (2.3 ± 0.3, n=6; p< 0.05, unpaired t-test) increase in the CCL2-
treated cultures compared with BDNF levels in control cultures (not shown).

CCR2 is expressed in hippocampal neurons
The hippocampal cultures contain both neurons and glial cells and both cell types have been
reported to express CCR2 (Banisadr et al., 2005b). Therefore, both cell types could contribute
to the increase in the level of p-p38 MAPK produced by CCL2 exposure. To determine if both
neurons and glial cells expressed CCR2 in the hippocampal cultures, we immunostained the
cultures with an antibody directed against the carboxy terminal of the C-C chemokine receptor
gene type 2B (CCR2B). Immunoreactivity for CCR2 was prominent in the somatic region of
the cultured neurons and was also evident in the dendrites (Fig. 4A). Under conditions where
strong immunostaining was observed in the neurons, no immunoreactivity for CCR2 was
evident in the glial cell layer (primarily astrocytes), which forms the substratum upon which
the neurons grow (Fig. 4A). These results suggest that CCR2 expression is primarily in the
neuronal population. Consistent with this result, immunostaining for CCR2 in spinal cord
cultures was reported to be intense in neurons with no significant immunostaining of astrocytes
(Gosselin et al., 2005). Neurons and glial cells in the hippocampal cultures were identified by
morphological criteria developed in previous studies using cell specific antibodies carried out
in parallel with electrophysiological or Ca2+ imaging recordings from the neurons (Nelson and
Gruol, 2004; Vereyken et al., 2007). Blocking the antibody with the antigenic peptide used to
produce the CCR2 antibody completely eliminated immunostaining for CCR2, indicating that
the immunoreactivity was specific for the antigenic sequence (Fig. 4B).

To determine if activation of CCR2 in the hippocampal neurons could alter neuronal function,
we tested the effect of acute bath application of CCL2 on spontaneous synaptic network activity
exhibited by the cultured hippocampal neurons. The network activity involves both excitatory
and inhibitory synaptic transmission and is associated with Ca2+ signals produced by Ca2+

influx through NMDA receptors and voltage-gated Ca2+ channels that contribute to the network
activity (Przewlocki et al., 1999). The Ca2+ signals are often synchronized among neurons in
a microscopic field, particularly when the Mg2+ in the bath saline is reduced to enable full
activation of NMDA receptors, as was done in our experiments. The Ca2+ signals were
measured in the individual neurons using fura-2 based Ca2+ imaging under baseline conditions
and after addition of CCL2 to the bath and quantified by measurement of average Ca2+ levels
measured during a standardized recording period. CCL2 was tested at 25 nM, a concentration
shown to affect neuronal activity in our previous studies (van Gassen et al., 2005).

CCL2 significantly increased average Ca2+ levels in the cultured neurons (Fig. 4 C,D,G,H).
However, when the synaptic network activity was blocked by addition of GABA (picrotoxin,
CGP) and glutamate (NBQX, dAPV) receptor antagonists and TTX to the bath saline, there
was no effect of CCL2 on intracellular Ca2+ levels. These results suggest that hippocampal
neurons express functional CCR2 and that activation of these receptors can alter synaptic
network activity.

Discussion
Recent studies show that CCL2 and its receptor CCR2 are expressed in the normal
hippocampus and that the levels of expression increase during neuroinflammatory conditions
associated with CNS injury and disease (Banisadr et al., 2005a; Banisadr et al., 2005b; Galasso
et al., 2000; Kalehua et al., 2004; Little et al., 2002; Sakurai-Yamashita et al., 2006; Sheehan
et al., 2007; Szaflarski et al., 1998). These results implicate a role for CCL2 in the hippocampus,
particularly during neuroinflammatory conditions. However, the functional consequence of
CCR2 activation by CCL2 in the hippocampus and the cellular pathways that mediate the
downstream actions of CCL2 are relatively unexplored areas. As a first step toward addressing
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these issues, we investigated the signal transduction pathways associated with CCR2 activation
in cultured rodent hippocampal cells.

Chemokine receptors such as CCR2 are members of the G protein-coupled receptor family and
are associated with several different signal transduction pathways including MAPKs (Bajetto
et al., 2002). MAPKs are recognized to be one of the major signaling pathways that link
activation of G protein-coupled receptor to the nucleus (Bajetto et al., 2002; Marinissen and
Gutkind, 2001). Our results show that in cultures of rat hippocampus CCL2 activation of CCR2
results in an increased level of phosphorylated p38 MAPK. In contrast, the level of
phosphorylated ERK1/2 was not significantly altered by exposure of the cultures to CCL2.
ERK1/2 has been reported to be activated by CCL2 in the immune cell system such as Murine
T cell hybrid cell line and monocytes (Dubois et al., 1996; Jimenez-Sainz et al., 2003). In
human endothelial cells, both ERK1/2 and p38 MAPK were shown to be activated by CCL2
(Werle et al., 2002). These reports and our findings in the present study showing the activation
of p38 MAPK, not ERK1/2, in hippocampal cells imply that CCL2 signaling may be cell type-
dependent.

Consistent with an involvement of p38 MAPK in the signal transduction pathway activated by
CCL2 in hippocampal cells, the level of phosphorylated MKK3/6, the upstream kinase that
specifically phosphorylates and thereby activates p38 MAPK, was also increased by CCL2
exposure. The Gi/Go protein inhibitor PTX blocked the CCL2-induced increase in the level of
phosphorylated MKK3/6, indicating that a G protein-coupled receptor was involved in the
actions of CCL2. These results show that the p38 MAPK pathway is an important component
of the signal transduction linked to CCR2 in the hippocampus.

Activation of p38 MAPK can lead to gene expression through the phosphorylation and
therefore activation of various transcription factors including CREB (Gustin et al., 2004;
Kyriakis and Avruch, 2001; Nemeth et al., 2003). Of the three proteins studied, CREB, STAT1
and STAT3, only the level of phosphorylated CREB was significantly altered by exposure of
the cultures to CCL2. The CCL2-induced increase in the level of phosphorylated CREB was
blocked by inactivation of Gi/Go with PTX and by the selective p38 MAPK inhibitor
SB203580, confirming the involvement of these proteins in the downstream effects CCR2
activation in hippocampal cells. Our studies also showed an increase in the level of the
neurotrophic factor BDNF, a protein whose level of expression can be regulated by CREB
(Tao et al., 1998). Thus, altered levels of BDNF could be one of the downstream effects of
CCL2 exposure in the hippocampus.

It has previously been reported that CCR2 is expressed on several types of neurons such as
human fetal neurons and NT2.N cells (Coughlan et al., 2000) and spinal cord neurons (Gosselin
et al., 2005), and that it is constitutively expressed in several regions of the adult rat brain
including hippocampus (Banisadr et al., 2005b). The expression of CCR2 has also been
reported previously for astrocytes (Andjelkovic et al., 2002; Rezaie et al., 2002). In our
hippocampal cultures, the primary cell type that showed immunostaining for CCR2 was the
neurons. No prominent glial immunostaining was observed. These results suggest that neurons
are the primary cell type responding to CCL2 in our cultures. A similar result was reported for
spinal cord cultures (Gosselin et al., 2005)

The functional consequence of CCR2 expression in the hippocampus and CCL2 activation of
the p38 MAPK pathway remain to be determined. Few studies on the effects of CCL2 on
hippocampal neurons have appeared, although one report showed that CCL2 can induce
Ca2+ transients in cultured neurons from several brain regions including the hippocampus
(Banisadr et al., 2005b). CCL2 has also been reported to alter neuronal excitability and Ca2+

signaling in cerebellar neurons (van Gassen et al., 2005) and to reduce inhibitory responses
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mediated by GABA receptors in spinal cord neurons (Gosselin et al., 2005). In our studies,
CCL2 increased Ca2+ signals associated with spontaneous synaptic network activity indicating
that CCL2 can affect hippocampal neuronal function. The mechanisms mediating this effect
were not investigated but could involve a reduction of inhibitory responses mediated by GABA
receptors that contribute to the synaptic network activity. Future studies will test this
possibility. It is unknown if the increase in p38 MAPK observed in our studies played a role
in the CCL2-induced increase in synaptic network activity. Both p38 MAPK and CREB have
been shown to play a key regulatory role in synaptic transmission, synaptic plasticity and
memory mechanisms (Alonso et al., 2003; Brust et al., 2006; Butler et al., 2004; Josselyn and
Nguyen, 2005; Rossato et al., 2006; Wang et al., 2007). Thus, these hippocampal synaptic
functions may be an important target of CCL2 in the normal brain or during conditions
associated with neuroinflammation and p38 MAPK may play a central role in the effects of
CCL2 on these functions. Future studies will test these possibilities.
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Figure 1.
Effect of CCL2 on the level of phosphorylated MAPK in hippocampal cultures. (A)
Concentration-dependent effect of CCL2 (10 min exposure) on the level of phosphorylated
p38 MAPK (p-p38 MAPK). (B) Time dependent effect of CCL2 (25 nM) on the level of p-
p38 MAPK. (C) Time dependent effect of CCL2 (25 nM) on the level of phosphorylated
ERK1/2 (p-ERK1/2). For all studies, representative immunoblots and a graph of mean values
are shown. CCL2 significantly increased the level of p-p38 MAPK in the hippocampal cultures
but not the level of p-ERK1/2. Methods were similar for all studies. Hippocampal cultures
were serum-starved overnight and treated at 13 DIV with CCL2 (0–25 nM) for the times
specified. Whole cell lysates were prepared and 20 μg of total protein per lane was separated
on the SDS-PAGE and immunoblotted with the antibody specific for p-p38 MAPK or p-
ERK1/2. The blot was stripped and reprobed with the antibody specific for β-actin. The density
of each band was quantified and normalized against the corresponding density of β-actin in
the same lane. All data were then normalized to the normalized value (i.e., p38 MAPK/b-actin)
for control conditions (0 CCL2). Densitometry data are presented as the mean ± S.E.M. *, P
< 0.05 vs control conditions. n = the number of independent samples tested. Samples were
derived from at least 3 different culture sets.
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Figure 2.
Effect of CCL2 on the level of p-MKK3/6 in hippocampal cultures. (A) Concentration-
dependent effect of CCL2 (10 min exposure) on the level of p-MKK3/6. (B) Time-dependent
effect of CCL2 (25 nM) on the level of p-MKK3/6. (C) Effect of PTX (100 ng/ml) on the
CCL2-induced increases in the levels of p-MKK3/6. Representative immunoblots and a graph
of mean values are shown for all studies. The methods were similar to the methods described
in Figure 1 for p38 MAPK. Cultures were pretreated with PTX overnight. In C, data from
CCL2-treated cultures were normalized to data from untreated control cultures; data from
CCL2- and PTX-treated cultures was normalized to data from cultures treated with PTX but
no CCL2.
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Figure 3.
Effect of CCL2 on the levels of phosphorylated CREB, STAT1 and STAT3 in hippocampal
cultures. (A) Concentration-dependent effect of CCL2 (10 min exposure) on the level of p-
CREB. (B, E, F) Time-dependent effect of CCL2 (25 nM) on the level of p-CREB (B), p-
STAT3 (E) and p-STAT1 (F). CCL2 significantly increased the levels of p-CREB in a time-
dependent manner. No significant effect on levels of p-STAT1 and p-STAT3 was observed.
(C,D) Effects of PTX (100 ng/ml) and SB203580 (2 μM) on the CCL2-induced increase in the
levels of p-CREB. Both inhibition of Gi/Go by PTX and inhibition of p38 MAPK by SB203580
blocked the CCL2-induced increase in the level of p-CREB, consistent with the involvement
of a Gi/Go-coupled receptor and p38 MAPK in the actions of CCL2. Cultures were pretreated
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with either PTX overnight or SB203580 for 30 min, and the methods were similar to the
methods described in the Figure 1. In C, data from CCL2-treated cultures were normalized to
data from untreated control cultures; data from CCL2-and PTX-treated cultures was
normalized to data from cultures treated with PTX but no CCL2. In D, data from CCL2-treated
cultures were normalized to data from untreated control cultures; data from CCL2- and
SB203580-treated cultures were normalized to data from cultures treated with SB203580 but
no CCL2. For all studies, representative immunoblots and a graph of mean values are shown.
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Figure 4.
Hippocampal neurons express functional CCR2. (A) Immunocytochemical staining of rat
hippocampal cultures using the antibody specific against CCR2B (1:100 dilution). Prominent
immunostaining was observed in the neurons (e.g., black arrow) but not in the underlying glial
cell layer (e.g., white arrow). Neurons were identified by morphological criteria established
by immunostaining with cell type specific antibodies. The phase contrast images (left panel)
show all cells in the microscopic field. The Hoffman optics images (right panel) show the
immunostained cells in the field. (B) Specific immunostaining for CCR2 was blocked by
preincubation of the antibody with the antigenic peptide used to raise the CCR2 antibody. (C–
F) Effect of CCL2 on Ca2+ signals generated by spontaneous network synaptic activity in
hippocampal neurons. (C) Gray scale digitized image showing a representative field of fura-2
loaded hippocampal neurons. (D) Mean (SEM) values for average Ca2+ levels under control
conditions and after addition of CCL2 (25 nM) to the bath saline. Recordings were made in
the presence (antagonists) and absence (no antagonists) of TTX plus glutamate and GABA
receptor antagonists. Numbers in bars indicate the number of cells measured. (E, F)
Representative recordings of intracellular Ca2+ levels before and after (solid bars) bath
exchange. Dashed lines below the traces indicate when the bath was exchanged during the
recording. In F, the recording was stopped during the bath exchange. In E, the bath contained
TTX plus receptor antagonists to block synaptic network activity. In F, TTX and receptor
antagonists were not used. The vehicle control bath exchange was used to identify potential
changes in Ca2+ signals due to mechanical stimuli caused by the bath exchange.
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