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ERK, JNK and FAK, and (iv) NF- � B-independent. FGF2 also 
caused accelerated wound closure dependent on CCL2, 
COX2, ERK, JNK and FAK in a scratch assay. We conclude that 
the signaling network triggered by FGF2 in astrocytes con-
verged into accelerating directed motion. It follows that as-
trocyte migration to injury sites may be a key factor in the 
repair mechanisms orchestrated by FGF2. 

 Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 Basic fibroblast growth factor (FGF2) is a ubiquitous 
and versatile peptide that regulates cell proliferation, mi-
gration, cell survival and differentiation during develop-
ment, tissue repair or tumor growth. FGF2 is produced in 
several isoforms ranging between 18 and 34 kDa that are 
produced by alternative use of two initiation codons at 
translation  [1] . The low-molecular-weight (LMW) iso-
form (18 kDa) is secreted  [2, 3]  by a mechanism implicat-
ing multidrug resistance-associated proteins  [4]  and Na + /
K + -ATPase  [4, 5] , and accounts for most of the biological 
functions attributed to FGF2 by acting through mem-
brane-spanning tyrosine kinase receptors in conjunction 
with low-affinity binding to heparin sulfate proteogly-
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 Abstract 

 While the role of cytokines in causing pro- and anti-inflam-
matory cascades in the brain and that of chemokines in pro-
moting chemotaxis is well recognized, the immunomodula-
tory actions of neurotrophins released during brain injury 
remains largely undetermined. This knowledge gap affects 
basic fibroblast growth factor (FGF2), which in the brain is 
mainly produced by astrocytes and characteristically upreg-
ulated in reactive astrocytes. The goal of this study was to 
characterize the inflammatory actions of FGF2 in astrocytes 
using primary cultures. We report that FGF2 induced the up-
regulation of monocyte chemoattractant protein (CCL2) and 
cyclo-oxygenase type 2 (COX2), and the inhibition of lipo-
polysaccharide-elicited ICAM1 upregulation. The effects of 
FGF2 were: (i) dependent on gene transcription as revealed 
by the concomitant regulation of CCL2 or ICAM1 mRNAs; (ii) 
mediated by the FGF2 receptor type 2; (iii) dependent on 
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cans  [6] . In addition, LMW-FGF2 can exert nuclear ac-
tions upon internalization – alone or in complex with its 
receptors – and subsequent import to the nucleus  [7–10] . 
Specific proteins like translokin  [11] , or importin  [12]  me-
diate the intracellular trafficking of FGF2 and fibroblast 
growth factor receptor (FGFR)-1, respectively. By con-
trast, high-molecular-weight FGF2 isoforms (21–25 kDa) 
are localized in the nucleus and cytoplasm and their func-
tion remains largely unknown, although some reports 
point to an implication in cell growth control  [13, 14] .

  In the brain, FGF2 is a regulator of processes leading 
to tissue repair and regeneration after injury including 
scar formation  [15] , angiogenesis  [16] , neuronal survival 
 [17]  and recruitment of neuronal progenitors  [18] . An of-
ten underappreciated fact in FGF2-dependent repair is 
that astrocytes are the primary source of the factor and, 
indeed, overexpression of FGF2 in reactive astrocytes is a 
hallmark of brain injury  [18–21] . The terms ‘reactive as-
trocytes’ or ‘gliosis’ define the cellular hypertrophy that 
astrocytes undergo as part of the inflammatory reactions 
that follow brain injury, infection or degeneration. While 
the postinjury increase of FGF2 expression in astrocytes 
suggests a role of the factor in driving astrogliosis, it has 
never been examined whether FGF2 controls astrocyte 
inflammatory responses and, if so, what precise mole-
cules and pathways are involved. A hint is provided by a 
preliminary study wherein the effect of axonal injury-as-
sociated factors in astrocyte migratory response was test-
ed in a model of scratch injury in cultured astrocytes. 
LMW-FGF2 strongly stimulated astrocyte migration and 
this response was the greatest among all factors tested, 
which included transforming growth factor- � , epidermal 
growth factor and insulin-like growth factor  [22] . Here we 
sought to further characterize the FGF2-elicited immu-
nomodulation of astrocytes by focusing on the expression 
of molecules with a documented ability to regulate mi-
gration. These were monocyte chemoattractant protein 
(CCL2, formerly called MCP1), cyclo-oxygenase-2 (COX2) 
and intercellular adhesion molecule 1 (ICAM1). CCL2 is 
a potent chemoattractant and activator for monocytes, 
and is primarily expressed in astrocytes in ischemia and 
after peripheral administration of bacterial lipopolysac-
charide (LPS)  [23] . CCL2 plays a critical role in the migra-
tion of newly formed neuroblasts from neurogenic niches 
to damaged regions of the brain after focal ischemia  [24] . 
ICAM1, in addition to its well-established control of leu-
kocyte adhesion and migration across the blood-brain 
barrier  [25, 26] , is expressed in astrocytes in Alzheimer’s 
disease and other neurodegenerative diseases  [27] , where 
it is believed to contribute to microglia recruitment  [28] . 

COX2, in turn, is expressed in reactive astrocytes in neu-
ropathological conditions  [29, 30] , and a wealth of evi-
dence documents the capacity of COX2-released prosta-
glandins to increase cancer cell motility  [31, 32] . The role 
of COX2 in astrocytes is, however, largely unknown. LPS 
was used as a positive control of inflammatory activation 
in astrocytes. We report that LMW-FGF2 stimulated the 
expression of CCL2 and COX2, whereas it decreased the 
LPS-induced ICAM1 expression, in astrocytes cultured 
from rat cerebella. FGF2 accelerated astrocyte migration 
in a scratch model in vitro, the effect being mediated by 
CCL2 and COX2 but not ICAM1. The actions of FGF2 
were mediated by the FGF2 receptor type 2 (FGFR2)   and  
 JNK/FAK/ERK-dependent signaling. Cell proliferation 
did not contribute to this phenomenon because inhibitors 
of cell growth had no effect. We conclude that FGF2 in-
duces a promigratory phenotype in astrocytes, which may 
be a key factor in the repair mechanisms orchestrated by 
FGF2 during brain injury.

  Material and Methods 

 Materials 
 Recombinant human FGF2 was purchased from R&D Systems. 

Dulbecco’s modified Eagle’s medium (DMEM), penicillin, strep-
tomycin, paraformaldehyde, Triton X-100, bovine serum albumin 
(BSA), cytosine-arabinoside, LPS, 4�,6-diamidino-2-phenylindole 
(DAPI), phosphatase inhibitors, mouse anti-actin (1/10,000) anti-
body, rabbit anti-FGFR1 and anti-FGFR2 (1/500), mouse anti-
GFAP antibodies were obtained from Sigma. Protease inhibitors, 
PVDF membranes and LightCycler capillaries were from Roche. 
Reverse transcriptase and Taq Polymerase were purchased from 
Invitrogen. Fetal-bovine serum (FBS) was from Cambrex. Anti-
COX2 (1/1,000) rabbit polyclonal antibody was from Cayman. An-
ti-CCL2 (1/500) rabbit polyclonal antibody was from Abcam. Anti-
ICAM1 (CD54, clone 1A29) mouse monoclonal antibody and iso-
type matched IgG1 were purchased at BD Pharmingen, and 
anti-GAPDH and CREB antibodies from Santa Cruz. Primers and 
NF- � B oligonucleotides were synthesized by Roche. Rabbit mono-
clonal antibodies against ERK1/2 and phospho-ERK (pERK), 
JNK1/2 and phospho-JNK (pJNK), FAK and phospho-FAK (Tyr 
397) were from cell signaling (all used a 1/1,000 dilution). Viral 
particles encoding shRNA for FGFR2, GFP, and rabbit anti-FGFR3 
antibody were from Santa Cruz Biotechnology. ERK (PD98059), 
JNK (SP600125) and FAK (PF573228) inhibitors were from Tocris.

  Astrocyte Cultures 
 Astrocyte cultures were prepared from cerebellum from 7- to 

8-day-old Sprague-Dawley rats as described  [33] . In brief, the rats 
were decapitated and their brains immediately dissected out. Af-
ter meninges and blood vessels were removed, the tissue was 
minced and incubated for 10 min at 37   °   C in Ca 2+ -free Krebs-
Ringer buffer containing 0.025% trypsin. Cells were then me-
chanically triturated through a glass pipette and filtered through 
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a 40- � m nylon mesh in the presence of 0.52 mg/ml soybean tryp-
sin inhibitor and 170 IU/ml DNase. After centrifugation (500  g ), 
the cells were stained by Trypan blue exclusion, counted in a Neu-
bauer chamber and then resuspended in 90% DMEM, 10% FBS, 
20 U/ml penicillin and 20  � g/ml streptomycin at 6  !  10 5  cells/
ml. The dishes used for each experiment were: 35-mm dishes for 
immunofluorescence and migration experiments, 48-well plates 
for ELISAs, 60-mm plates for Western blot and 100-mm plates for 
EMSA. The cells were maintained in a humidified atmosphere of 
90% air-10% CO 2 . The medium was changed at day 7 and the cells 
were immediately used when cultures reached confluency (around 
12 DIV). This minimizes contamination by microglia, which rap-
idly proliferate when the astrocyte monolayer reaches confluency 
 [33] . To quantify microglia, cultures were incubated with DiL-Ac-
LDL (Molecular Probes) 10  � g/ml for 2 h, which is readily taken 
up by microglia  [34] , and counterstained with DAPI to label the 
nuclei and thereby obtain the total number of cells. The percent-
age of DiL-Ac-LDL-positive cells with respect to the total number 
of cells was 10.74  8  4.09% (n = 4).

  The medium was changed to 1% FBS-DMEM overnight before 
treating the cultures with different compounds for the indicated 
times and concentrations to minimize cell proliferation. Cerebel-
lar granule cells were obtained by the same protocol as astrocytes 
but were seeded at 1.3  !  10 6  cells/ml in the same culture media 
as astrocytes. At day 1 in vitro, cytosine arabinoside (10  �  M ) was 
added to prevent glia proliferation. Cell lines 3T3s, HeLa and SH-
SY5Y were passaged every 3–4 days and cultured in 90% DMEM, 
10% FBS, 20 U/ml penicillin and 20  � g/ml streptomycin, except 
for SH neuroblastoma that were cultured in 20% FBS.

  Immunocytochemistry 
 The cultures were fixed for 30 min with 4% paraformaldehyde 

in phosphate-buffered saline (PBS) at room temperature. After 
several washes, the monolayers were incubated with PBS-0.1% 
Triton X-100 for 15 min to permeabilize the cells. This permeabi-
lization step was omitted in the case of ICAM as this protein is 
extracellular. A blockade of nonspecific binding was performed 
with 1% BSA in PBS, and afterwards the cells were incubated 
overnight at 4   °   C with mouse monoclonal anti-GFAP (1/1,000), 
rabbit anti-CCL2 (1/3,000), anti-COX2 (1/500) or anti-ICAM1 
(1/200) antibodies in 0.1% BSA-PBS. After washing, the cells were 
incubated for 1 h with Alexa-labeled secondary IgGs diluted 
1/1,000 in 0.1% BSA-PBS. The primary antibody was omitted in 
the controls. In the last wash, the cells were incubated with DAPI 
to perform nuclear staining.

  CCL2 ELISA 
 After the indicated treatment, CCL2 levels in the culture me-

dium were assessed using an ELISA specific for rat CCL2 accord-
ing to the manufacturer’s instructions (R&D Systems). The assay 
detection limits were 30–2,000 pg/ml.

  ICAM1 ELISA 
 ELISAs were performed as thoroughly described elsewhere 

 [35] . In brief, the cells were fixed with 4% paraformaldehyde in 
PBS and incubated overnight with a monoclonal antibody against 
rat ICAM1 (clone 1A29, Pharmingen; concentration 3  � g/ml). 
Isotype-matched IgG1 �  (Pharmingen) was used at the same con-
centration as the negative control. The cells were finally incubat-
ed with a goat anti-mouse antibody conjugated to alkaline phos-

phatase (1:   1,000; Sigma). The alkaline phosphatase substrate was 
added, and the cells incubated at room temperature until the reac-
tion developed. The OD 405  was measured in a Bio-TeK Power-
Wave XS microplate spectrophotometer.

  Real-Time PCR 
 Total RNA was prepared from cells using the Trizol reagent 

(GIBCO). Aliquots (0.5–1.0  � g) were converted to cDNA (Super-
Script II, Invitrogen) using random hexamer primers and mRNA 
levels estimated by real time, quantitative RT-PCR (Q-PCR).
The primers used were: CCL2 fwd: 5 � -CTTCTGGGCCTG-
TTGTTCAC-3 � , CCL2 rvs: 5 � -GGGACGCCTGCTGCTGGT-
GATTC-3 � ; ICAM1 fwd 5 � -GGGCCCCCTACCTTAGGAA-3 � , 
ICAM1 rvs 5 � -GGGACAGTGTCCCAGCTTTC-3 � ; 18S fwd 5 � -
GGGAGGTAGTGACGAAAAATAACAAT-3 � , 18S rvs 5 � -TTG-
CCCTCCAATGGATCCT-3 � . The cycling conditions were: 35 cy-
cles of denaturation at 94   °   C for 30 s, annealing at 58   °   C for 30 s 
and extension at 72   °   C for 30 s, followed by 2 min at 72   °   C, in the 
presence of SYBR Green (1:   10,000 dilution of stock solution from 
Molecular Probes, Eugene, Oreg., USA). The reactions were car-
ried out in a 20- � l reaction volume in a LifeCycler (Roche). Rela-
tive mRNA concentrations were calculated from the take-off 
point (Ct) of the PCR reactions and normalized for the levels of 
18S ribosomal RNA using the software provided by the manufac-
turer. Correct product amplification was confirmed by the exis-
tence of a single melting point in melting curve analysis and by 
size determination using 2% agarose gel electrophoresis.

  Preparation of Cytosolic and Nuclear Extracts 
 After treatment, the cells were scraped out of the plates in ice-

cold PBS, collected by brief centrifugation, resuspended in buffer 
A containing 10 m M  HEPES pH 7.9; 1.5 m M  MgCl 2 , 10 m M  KCl, 
0.5 m M  dithiothreitol and a cocktail of protease (Roche) and phos-
phatase (Sigma) inhibitors. Nonidet P-40 was added (final con-
centration 0.6%) and the cells vortexed for 10 s. The nuclei were 
collected by brief centrifugation in a microcentrifuge and the su-
pernatants kept at –80   °   C as cytosolic extracts. The nuclei were 
washed once with buffer A and collected again by centrifugation. 
Nuclear extracts were obtained by incubating nuclei in buffer B 
(20 m M  HEPES buffer pH 7.6, 25% glycerol, 420 m M  NaCl, 0.2 m M  
ethylenediaminetetraacetic acid (EDTA), 0.5 m M  dithiothreitol, 
and protease and phosphatase inhibitors) at 4   °   C for 30 min with 
gentle rocking. The suspensions were centrifuged at 15,000  g  for 
15 min at 4   °   C and the supernatants stored at –80   °   C. Protein con-
centrations were measured by the Bradford method.

  Western Blot 
 Samples containing equal amounts of protein (15–30  � g) were 

subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis on 8–15% gels. The proteins were then transferred to 
polyvinyl difluoride membranes, which were blocked with 5% 
milk in Tris-buffered saline containing 0.1% Tween-20 for 1 h and 
incubated overnight at 4   °   C with primary antibodies (indicated
in ‘Materials’). This was followed by incubation with anti-IgG-
horseradish peroxidase-labeled secondary antibodies (Pierce, 
1/10,000) for 1 h at room temperature and subsequent detection 
with an enhanced chemiluminescence detection kit (ECL, Amer-
sham Life Science). Proteins were visualized by autoradiography 
on X-ray film (AGFA) and the relative band intensity was quanti-
fied with Image J (National Institutes of Health).
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  Electrophoretic Mobility Shift Assays 
 Electrophoretic mobility shift assays were performed as thor-

oughly described previously  [35] . In brief, the NF- � B oligonucle-
otides corresponding to the palindromic consensus sequences 
were end-labeled with 10  � Ci [ �  32 P-ATP (Amersham) with 10U 
T4 polynucleotide kinase (Fermentas) and purified in G-25 Sep-
hadex columns (Sigma). Nuclear extracts (5–10  � g protein) were 
incubated with radiolabeled oligonucleotides in a final volume of 
20  � l in the presence of 1  � g poly dIdC, 20 m M  HEPES buffer pH 
7.9, 1 m M  EDTA, 5% glycerol, 100 m M  NaCl and 0.5 m M  dithio-
threitol. DNA-protein complexes were resolved by electrophoresis 
in 4% nondenaturing polyacrylamide gels using 0.5  !  Tris-bo-
rate-EDTA as the running buffer. Autoradiographs were obtained 
by placing dried gels in close contact with films (AGFA). 

 Retroviral Infection 
 Viral particles encoding for rat shRNA FGFR2 were pur-

chased from Santa Cruz Biotechnology. Preconfluent cultures 
(DIV 6–7) were infected with 2  !  10 4  retroviral particles per ml 
overnight in 10% FBS containing DMEM, and were grown for
7 days to confluency to permit integration and expression of
shRNAs. The efficiency of FGFR2 silencing was confirmed by 
Western blotting. GFP-expressing (Santa Cruz) viruses were used 
as a control for efficient infection.

  Scratch Wound Assay 
 The capacity of astrocytes to migrate was tested by scratching 

confluent astrocyte monolayers to induce natural cell migration 
to close the scratch, as previously reported  [36] . The scratch was 
500  � m wide and 35 mm long, and was done with a sterile yellow 
pipette tip. The cells were treated immediately after scratching and 
pharmalogical inhibitors, when indicated, were present the entire 
time. In some cases blocking/activating antibodies were used as 
follows: anti-CCL2 4  � g/ml, anti-ICAM1 10  � g/ml and unspe-
cific isotype-matched IgG1 antibody (as control) 10  � g/ml, which 
were also present during the entire length of the migration exper-
iments. The cells were fixed at 0–24 h thereafter, and immuno-
stained for GFAP/DAPI and/or COX2, CCL2 or ICAM. Individu-
al images (6 per scratch-wound) were taken with  ! 2 magnifica-
tion and the cell-free area was measured using ImageJ Software.

  Statistical Analysis 
 The experiments were always reproduced a minimum of 3 

times. Quantifiable determinations were expressed as means  8  
SEM of the indicated number of experiments performed in inde-
pendent cultures. The significance of differences was evaluated by 
one-way ANOVA followed by the Newman-Keuls post-hoc test 
when more than 2 conditions were evaluated.

  Results 

 FGF2 Modulated the Expression of CCL2, ICAM1 and 
COX2 in Astrocytes 
 The joint evaluation of CCL2 by ELISAs of culture me-

dia ( fig. 1 a–c), immunocytochemistry ( fig. 1 d), Western 
blots of whole cells ( fig. 1 e), and RT-PCR ( fig. 1 f) indi-
cated that FGF2 caused expression of the CCL2 gene and 

protein, and the release of the latter to the extracellular 
media. CCL2 was barely detectable in control cells by any 
approach. The increased CCL2 expression appeared to 
derive from  de novo  synthesis as judged by the robust 
perinuclear immunolabeling in the Golgi apparatus 
( fig. 1 d). The effect of FGF2 was time and dose dependent 
( fig. 1 a, b). CCL2 was thus detected in the extracellular 
media as early as 6 h after the administration of FGF2, 
and the chemokine contents increased progressively up 
to 48 h, the last time they were analyzed. When assessed 
at 24 h, the extracellular CCL2 increased linearly upon 
exposure to 5–100 ng/ml FGF2. The factor was hence 
used in the ensuing experiments at the submaximal dose 
of 25 ng/ml. Overall, the ELISAs appeared more sensitive 
than Western blots to quantify CCL2 production. Plausi-
bly, the secretion of newly synthesized CCL2 diminishes 
the intracellular pool detected by Western blot. Consid-
ering that FGF2 is produced in the brain during the in-
flammatory reactions that follow injury, we also exam-
ined whether the increased production of CCL2 was
enhanced when provoking a standard inflammatory 
condition by LPS. As previously reported  [37] , LPS caused 
expression of the CCL2 gene and protein in astrocytes 
( fig. 1 c, e, f). LPS moderately increased the FGF2-elicited 
expression of CCL2, indicating additive rather than syn-
ergistic actions of both factors. The combined effect was 
evident at early (i.e. 5–12 h) but not late (i.e. 48 h) treat-
ment times ( fig. 1 c, e, f) suggesting a detrimental effect of 
excess costimulation.

  FGF2 also caused the transient expression of COX2 in 
astrocyte cultures ( fig. 2 ) with a peak at 8 h, as revealed 

 (For figure see next page.)
   Fig. 1.  FGF2-induced CCL2 expression in astrocytes.  a – c  ELISA 
measurements of CCL2 in extracellular media: dose response ( a ); 
time course ( b ); effect of LPS ( c ); immunocytochemistry images 
being representative of at least 3 independent experiments and 
showing perinuclear localization of CCL2, presumably in the 
Golgi apparatus ( d ); Western blot analysis of whole-cell extracts 
showing a representative gel and densitometries ( e ), and RT-PCR 
analysis at 5 h (top) and 48 h (bottom) after the addition of FGF2 
and/or LPS ( f ). The astrocytes were incubated with FGF2 (5–100 
ng/ml in  a  and 25 ng/ml in the rest of the panels) or LPS (10 ng/
ml) for 3–48 h. Values are the means  8  SEM, of n = 3–5 indepen-
dent experiments.  *  p  !  0.05,  *  *  p  !  0.01 and  *  *  *  p  !  0.001, against 
control condition (no FGF2, no LPS), and  ##  p  !  0.01,  ###  p  !  0.001 
against LPS-treated cultures at the same time of analysis. ANOVA 
analysis, Newman-Keuls post-hoc were used. FGF2 caused the  de 
novo  synthesis of CCL2 mRNA and protein, which was released. 
FGF2 moderately potentiated the LPS-elicited increase of CCL2 
expression at early (i.e. 12 h) but not late times (i.e. 48 h). Scale bar 
was 50  � m. 
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by Western blot ( fig. 2 a). The immunocytochemical anal-
yses confirmed that the increased expression originated 
in astrocytes and revealed, surprisingly, that part of 
COX2 was localized to the nucleus ( fig. 2 c), suggesting 
heretofore undescribed nuclear actions of the enzyme. Of 
note, FGF2 caused a morphological change in astrocytes 
consisting of soma retraction followed by process emis-

sion. The change, which has been previously reported 
and characterized  [38] , was clearly in progress 8 h after 
the addition of the factor. As compared with FGF2, LPS 
caused a more sustained increase of COX2 expression 
and potentiated the effect of FGF2 ( fig. 2 b).

  Cells displayed a slight basal expression of ICAM1, de-
tected by both ELISA ( fig. 3 a) and immunocytochemis-
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  Fig. 2.  FGF2 increased the expression of COX2. Western blot 
analysis showing a representative gel and densitometry ( a ); effect 
of costimulation with LPS assessed by Western blot ( b ), and im-
munocytochemistry representative of at least 3 independent de-
terminations ( c ). The astrocytes were incubated with FGF2 (25 
ng/ml) and/or LPS (10 ng/ml) for 0.5–48 h as indicated. Values are 

the means  8  SEM of n = 4 independent experiments.  *  *  p  !  0.01, 
 *  *  *  p  !  0.001, with respect to controls, and  ##  p  !  0.01,  ###  p  !  0.001, 
with respect to LPS-treated cultures at the same time of analysis. 
ANOVA analysis, Neumann-Keuls post-hoc were used. Scale bar 
was 50  � m. FGF2 caused a transient expression of COX2 protein 
(maximal effect detected at 8 h) and LPS potentiated this increase. 
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try, which revealed that ICAM was localized to cell-to-
cell contacts following a pattern reminiscent of a beehive 
( fig. 3 c). FGF2 had no effect per se on ICAM1 expression, 
although it completely inhibited the increase of ICAM1 
mRNA and protein caused by LPS ( fig. 3 b, c). The data 
indicated that FGF2 can exert both pro- or anti-inflam-
matory actions in astrocytes and that the anti-inflamma-
tory effects (i.e. ICAM1 downregulation) were only man-
ifest when additional inflammatory stimulation was per-
formed as with LPS.

  ERK, JNK and FAK but Not NF- � B Mediated the 
Immunomodulatory Actions of FGF2 
 FGF2 has been reported to activate numerous signal 

transduction pathways including MAPK (ERK, JNK, 

p38), PKC, PI3K-Akt, PKA, PKG and calcium-calmod-
ulin kinase IV  [39] . We sought proof of the participation 
of these kinases by determining: (i) whether specific 
inhibitors reversed the immunomodulatory actions of 
FGF2, using CCL2 as the endpoint in preliminary 
screens, and (ii) if FGF2 stimulated the pathways, which 
was assessed by Western blot analyses. Both require-
ments were only met by ERK and JNK, as documented 
below, while pharmacological inhibitors of p38, PKC, 
Akt, PKA or PKG had no effect (data not shown). In-
hibitors of ERK (PD98059) and JNK (SP600125) com-
pletely inhibited the increase in CCL2 release ( fig. 4 a) 
and reversed the inhibition of ICAM1 caused by FGF2 
back to ‘LPS- plus -inhibitors’ controls ( fig.  4 b). These 
values were slightly reduced as compared with the 
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ICAM1 expression attained with LPS alone ( fig.  4  b ). 
FGF2 caused the phosphorylation of both ERK and JNK, 
which was detected as early as 1 h after the administra-
tion of the factor and persisted over the next 5 h ( fig. 4 c  ). 
Interestingly, LPS caused a small, barely detectable in-
crease of pERK and pJNK and did not significantly alter 
the increases elicited by FGF2 ( fig. 4 c). This is in accor-
dance with the small inhibitory effect of ERK and JNK 
inhibitors detected in the LPS-elicited ICAM upregula-
tion. By contrast, electrophoretic mobility shift assay 
analysis showed a strong and long-lasting activation of 
NF- � B upon LPS administration ( fig. 4 d). NF- � B was 
thus present in the nucleus of LPS-treated astrocytes as 
soon as 30 min after treatment (data not shown), and 
remained activated for at least 48 h. FGF2 neither acti-

vated NF- � B per se nor interfered with the LPS-mediat-
ed activation of the transcription factor. The immuno-
modulatory effects of FGF2 were hence NF- � B indepen-
dent. Overall, the data support the notion that immuno-
modulatory regulation by LPS and FGF2 encompasses 
different signaling pathways. Finally, the JNK inhibitor 
SP600125, but not the ERK inhibitor PD98059, com-
pletely abrogated COX2 expression, indicating a role of 
JNK but not ERK in the upregulation of COX2 by FGF2 
( fig. 5 a).

  Because studies exist documenting a strong interplay 
between ERK and FAK in directed cell movement  [40] , 
we also examined the role of FAK in the immunomodu-
latory effects of FGF2. The FAK inhibitor PF573238 
completely inhibited COX2 ( fig. 5 a) and CCL2 ( fig. 5 b) 
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retic mobility. Astrocytes were incubated 
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the case of ICAM1 and NF- � B). Cells had 
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upregulation, and reversed the inhibition of ICAM1 up 
to the ‘LPS- plus -PF573238’ control ( fig. 5 c). According-
ly, FGF2 caused activation of FAK, as judged by the in-
creased pFAK, which was clearly detected 4 h after the 
addition of the factor and lasted for the ensuing 48 h 
( fig. 5 d). We next examined the possible interplay be-
tween ERK, JNK and FAK by testing the effect of phar-
macological inhibitors on kinase phosphorylations at 
4 h after the administration of FGF2. PF573238 com-
pletely inhibited ERK and JNK stimulation, whereas 
SP600125 completely inhibited FAK and ERK ( fig. 5 e). 
By contrast, PD98059 inhibited JNK but not FAK 
( fig. 5 e), indicating that ERK is downstream of the oth-
er two kinases. A model reconciling these findings is 
depicted in  figure 8 .

  FGFR2 Mediated the Immunomodulatory Actions of 
FGF2 
 We next sought to identify the FGF2 receptor involved. 

We first determined whether astrocytes expressed 
FGFR1, FGFR2 or FGFR3 by Western blot analysis. Cer-
ebellar granule cells (CGCs), C6 glioma, SHSY-5Y neuro-
blastoma, HeLa and NIH3T3 cell lines were used as pos-
itive controls. FGFR3 was highly expressed in C6, SHSY-
5Y, HeLa and NIH3T3, while FGFR1 was detected
in both C6 glioma and NIH3T3, but FGFR2 only in
NIH3T3 ( fig. 6 a). Of the three receptors, only FGFR2 was 
detected in astrocytes ( fig. 6 a), where it appeared in the 
blots as two differently migrating bands that apparently 
arise from receptor glycosylation  [41, 42] . Interestingly, 
exposure to FGF2 caused FGF2R to transiently disappear 
within 6–12 h after the addition of the factor ( fig. 6 b). The 
comparison of FGFR2 expression in cytosolic and nucle-
ar fractions indicated that the receptor did not migrate to 
the nucleus ( fig. 6 c). The finding supports instead that the 
receptor was degraded after the exposure of astrocytes to 
FGF2.

  Overall, the results pointed to FGFR2 as the receptor 
mediating the immunomodulatory effects of FGF2 in 
astrocytes. To establish this further, we tested whether 
astrocytes became unresponsive to FGF2 when obliter-
ating FGFR2 expression by RNA interference. Activa-
tion of ERK and JNK pathways – assessed by the phos-
phorylation of the kinases – was used as the endpoint. 
Lentivi rally-induced expression of FGFR2 shRNA in as-
trocytes reduced the expression of FGFR2, hence vali-
dating the gene-silencing approach ( fig.  6 d). FGFR2 
shRNA inhibited the activation of ERK and JNK by 
FGF2 ( fig. 6 e).

  FGF2-Mediated Migration 
 FGF2 has been shown to promote migration of astro-

cytes in a scratch-wound injury  [22] . Here, we sought to 
establish whether the signaling pathways described above 
played a role in this phenomenon. First, we confirmed 
that FGF2 accelerated scratch closure ( fig. 7 a). The effect 
was not due to cell proliferation because the proliferation 
inhibitor cytosine arabinoside had no effect ( fig.  7 a). 
Rather, increased astrocyte polarity appeared to account 
for the acceleration, as revealed by the long protruding 
edges assembled in parallel in the moving fronts of FGF2-
treated astrocytes ( fig. 7 b). We next tested the implication 
of the pathways regulated by FGF2 by interfering with 
their actions. We thus inhibited ERK, FAK, JNK and 
COX2 with the pharmacological inhibitors PD98059, 
PF573238, SP600125 or NS398, respectively. Specific an-
tibodies were used to block the released CCL2  [43]  or to 
stimulate ICAM1  [26] , thereby reversing the dual, oppo-
site actions of FGF2 on chemokine and adhesion mole-
cule expression. The increased migration was completely 
abrogated by ERK, FAK and JNK inhibitors ( fig. 7 c). Like-
wise, blockade of CCL2 or COX2 reversed the increased 
migration with no effects on the controls ( fig. 7 d). By con-
trast, the antibody against ICAM1 had no effect ( fig. 7 d). 
In accordance with the effects of pharmacological inhib-
itors or modulatory antibodies, robust CCL2 and COX2 
upregulation was detected in FGF2-treated astrocytes all 
over the cultures, not just near the migration fronts 
( fig. 7 e), whereas no change was observed for ICAM1 ex-
pression (data not shown). Note that the picture in figure 
7e was taken at 6 h after the administration of FGF2 to 
facilitate the detection of intracellular CCL2, at which 
time the morphological changes produced by the factor 
or the injury were not yet very pronounced. Incidentally, 
LPS had no effect on astrocyte migration (data not 
shown).

  Discussion 

 We have shown here that LMW-FGF2 induced the up-
regulation of CCL2 and COX2 in astrocytes, while it 
completely antagonized the upregulation of ICAM1 
caused by LPS. The data thus support an immunomodu-
latory rather than a proinflammatory or anti-inflamma-
tory role of FGF2 in astrocytes.

  To date, four similar, high-affinity FGFR genes have 
been identified from several species  [44] . FGFR1–3 are 
widely expressed in the adult brain and show different 
cellular locations depending on the region  [45] . FGFR1 is 
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  Fig. 6.  FGFR2 mediated the immunomodulatory actions of FGF2. 
 a  Western blot analysis of FGFR1–3 in astrocytes, cerebellar gran-
ule cells (CGCs), glioma (C6), SH neuroblastoma, HeLa and
NIH3T3. Astrocytes only expressed FGFR2, which appeared in 
two bands.  b  Western blot analysis of FGFR2 expression in astro-
cytes upon incubation with FGF2 showing representative blot and 
densitometry. FGF2 induced the transient disappearance of 
FGFR2.  c  FGFR2 did not migrate to the nucleus upon FGF2 treat-
ment, as shown in Western blot analysis of cytosolic and nuclear 
fractions. Protein loading of nuclear fractions was controlled for 

with CREB expression. The gels show an analysis in subcellular 
fractions obtained from the same whole-cell extract.  d  Western 
blot analysis of FGFR2 after overexpressing FGFR2 shRNA, 
which reduced the expression of the receptor.  e  FGFR2 shRNA 
completely obliterated pERK and pJNK expression, as shown by 
Western blot analysis. Data are the means  8  SEM of n = 3 inde-
pendent experiments, except for                                      c  where a result representative of 
2 experiments is shown.  *  p      !  0.05,  *  *  p    !  0.01,  *  *  *  p    !  0.001 with 
respect to control, and  ###  p  !  0.01 with respect to Retro-GFP as 
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abundant in cortex, hippocampus and cerebellum, while 
FGFR2 is amply expressed in the olfactory bulb, hippo-
campus, and cerebellum  [46] . Cell-wise, FGFR1 is pre-
dominantly expressed in neurons, while FGFR2 and 
FGFR3 are mainly present in astrocytes  [47, 48] . FGFR4, 
by contrast, is only expressed in early stages of develop-
ment and, with the exception of the lateral habenular nu-
cleus, is not detectable in the adult brain  [49] . In the cer-
ebellar astrocytes used for the present study, we detected 
FGFR2, but not FGFR1 or 3, indicating that FGFR ex-
pression in astrocyte cultures is region specific, that it 
closely mirrors the distribution described in vivo   and 
that   FGFR2 was therefore the receptor type candidate ac-
counting for the observed actions of FGF2. Accordingly, 
silencing FGFR2 expression by RNA interference led to 
the blockade of ERK and JNK, the uppermost mediators 
of FGF2 signaling.

  The FGFR1–4 genes encode for structurally similar 
peptides containing an extracellular domain of three im-
munoglobulin-like domains, a transmembrane domain 
and an intracellular tyrosine kinase domain. Cells also 
exhibit low-affinity FGF-binding sites composed of hepa-
rin sulfate proteoglycans  [6] , which enhance the stability 
of FGF2-FGFR complexes. The binding of FGF2 to FGFR 
results in receptor dimerization and autophosphoryla-
tion at tyrosine residues. It has been reported that, after 
the binding of FGF2 to FGFR1, the FGF2-FGR1 complex 
translocates to the nucleus  [50, 51] , where it initiates sev-

eral signaling pathways leading to differentiation and 
proliferation  [8, 52] . Nuclear trafficking of FGF2 and 
FGFR1 in neurons and astrocytes is indeed a hallmark of 
injury in the adult brain cortex  [19, 20] . However, we 
found no evidence in the present study that the effect of 
LMW-FGF2 via FGFR2 involved nuclear actions of the 
receptor. Western blot analyses showed no signs of nucle-
ar translocation of FGFR2. Rather, a most striking phe-
nomenon was the transient disappearance of FGFR2 in 
FGF2-stimulated cells, unveiling an inhibitory feedback 
controlling FGF2-dependent signaling in astrocytes. A 
comparable phenomenon has been reported in NIH 3T3 
cell lines  [53] , wherein FGFR internalization followed by 
degradation leads to receptor desensitization. It appears 
overall that a cell membrane rather than a nuclear FGFR2 
accounts for the immunomodulatory actions of LMW-
FGF2 in cerebellar astrocytes.

  In contrast to FGFR1, the best-characterized FGFR, 
little is known about the intracellular signaling of FGFR2. 
For FGFR1, a wealth of evidence documents the activa-
tion of three major pathways: phospholipase C/PKC, Ras/
MAPK (including ERK, JNK and p38), and PI3K/AKt (for 
a review, see  [54, 55] ). While these intracellular signaling 
cascades have not been confirmed for FGFR2, it is be-
lieved that, owing to the strong structural resemblance, 
the signaling pathways driven by different FGFRs are 
very similar. Studies with chimeric receptors composed 
of cytoplasmic domains of FGFR1–4 indeed suggest that 
the main difference among FGFRs is the strength of ty-
rosine kinase activity and not the target proteins  [56] . No 
report exists about FGF2-regulating FAK. Since FAK is a 
key molecule in cell migration (see below), this knowl-
edge gap is consistent with the lack of attention that FGF2 
has received as a migration modulator thus far.

  We have shown that FAK, JNK and ERK mediate the 
regulation of CCL2 and ICAM1 by FGF2, while FAK/
JNK mediates that of COX2. Downstream effectors re-
main to be identified, although our data rules out the 
participation of NF- � B. While a precedent exists of acti-
vation of ERK-dependent pathways by FGFR2  [57] , the 
inhibition and not the activation of JNK is involved in 
the FGF2-mediated protection of myocardial cells from 
ischemia  [58] . This suggests that cells, and not receptors, 
instruct the particulars of FGF2-elicited signaling. All in 
all, the data reveal that the various kinases regulating 
FGF2-mediated immunomodulation interact in a rather 
complex manner. Firstly, there is gene specificity since 
ERK regulated CCL2 and ICAM1 but not COX2. Sec-
ondly, depending on the target gene, kinases can play 
both stimulatory (e.g. CCL2 and COX2) and inhibitory 

  Fig. 7.  FGF2 accelerated astrocyte migration in a scratch-injury 
assay. Effect of FGF2 on the scratch width in the presence or ab-
sence of cytosine arabinoside (20                                    �  M ) to prevent proliferation (           a ); 
migration fronts of control and FGF2-treated cells (24 h) stained 
for GFAP ( b ); effect of PD98059 (50  �  M ), SP600125 (10  �  M ) or 
PF573238 (2.5  �  M ) on FGF2-induced acceleration ( c ); effect of 
antibodies blocking CCL2 ( � MCP, 4  � g/ml), stimulating ICAM1 
( � ICAM1, 10  � g/ml), or control unspecific isotype-matched IgG 
(10  � g/ml), as well as the COX2 inhibitor NS398 (25  �  M ) ( d ), and 
control and FGF2-treated (6 h) astrocytes stained for GFAP, CCL2 
or COX2 ( e ). In the moving front, FGF2-treated astrocytes
adopted a polarized morphology over time, bearing long process-
es arranged perpendicularly to the scratch. In all experiments, 
cells were incubated with 25 ng/ml FGF2, and/or the pharmaco-
logical inhibitors or  � MCP/ � ICAM1 for the entire time. Migra-
tion was measured as the percentage of free area 24 h after the 
scratch was made. Values are means  8  SEM of n = 3–4 indepen-
dent experiments.  *  p      !  0.05,  *  *  p    !  0.01,  *  *  *  p    !  0.001 against 
control condition unless otherwise noted, ANOVA analysis fol-
lowed by Neumann-Keuls. Images are representative of 3 inde-
pendent experiments. Scale bar = 50  � m. FGF2 increased astro-
cyte acceleration in a fashion dependent on ERK, FAK, JNK, 
COX2 and CCL2, but not ICAM1.         
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(e.g. ICAM1) roles. Thirdly, examination of hierarchic 
arrangements with pharmacological kinase inhibitors 
suggests the existence of intricate feedback loops where-
by there is reciprocal regulation of ERK-JNK and FAK-
JNK, while FAK stimulates ERK but not the opposite. A 
schematic consistent with these observations is provided 
in  figure 8 . In brief, FGF2 would regulate two inter-
twined kinase loops in astrocytes. One would encompass 
JNK and ERK and lead to the stimulation of CCL2 syn-
thesis and release, and also to the inhibition of the LPS-
dependent ICAM1 regulation. A second loop would im-
plicate FAK and contribute to: (i) CCL2 and ICAM1 
modulation via ERK/JNK and (ii) ERK-independent 
COX2 upregulation. The delayed and more long-lasting 
FAK activation with respect to ERK and JNK – as as-
sessed by kinase phosphorylation – suggests a mainte-
nance function of FAK in FGF2 immunomodulatory sig-
naling.

  The adaptor protein FAK recruits proteins that regu-
late the turnover of focal adhesion assemblies during cell 
migration  [59, 60] . The higher the turnover of focal adhe-
sion assemblies, the faster the cell moves. FGF2 has been 
reported to induce focal adhesion disassembly in brain 
capillary endothelial cells thus leading to FGF2-directed 
chemotaxis  [61] . The central role of FAK in the FGF2-
mediated immunomodulation described in the present 
study suggests that, like in endothelial cells, the factor 
may coordinate directed motility in astrocytes through 

promoting focal adhesion disassembly. Indeed, focal ad-
hesions may contain FGFR  [62] .

  Within focal adhesions, FAK is activated upon ligation 
of integrins to the extracellular matrix. Integrins, in turn, 
have been reported to downregulate ICAM1 expression 
via FAK  [63] , suggesting that migration requires the 
downregulation of this adhesion molecule. It was there-
fore not surprising at first that FGF2 decreased ICAM1 
expression while increasing migration via CCL2, all phe-
nomena depending on FAK. We even reasoned that stim-
ulating ICAM1 activity with an anti-ICAM1 antibody 
would reverse the promigratory actions of FGF2 but, un-
expectedly, the antibody had no effect, indicating that the 
decrease in ICAM1 expression did not contribute to the 
observed accelerated movement. We speculate that CCL2 
and ICAM1 may embody distinct functions of cell adhe-
sion during astrocyte migration upon injury. One is the 
cell movement along chemotactic gradients, which in-
volves highly controlled cycles of adhesion/deadhesion to 
the extracellular matrix. Another is the recognition of 
and the cross-talk with locally activated immune cells, 
namely microglia. The scratch injury model used in the 
present study may hence simulate chemotaxis, but not the 
full range of postinjury immune reactions.

  The notion that migration is an integral part of the 
postinjury inflammatory response in astrocytes has not 
been recognized, nor the molecular mechanisms dissect-
ed out until recently. Thus, it has been reported that 

NF-�B

  Fig. 8.  Schematic representation of FGF2-
elicited promigratory signaling pathways 
in astrocytes. FGF2, acting through 
FGFR2 receptor, may regulate two kinase 
loops in astrocytes. One would encompass 
JNK and ERK and lead to CCL2 synthesis 
and release, and to the inhibition of LPS-
dependent ICAM1 regulation. A second 
loop would implicate FAK and contribute 
to: (i) CCL2 and ICAM1 modulation via 
ERK/JNK and (ii) ERK-independent 
COX2 upregulation. The delayed and 
more long-lasting FAK activation suggests 
a maintenance function of FAK in FGF2 
immunomodulatory signaling.                                                                                                                               
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TGF � , tissue plasminogen activator (tPA) and endothelin 
stimulate astrocyte migration through metalloprotease-9 
(MMP9)  [64–66] . The promigratory actions of tPA re-
quires COX2  [65] , where those of endothelin involve the 
nitric oxide-mediated tyrosine nitration of MMP9  [66] . 
Our study implicates CCL2 and COX2 in the autocrine 
regulation of astrocyte migration. While CCL2 is a para-
digmatic chemotactic agent acting via its receptor CCR2, 
the mechanisms underlying the promigratory actions of 
COX2 remain undetermined, although they may involve 
the interaction of the prostaglandin E 2  with receptor EP1 
 [67] .

  Future research will further clarify the molecular sig-
naling guiding astrocyte migration, but for the time be-
ing it is worth stressing two ideas. One is that the signal-
ing and the ensuing effects will strictly depend on the 
stimulating agents. Our data show, for example, that the 
robust CCL2 expression caused by LPS in astrocytes is 
not associated with accelerated motion as with FGF2, or 
that NF- � B does not mediate the effects of FGF2, which 
is at variance with the reported implication of the tran-
scription factor in the promigratory actions of TGF �   [64] . 
The other idea is that Rho-GTPases, which play a key role 
in directed movement in astrocytes by guiding cytoskel-
eton remodeling  [68, 69] , are plausible downstream tar-
gets of CCL2 and COX2-produced prostaglandins.

  It is widely believed that FGF2 is a key regulator of the 
wounding response in the adult brain. Protective and re-
generative effects of FGF2 have been described in brain 
ischemia  [70–72]  and spinal cord injury  [73, 74] . Plausibly, 
multiple functions relating to neurons, microvasculature 
and glia are involved in the beneficial actions of FGF2, 
but the exact mechanisms of protection are as yet unclear. 
Likewise, while reactive astrocytes overexpressing FGF2 
and FGFRs are an indisputable hallmark of brain injury 
 [18, 20] , the role and consequences of astrocyte reactivity 

are ill defined. In fact, a widespread misconception in the 
neuroinflammation field is to ascribe roles, generally del-
eterious, to astrocytes or microglia based exclusively on 
morphological changes. The existence of a complex, tem-
porally evolving, disease-specific functional heterogene-
ity in glia after brain injury remains to be fully recog-
nized and characterized. This knowledge void also af-
fects the astrocytes rendered ‘reactive’ by the in vivo 
injection of FGF2 to the site of a brain injury  [75, 76] . Here 
we posit that migration of reactive astrocytes to injury 
sites and eventual formation of a glia limitans lead to re-
pair and tissue regeneration. Recent evidence indeed 
challenges the prevailing view that astrocyte scars impair 
tissue repair by hindering axon growth. Firstly, scars are 
dynamic, highly regulative proteoglycan networks the 
composition of which can, by controlling the activity of 
signaling molecules like FGF2, render the microenviron-
ment conducive for axon regeneration  [77] . Secondly, as-
trocyte scars lead to the compaction of microglia and 
macrophages within necrotic areas thereby preventing 
inflammation-derived secondary damage  [78] . In this 
study, we have unveiled molecules and signaling path-
ways contributing to astrocyte migration. Additional 
molecular profiling of the astrocyte phenotype induced 
by FGF2 will aid progress towards the understanding, 
and ultimately the therapeutic utilization, of the repair 
capability of FGF2 through increasing the migratory 
ability of astrocytes in the injured brain.
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