
Introduction

Microglia are a type of immune cell that reside in the central nerv-
ous system (CNS) and have been implicated in a wide variety of
pathological disorders in the CNS [1–3]. Microglia rapidly respond
to adverse physiological conditions (e.g. ischaemia and physical
damage) and transform into the activated form following a pro-
gressive series of changes in morphology, number and gene

expression [3–6]. The expression of multiple cell-surface recep-
tors also change in activated microglia and by responding to extra-
cellular ligands for the receptors, the activated microglia evoke
various cellular responses, such as migration towards afflicted
sites, secretion of pro-inflammatory factors and phagocytosis of
dead cells or dangerous debris [3, 7–9]. A growing body of evi-
dence has indicated that among these cell-surface receptors,
purinergic receptors are potential regulators of microglial func-
tions and of the pathogenesis of CNS disorders [10–12].
Purinergic receptors are activated by extracellular nucleotides and
have been divided into two groups: one is the ligand-gated cation
channel P2X receptors and the other is the metabotropic G-pro-
tein-coupled P2Y receptors [10, 13]. Molecular cloning has so far
identified seven genes for P2X receptors (P2X1-7R) and eight
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genes for P2Y receptors (P2Y1, 2, 4, 6, 11-14R). Several purinocep-
tors have been reported to be expressed in microglial cells [14,
15]. These include P2X4R, P2X7R, P2Y6R and P2Y12R. P2Y12R,
which couples to Gi signalling in microglia, is implicated in ATP-
induced membrane ruffling and chemotaxis towards a source of
ATP [7, 16–19]. Activating P2Y6R, which is up-regulated in acti-
vated microglia following neuronal injury, induces phagocytosis of
damaged neurons through the Gq/phospholipase C/IP3 pathway
[8]. We have shown that P2X4R is up-regulated in activated
microglia in the spinal cord after peripheral nerve injury [20].
Stimulation of P2X4R in microglia leads to a release of brain-
derived neurotrophic factor (BDNF) [21, 22], which is implicated
in neuropathic pain, a debilitating pain condition that occurs after
nerve damage [21, 22]. Furthermore, there is evidence that up-
regulation of P2X4R expression in activated microglia is found in
a model of stroke [23], brain tumour [24], traumatic brain injury
[25, 26], spinal cord injury [27] and human acute inflammatory
demyelinating polyradiculoneuropathy [28]. Despite rapidly accu-
mulating evidence that the up-regulation of P2X4R in microglia
might be an important process in the pathogenesis of CNS disor-
ders, including neuropathic pain [10, 13, 21, 22], the molecular
mechanism underlying P2X4R up-regulation in microglia remains
unknown.

We have recently demonstrated that fibronectin, an extracellu-
lar matrix protein, is a factor that up-regulates P2X4R expression
at both mRNA and protein levels in primary cultured microglia in
vitro [29]. The level of fibronectin is increased in the spinal cord
after nerve injury, and blocking integrins in vitro and in vivo atten-
uates the augmentation of P2X4R expression and neuropathic pain
behaviour [30]. We have recently shown that the up-regulation of
P2X4R gene expression in response to fibronectin is suppressed
by PP2, an inhibitor of Src-family kinases (SFKs), and is not
observed in microglial cells from mice lacking Lyn, a member of
the SFKs, implying that Lyn tyrosine kinase in microglia is a key
molecule in the signalling pathway that causes the up-regulation
of P2X4R expression by fibronectin [31]. However, the intracellu-
lar signalling cascade downstream of Lyn responsible for promot-
ing P2X4R expression in microglia remains unknown.

The aim of this study was to elucidate the signal transduction
pathway through which fibronectin up-regulates P2X4R expres-
sion in microglia. We demonstrate that fibronectin stimulation in
microglia divergently activated PI3K–Akt and MEK–ERK signalling
downstream of SFKs and that these two signalling pathways have
distinct roles in P2X4R gene expression and post-transcriptional
control, respectively.

Materials and methods

Microglial cells

Rat primary cultured microglia were prepared according to the method
described previously [20, 32]. In brief, mixed glial culture (containing

astrocyte and microglia) was prepared from neonatal Wistar rats (Kyudo,
Saga, Japan) and maintained for 9–24 days in DMEM with 10% foetal
bovine serum in 75-cm2 flasks with a change of medium twice a week.
Microglia were obtained as floating cells over the mixed glial culture. The
floating cells were collected by a gentle shake of the mixed glial culture
flasks at 9–10, 14–15 and 22–24 days in vitro (DIV), and transferred to
appropriate dishes or cover-slips coated with or without fibronectin 
(10 �g/ml; Invitrogen, Carlsbad, CA, USA). PP2 (10 �M; Calbiochem, San
Diego, CA) [31, 33], LY294002 (2 �M; Tocris, Bristol, UK) [33, 34], U0126
(10 �M; Tocris) [33, 35], pifithrin-� (10 �M; Biomol, PA) [36, 37], MG-
132 (5 �M; Calbiochem) [38, 39] and CGP57380 (30 �M; Calbiochem)
[40, 41] were pre-incubated with microglial cells for 1 hr before plating.
Nutlin-3 (10 �M; Calbiochem) [42, 43] was pre-incubated with microglial
cells for 4 hrs before plating. The mouse microglial cell line MG5 cells
(kindly provided by Dr. Shinichi Kohsaka, National Institute of
Neuroscience, Tokyo, Japan) were grown in astrocyte-conditioned medium
that was obtained from the supernatant of astrocytes cultured overnight in
DMEM containing 10% foetal bovine serum [44].

Western blotting

Microglia were lysed in RIPA buffer (50 mM Tris–HCl [pH 7.4], 150 mM
NaCl, 1% NP-40, 0.1% SDS, 0.5% DOC, protease inhibitors cocktail
[Sigma, St. Louis, MO]). All samples were subjected to BCA assay to
adjust the loading protein amount and then mixed with the Laemmli
sample buffer. The sample was subjected to a 10% polyacrylamide gel
(BioRad, Hercules, CA), and the proteins were transferred elec-
trophoretically to nitrocellulose membranes (BioRad) or PVDF mem-
branes (GE Healthcare, Buckinghamshire, UK). The membrane was
blocked with 5% non-fat dry milk in Tris-buffered saline containing
0.1% Tween-20. The membrane was incubated with primary antibodies
(anti-P2X4R [1:1000; Alomone, Jerusalem, Israel], anti-phospho-
p42/44 MAPK [Thr202/Tyr 204] [1:1000; Cell Signaling, Danvers, MA],
anti-phospho-Akt [Ser473] [1:1000; Cell Signaling], anti-p53 [1:500;
Cell Signaling], anti-phospho-eIF4E [Ser209] [1:1000; Cell Signaling],
anti-phospho-MNK1 [Thr197/202] [1:1000; Cell Signaling] and anti-�-
actin [1:2000; Sigma]) overnight at 4�C. The antibodies were detected
using HRP-conjugated anti-rabbit and anti-mouse IgG secondary anti-
body (GE Healthcare, 1:1000) and visualized with the ECL system (GE
Healthcare). Equal amounts of protein loaded on each lane were veri-
fied by the band intensity of �-actin. �-Actin was used as the endoge-
nous control to normalize the Western blot data. Each band was quan-
tified using computing software.

Immunocytochemistry

Primary cultured microglia were fixed in 3.7% formaldehyde–PBS. After
washing and incubating with blocking buffer (3% normal goat
serum–0.3% Triton X-100–PBS) for 15 min. at room temperature, the cells
were incubated for 24 hrs at 4�C in primary antibodies (anti-phospho-
p42/44 MAPK [Thr202/Tyr 204] [1:200; Cell Signaling], anti-phospho-Akt
[Ser473] [1:200; Cell Signaling] and anti-OX-42 [1:1000; Chemicon,
Temecula, CA, USA]). Following incubation, microglial cells were washed
and incubated for 1 hr at room temperature in secondary antibody solution
(Alexa 488 goat anti-rabbit IgG antibody and Alexa 546 goat anti-mouse
IgG antibody, 1:1000, Molecular Probes, Eugene, OR) and analyzed using
a LSM510 Imaging System (Carl Zeiss, Oberkochen, Germany).
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Real-time quantitative RT-PCR

Microglial cells were plated on fibronectin-coated culture dishes for 1 or 6 hrs.
Total cellular RNA was extracted using TRIsure (Bioline, London, UK)
according to the manufacturer’s instruction and DNase treatment. Real-time
RT-PCR was performed using One Step PrimeScriptTM RT-PCR Kit (Takara,
Kyoto, Japan). RT-PCR amplification and real-time detection were performed
using an Applied Biosystems 7500 Real Time PCR System (Applied
Biosystems, Foster City, CA) for 10 min. at 42�C (reverse transcription), 10 sec
at 95�C, 40 cycles of denaturation (5 sec at 95�C) and annealing/extraction
(34 sec at 60�C). The forward and reverse primer pairs for P2X4R were 
5�-TGGCGGACTATGTGATTCCA-3� (forward) and 5�-GGTTCACGGTGACGAT-
ACTG-3� (reverse). All values were normalized with the 18S ribosomal RNA
expression and evaluated the values by comparing 6 hrs with 1 hr.

Semi-quantitative RT-PCR

Microglial cells were plated on fibronectin-coated culture dishes for 30 min.
and 1 hr. Total cellular RNA was extracted using TRIsure. For reverse tran-
scription, 100 ng of total RNA was transferred to the reaction with Prime
Script reverse transcriptase (Takara). The thermocycle profile for PCR
amplification was 10 sec at 98�C, 20 sec at 68�C and 20 sec at 72�C for 
25 cycles. The forward and reverse primer pairs for p53 were 5�-CATC-
GAGCTCCCTCTGAGTC-3� (forward) and 5�-CTTCGGGTAGCTGGAGTGAG-
3� (reverse). All values were normalized with the �-actin expression. The
forward and reverse primer pairs for �-actin were 5�-AGGGAAATCGT-
GCGTGACAT-3� (forward) and 5�-TCCTGCTTGCTGATCCACAT-3� (reverse).

Statistical analyses

Statistical analyses of the results were evaluated using the Tukey’s multiple
comparison test after one-way ANOVA.

Results

Distinct roles of PI3K–Akt and MEK–ERK
 signalling pathways in fibronectin-induced  
up-regulation of P2X4R expression

Our previous study has shown that fibronectin increases the
expression of P2X4R protein in microglia via Lyn kinase [31].
Signalling via Lyn and other SFKs plays a role in fibronectin-stim-
ulated PI3K and ERK activation [45–47]. Thus, we first tested an
involvement of these two kinases using LY294002, a PI3K
inhibitor, and U0126, an MEK inhibitor. When primary cultured
microglia were pre-treated with either LY294002 or U0126 before
stimulation with fibronectin, an increase in P2X4R protein levels
by fibronectin was markedly suppressed (LY294002, P � 0.05;
U0126, P � 0.05; Fig. 1A). Pre-treatment of microglia with Akt
inhibitor IV (1 �M), a specific inhibitor of Akt, also reduced P2X4R
protein expression (data not shown). Microglial cells exposed to
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Fig. 1 Microglial P2X4R up-regulation by fibronectin is mediated through two distinct signalling pathways. (A) Whole-cell lysate from primary cultured
microglial cells (isolated 9–10, 14–15 and 22–24 DIV), cultured for 24 hrs on non-coated and fibronectin (FN; 10 �g/ml)-coated dishes, was subjected
to Western blot analyses. The PI3K inhibitor LY294002 (LY; 2 �M) or the MEK inhibitor U0126 (U; 10 �M) was pre-incubated with microglia for 1 hr
before plating the cells on dishes. The average (mean � S.E.M. of six separate experiments) intensity ratio of the bands corresponding to P2X4R and
�-actin in each group are shown. (B) Western blot (upper) and immunocytochemical (lower) analyses of ERK and Akt phosphorylation (p-ERK and p-
Akt) after 30-min. fibronectin stimulation in primary cultured microglia (15 DIV). Green immunofluorescence: p-ERK or p-Akt; red immunofluorescence:
microglial marker OX-42. Scale bars, 20 �m. (C) Real-time quantitative RT-PCR analysis of P2X4R mRNA in total RNA extracts from primary cultured
microglia cells (isolated 9–10, 14–15 and 22–24 DIV) that had plated on non-coated (Ctl) or fibronectin (FN; 10 �g/ml)-coated dishes for 6 hrs.
LY294002 (LY; 2 �M) and U0126 (U; 10 �M) were pre-incubated with microglia before plating the cells on dishes. The levels of P2X4R mRNA were
normalized by the value of 18S mRNA (mean � S.E.M. of five separate experiments) (**P � 0.01, ***P � 0.001 compared with non-treated microglia,
#P � 0.05 compared with fibronectin-treated microglia, by one-way ANOVA).
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fibronectin consistently showed increased levels of phosphory-
lated Akt and ERK, effects that were inhibited by LY294002 and
U0126, respectively (Fig. 1B). However, LY294002 did not influ-
ence ERK phosphorylation, and nor did U0126 affect Akt phos-
phorylation. Similar results were obtained in immunocytochemical
analyses: an increased phosphorylated Akt immunofluorescence
in individual microglia, in response to fibronectin, was abolished
by LY294002 but not by U0126, whereas increased ERK phospho-
rylation was blocked by U0126 but not by LY294002 (Fig. 1B). On
the other hand, the increase in the levels of phosphorylated Akt
and ERK in microglia was prevented when cells were pre-treated
with the SFK inhibitor PP2 (data not shown). These results indi-
cate that up-regulation of P2X4R expression in fibronectin-stimu-
lated microglia requires PI3K–Akt and MEK–ERK signalling, which
occurs divergently downstream of SFKs.

We next determined the role of these two signalling pathways
in P2X4R gene expression induced by fibronectin using real-time
quantitative RT-PCR analyses. As shown in Fig. 1C, an increase in
the expression of P2X4R mRNA in fibronectin-stimulated microglia
was markedly suppressed by pre-treatment with LY294002 
(P � 0.05) but, interestingly, was not influenced by U0126. These
results provide evidence that PI3K–Akt signalling is necessary for
fibronectin-induced regulation of the P2X4R gene in microglia.

Role of p53 degradation via MDM2 in PI3K–Akt
signalling-dependent P2X4R expression

MG5, a microglial cell line that was established from p53-deficient
mice, is a useful tool for studying microglial function [44, 48]. We
used this cell line in our preliminary experiments and obtained
unexpected results: when MG5 cells were stimulated by
fibronectin, the levels of P2X4R protein were not increased (1.13 �
0.18-fold over control MG5 cells). This indicates that p53 could be
an important transcription factor for P2X4R up-regulation, and
therefore, we further investigated the role of p53 using primary
cultured microglial cells. As shown in Fig. 2A and B, we found that
primary cultured microglia pre-incubated with an inhibitor of p53,
pifithrin-�, showed increased expression of P2X4R at both mRNA
(P � 0.05) and protein levels (P � 0.05). In addition, when pri-
mary cultured microglial cells were treated with fibronectin and
pifithrin-�, further enhancement of the up-regulation of P2X4R
protein was not observed (Fig. 2C). These observations suggest
that p53 is a negative regulator of P2X4R expression in microglia.
Consistent with this notion, the level of p53 protein in primary
 cultured microglia exposed to fibronectin was markedly decreased
(P � 0.05, Fig. 3A) without affecting the level of p53 mRNA at 
30 min. and 1 hr after fibronectin treatment (30 min., 1.03 � 0.02-
fold over control; 1 hr, 1.02 � 0.07-fold over control). As p53 is
targeted for rapid degradation through the ubiquitin–proteasome
pathway [49], we tested the effect of MG-132, a proteasome
inhibitor. Pre-treatment of microglial cells with MG-132 resulted in
suppression of the down-regulation of p53 protein by fibronectin
(P � 0.01, Fig. 3A). The effect of fibronectin on p53 protein
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Fig. 2 p53 inhibition results in increased P2X4R expression in primary
cultured microglia. (A) Western blot analysis of P2X4R protein (24 hrs
after plating). (B) Real-time quantitative RT-PCR analysis of P2X4R
mRNA (6 hrs after plating). The p53 inhibitor pifithrin-� (10 �M) was
pre-incubated with microglia for 30 min. before plating the cells on
dishes. Data are mean � S.E.M. of six to seven separate experiments 
(*P � 0.05, **P � 0.01 compared with non-treated microglia, by one-
way ANOVA). (C) Western blot analysis of P2X4R protein in microglia
treated with fibronectin and pifithrin-� (24 hrs after plating). Pifithrin-�
(10 �M) was applied to microglia immediately before plating the cells on
dishes coated with fibronectin (FN; 10 �g/ml).

Fig. 3 Fibronectin induces p53 degradation through the ubiquitin-protea-
some system via the SFK–PI3K pathway. Western blot analysis of p53
protein in whole-cell lysate from primary cultured microglial cells cul-
tured for 1 hr on non-coated and fibronectin (FN; 10 �g/ml)-coated
dishes. MG-132 (5 �M; A), PP2 (10 �M; B), LY294002 (LY; 2 �M; B) and
U0126 (U; 10 �M; B) were pre-incubated with microglia for 1 hr before
plating the cells. The average (mean � S.E.M. of four to five separate
experiments) intensity ratio of the bands corresponding to p53 and 
�-actin in each group are shown (*P � 0.05 compared with non-treated
microglia, #P � 0.05, ##P � 0.01 compared with fibronectin-treated
microglia, by one-way ANOVA).
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expression was attenuated in the presence of either PP2 
(P � 0.01) or LY294002 (P � 0.01) but was not attenuated by
U0126 (Fig. 3B). Because p53 degradation via the proteasome
involves mouse double minute 2 (MDM2), an E3-ubiquitin ligase
that binds to p53 [50], we tested the effect of nutlin-3, a novel
small-molecule inhibitor of MDM2. As shown in Fig. 4A, we found
that nutlin-3 abolished both the fibronectin-induced decrease in
p53 protein and the subsequent increase in P2X4R expression
(Fig. 4B). Nutlin-3 did not change the basal levels of p53 and
P2X4R. Therefore, these results indicate that in microglia an
MDM2-dependent degradation of p53 by fibronectin, through the
PI3K–Akt pathway, contributes to the increase in P2X4R gene
expression.

Activation of a translational factor through the
MEK–ERK pathway regulates P2X4R expression

Based on our findings that inhibiting MEK–ERK signalling sup-
presses P2X4R protein levels without changing P2X4R mRNA
levels, we investigated the role of this signalling in post-tran-
scriptional regulation, focussing on the eukaryotic translation
initiation factor 4E (eIF4E), which is a key protein in the trans-
lation-initiation process and requires signalling through the
MEK–ERK pathway for its activation [51]. As shown in Fig. 5A,
microglial cells stimulated by fibronectin showed enhanced
 levels of eIF4E phosphorylation as early as 15 min. after
fibronectin stimulation, and that persisted for 3 hrs. The eIF4E
phosphorylation was reduced in microglia pre-treated with
either PP2 (P � 0.01) or U0126 (P � 0.01) but not with
LY294002 (Fig. 6B), implying an involvement of MEK–ERK

 signalling. Consistent with evidence that MAPK-interacting
 protein kinase-1 (MNK1) is a serine/threonine kinase that phos-
phorylates eIF4E [52], the fibronectin-induced phosphorylation
of eIF4E was inhibited by the specific inhibitor of MNK1,
CGP57380 (P � 0.05, Fig. 6A). The level of phosphorylated
MNK1 in response to fibronectin was abolished in microglia
pre-treated either with PP2 or U0126 but not with LY294002
(Fig. 6B). To explore the functional relevance of MNK1-eIF4E
signalling, we pre-treated microglia with CGP57380 and found
that the fibronectin-induced P2X4R up-regulation was signifi-
cantly attenuated by CGP57380 (P � 0.05, Fig. 6C). Therefore,
the MEK–ERK signalling pathway controls P2X4R expression
through activation of the translational factor eIF4E.

In addition, in the present study, we used primary cultured
microglial cells isolated at 9–10, 14–15 and 22–24 DIV as
described in the methods, but similar results were observed in
each of the experiments and no substantial differences were found
between microglia isolated at these DIV.
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Fig. 4 MDM2 is involved in p53 degradation by fibronectin. Western blot
analysis of p53 (A) and P2X4R protein (B) in whole-cell lysate from
 primary cultured microglial cells cultured for 1 hr (A) and 24 hrs (B) on
non-coated and fibronectin (FN; 10 �g/ml)-coated dishes. Nutlin-3 
(10 �M) was pre-incubated with microglia for 4 hrs before plating the
cells. The average (mean � S.E.M. of three separate experiments) inten-
sity ratio of the bands corresponding to p53 or P2X4R, and �-actin in
each group are shown.

Fig. 5 Fibronectin activates eIF4E via ERK. (A) Time course of eIF4E
phosphorylation (p-eIF4E) after fibronectin stimulation (FN; 10 �g/ml)
in primary cultured microglia. Equal amounts of protein loaded on each
lane were verified by the band intensity of �-actin. (B) Effects of kinase
inhibitors on fibronectin-induced phosphorylation of eIF4E. Whole-cell
lysate from primary cultured microglial cells cultured for 30 min. on
non-coated and fibronectin (FN; 10 �g/ml)-coated dishes were pre-
pared. PP2 (10 �M), LY294002 (LY; 2 �M) and U0126 (U; 10 �M) were
pre-incubated with microglia for 1 hr before plating the cells. The aver-
age (mean � S.E.M. of four separate experiments) intensity ratio of the
bands corresponding to p-eIF4E and �-actin in each group are shown
(***P � 0.001 compared with non-treated microglia, ##P � 0.01 com-
pared with fibronectin-treated microglia, by one-way ANOVA).
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Discussion

In the present work, we demonstrated, for the first time, that the
fibronectin-stimulated PI3K–Akt and MEK–ERK signalling cas-
cades are important for up-regulating P2X4R expression in
microglia. Our previous study identified the microglial SFK, Lyn, as
a crucial kinase for the fibronectin-induced P2X4R up-regulation
[31]. By showing that the SFK inhibitor PP2 interfered with Akt
and ERK activation by fibronectin, PI3K–Akt and MEK–ERK sig-
nalling might be mediated by SFKs, presumably Lyn. Of note,
these two cascades are likely to diverge at the level of SFKs and,
interestingly, play distinct roles in fibronectin-induced regulation

of P2X4R expression at the transcriptional level. Consistent with
the findings that PI3K–Akt and MEK–ERK signalling did not influ-
ence each other’s activities, we revealed that the fibronectin-
induced P2X4R gene expression requires PI3K–Akt signalling but
not MEK–ERK signalling. To our knowledge, this is the first evi-
dence for these two signalling pathways’ having distinct roles in
microglial cells. Furthermore, by using the microglia cell line MG5
that lacks the tumour suppressor protein p53, we provide unex-
pected evidence that p53 is involved in P2X4R up-regulation by
fibronectin. p53 is a transcription factor that induces or represses
the expression of a variety of target genes [53, 54]. We found that
the p53 inhibitor pifithrin-� caused increases in levels of P2X4R
transcripts and protein. Although pifithrin-� has been reported to
also show p53-independent effects (such as MAPK inhibition) [55,
56], the increase in P2X4R expression by pifithrin-� might result
from the inhibitory effect on p53 because P2X4R up-regulation in
fibronectin-treated microglia in which p53 protein had been
decreased was not affected by pifithrin-�. From these findings, it
is conceivable that p53 may behave as a negative regulator of
P2X4R expression in microglia. Our results, showing that
fibronectin-stimulated microglia showed decreased levels of p53,
also support the repressive role of p53. It is known that cellular
p53 levels are tightly controlled via E3 ubiquitin ligases, such as
the negative regulator MDM2, which sequesters p53 for proteaso-
mal degradation via ubiquitination [50]. The lack of ability of
fibronectin to decrease p53 levels in microglia pre-treated with
either the proteasome inhibitor MG-132 or the MDM2 antagonist
nutlin-3 indicates that fibronectin stimulates the MDM2-depend-
ent degradation system of p53 in microglia. However, because it
has been reported that MG-132 also has an inhibitory effect on
lysosomal cysteine protease [57], we cannot exclude a possible
involvement of lysosomal degradation.

How fibronectin signals to this system remains unclear, but
the data from this study indicate that the degradation of p53 by
fibronectin might occur as a downstream event of PI3K–Akt sig-
nalling. Indeed, inhibition of PI3K–Akt signalling attenuated the
degradation of p53 by fibronectin without affecting Akt activity in
fibronectin-stimulated microglia. Moreover, fibronectin-induced
p53 degradation via PI3K–Akt signalling has also been reported
in other cells [58, 59]. There is evidence that Akt-mediated phos-
phorylation of MDM2 promotes the nuclear localization of
MDM2 and inhibits interaction between MDM2 and p19ARF, one
of the first identified MDM2 interacting proteins, thereby
decreasing p53 stability [60]. Furthermore, Akt phosphorylation
of MDM2 inhibits MDM2 self-ubiquitination [61]. Taking our cur-
rent findings together with these observations, it seems likely
that PI3K–Akt signalling, stimulated by fibronectin, might
enhance the ability of MDM2 to reduce the inhibitory effect of
p53 in microglia, which in turn leads to the up-regulation of
P2X4R gene expression. However, whether P2X4R is a target
gene for p53 remains to be determined, and thus, we cannot
exclude the possibility that p53 may decrease stabilization of
P2X4R transcripts or repress P2X4R indirectly by modulating the
expression of an intermediate factor. Further study is needed to
clarify this point.
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Fig. 6 Inhibition of MNK1-eIF4E signalling reduces fibronectin-induced
P2X4R protein expression. Western blot analysis of eIF4E phosphoryla-
tion (A, B) and P2X4R protein (C) in whole-cell lysate from primary
 cultured microglial cells cultured for 1 hr (A, B) and 24 hrs (C) on  
non-coated and fibronectin (FN; 10 �g/ml)-coated dishes. CGP57380
(CGP; 30 �M, A, C), PP2 (10 �M; B), LY294002 (LY; 2 �M; B) and U0126
(U; 10 �M; B) were pre-incubated with microglia for 1 hr before plating
the cells. Data are mean � S.E.M. of four to five separate experiments
(**P � 0.01 compared with non-treated microglia, #P � 0.05 compared
with fibronectin-treated microglia, by one-way ANOVA).
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The results of this study provide another important mechanism
by which fibronectin promotes P2X4R expression in microglia: a
post-transcriptional regulation through MEK–ERK signalling.
There is evidence that ERK is crucial for post-transcriptional
events, such as transport of nucleocytoplasmic RNA [62] and RNA
translation [63]. In the present study, we demonstrated that
MEK–ERK signalling induced phosphorylation (at serine 209) of
the translational factor eIF4E. eIF4E is a phosphoprotein that binds
to the cap structure at the 5’-end of cytoplasmic mRNA and acts
to promote mRNA translation with an interaction with eIF4G, a
molecule that binds to other translation factors, including eIF4A
and eIF3 [51]. Phosphorylation of eIF4E increases its affinity for
the 5’-cap4 and facilitates its incorporation into eIF4F complexes,

suggesting an increase in translational efficiency [64]. It has been
shown that ERK can increase phosphorylation of eIF4E via MNK1
[51, 65]. We used the MNK1-specific inhibitor CGP57380 and
demonstrated that MNK1 contributes to fibronectin-induced eIF4E
phosphorylation and to P2X4R up-regulation. The fibronectin-
induced eIF4E and MNK1 phosphorylation were dependent on
MEK–ERK signalling but not on PI3K–Akt signalling. This sug-
gests that activation of MEK–ERK signalling, in response to
fibronectin, may lead to stimulation of the signal transduction
pathway regulating protein synthesis of P2X4R through MNK1 and
eIF4E. However, we cannot exclude the possibility that PI3K–Akt
signalling is not involved in an MNK1–eIF4E-independent transla-
tional process of P2X4R expression. Indeed, it has been shown in
other cells that PI3K–Akt signalling increases protein synthesis
through phosphorylation of 4E-BP via mTOR [51, 66, 67].

In summary, we propose the following molecular machinery for
the up-regulation of P2X4R expression in microglia in response to
fibronectin (Fig. 7). Extracellular fibronectin, by binding to �5�1
integrins on microglial cells, activates the PI3K–Akt and MEK–ERK
signalling cascades through SFKs, presumably Lyn tyrosine kinase.
The signalling through the PI3K–Akt pathway induces degradation
of p53 via MDM2 in a proteasome-dependent manner. The conse-
quence of an attenuated repressive effect of p53 may be associated
with enhanced P2X4R gene expression. On the other hand, acti-
vated MEK–ERK signalling in microglia exposed to fibronectin
enhances eIF4E phosphorylation status via activated MNK1, which
may play a role in regulating P2X4R expression at translational lev-
els. The physiological and pathological relevance of these pathways
regulating P2X4R expression in microglia in vivo remains to be elu-
cidated, but the role of several proteins in these pathways in CNS
diseases has been reported. In neuropathic pain, to which P2X4R
critically contributes [10, 13, 20–22], mice lacking Lyn tyrosine
kinase exhibit impaired pain behaviour and attenuated P2X4R up-
regulation in microglia after nerve injury [31]. Inhibitors of
PI3K–Akt signalling and of the proteasome have been reported to
attenuate neuropathic pain [68, 69]. Furthermore, ERK activation
occurs in microglia after nerve injury, and inhibiting the activation
suppresses nerve injury–induced pain [70]. Interestingly, ERK
activation in microglia is observed from 2 to 10 days after nerve
injury [70], which is similar to the time course of fibronectin up-
regulation in the spinal cord, which contributes to initiation of
P2X4R expression in microglia [29, 30]. Therefore, the signalling
pathways underlying fibronectin-induced up-regulation of P2X4R
expression in microglia that we have demonstrated here may
 provide clues for understanding the molecular machinery for the
up-regulation of P2X4R expression in microglia in vivo and for
understanding pathological CNS disorders that are associated
with microglial P2X4R.
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Fig. 7 Schematic representation of the hypothetical mechanisms involved
in fibronectin-induced P2X4R up-regulation in microglia. Extracellular
fibronectin binds to �5�1 integrins on microglial cells, which leads to acti-
vation of the PI3K–Akt and MEK–ERK signalling cascades through SFKs,
presumably Lyn tyrosine kinase. Signalling through the PI3K–Akt pathway
induces degradation of p53 via MDM2 in a proteasome-dependent man-
ner. The reduction of the repressive effect of p53 may enhance P2X4R
gene expression. Activated MEK–ERK signalling in microglia exposed to
fibronectin enhances eIF4E phosphorylation status via activated MNK1,
which may play a role in regulating P2X4R expression at translational lev-
els. SFK, Src-family kinase; PI3K, phosphatidylinositol 3-kinase; MDM2,
mouse double minute 2; MEK, mitogen-activated protein kinase kinase;
ERK, extracellular signal-regulated kinase; MNK1, MAPK-interacting pro-
tein kinase-1; eIF4E, eukaryotic translation initiation factor 4E.
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