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1 Interleukin-1 (IL-1) has been implicated in neurodegeneration and in central nervous system
(CNS)-mediated host defence responses to in¯ammation. All actions of IL-1 identi®ed to date
appear to be mediated through its only known functional type I receptor (IL-1RI). However, our
recent evidence suggests that some actions of IL-1 in the brain may be IL-1RI independent,
suggesting the involvement of a new, hitherto unknown functional receptor for IL-1.

2 The objective of the present study was to determine if primary mixed glial cells express additional
functional IL-1 receptors by studying the signalling mechanisms responsible for the pro-
in¯ammatory actions of IL-1b in cultures derived from IL-1RI7/7 and wildtype mice, and to
characterize the functional importance of IL-1 signalling pathways in glia.

3 IL-1b induced marked release of IL-6 and prostaglandin-E2 (PGE2) in the culture medium, and
activated nuclear factor-kappa B (NFkB) and the mitogen-activated protein kinases (MAPK) p38, c-
Jun N-terminal kinase (JNK) and the extracellular signal-regulated protein kinase (ERK1/2) in cells
from wildtype mice. These responses were dependent on IL-1RI, since cells isolated from IL-1R17/
7 mice did not demonstrate any of these responses.

4 In wildtype mice, inhibition of p38 or ERK1/2 MAPKs signi®cantly reduced IL-1b induced IL-6
release, whilst the NFkB inhibitor ca�eic acid phenethyl ester (CAPE) modulated IL-1 induced IL-6
release by action on NFkB and MAPKs pathways.

5 These data demonstrate that IL-1RI is essential for IL-1b signalling in cultured mixed glial cells.
Thus IL-1 actions observed in IL-1RI7/7 mice in vivo may occur via an alternative pathway and/or
via di�erent CNS cells.
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Introduction

Interleukin-1 (IL-1) is a pro-in¯ammatory cytokine which
plays an important role in neuroin¯ammation and host
defence responses to peripheral disease and injury (Rothwell
& Luheshi, 2000), and also acts as a mediator of

neurodegeneration (Allan & Rothwell, 2001; Rothwell,
1998; Rothwell & Luheshi, 2000). The IL-1 family includes
the two agonists, IL-1a and IL-1b, which are believed to

share identical biological functions although IL-1b is the
main form released from cells. A third member of the IL-1
family is the naturally occurring IL-1 receptor antagonist (IL-

1ra), which acts by inhibiting the actions of IL-1a and b on
its receptor (Dinarello, 1996). In peripheral cells, IL-1a and b
exert their actions by binding to an 80 kDa cell surface

receptor (IL-1RI), which requires association with an
accessory protein (IL-1RAcP) for signal transduction
(Wesche et al., 1997). A second, 68 kDa receptor (IL-1RII)
for IL-1 has a short intracellular domain and does not initiate

signal transduction (Sims et al., 1993), acting instead as a
soluble protein. IL-1 triggers distinct cellular signalling
pathways, the most well characterized of which leads to

activation of the transcription factor NFkB. IL-1 also
activates the mitogen-activated protein kinase (MAPK)
cascades involving p38 MAPK, c-Jun N-terminal kinase
(JNK) and the classical MAPK extracellular-signal regulated

kinase (ERK1/2), also known as p42/44 MAPK (reviewed in
O'Neill & Greene, 1998).

Glial cells are major contributors to the brain's in¯amma-

tory response (McGeer & McGeer, 1995; Perry et al., 1995).
In particular astrocytes respond to IL-1b by triggering the
NFkB and MAPK signalling pathways (Molina-Holgado et

al., 2000; Moynagh et al., 1993; Zhang et al., 1996), resulting
in the release of other in¯ammatory mediators such as
interleukin-6 (IL-6) and prostaglandin-E2 (PGE2).

Although these mechanisms of IL-1 actions are well
established in brain cells, some signi®cant questions have
recently been raised about the presence of additional
functional IL-1 receptor(s) in the CNS. Previous studies

showed that intracerebroventricular (i.c.v.) injection of IL-1
dramatically exacerbates ischaemic brain damage whilst
i.c.v. injection of IL-1ra signi®cantly reduces ischaemic

injury (Loddick & Rothwell, 1998; Relton & Rothwell,
1992). Deletion of IL-1a and b in mice reduces ischaemic
brain damage by about 80% (Boutin et al., 2001). In
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contrast mice lacking IL-1RI exhibit similar brain damage
to their wildtype counterparts and i.c.v. injection of IL-1
exacerbates ischaemic brain damage to the same extent in

wildtype and IL-1RI7/7 mice (Touzani et al., 2002),
suggesting that IL-1 can modify ischaemic brain damage
independently of IL-1RI. This is an intriguing result since
all previous work using IL-1RI7/7 mice have shown that

these animals fail to exhibit a normal in¯ammatory and
host defence response to IL-1 (Glaccum et al., 1997; Labow
et al., 1997). The recent discovery of new members of the

IL-1 receptor family points to the existence of alternative
IL-1 pathways. These receptors include T1/ST2, IL-1Rrp2,
TIGIRR-1, and the IL-1 receptor accessory protein-like

(IL1RAPL) molecule (reviewed in Bowie & O'Neill, 2000).
However none of these receptors have been shown to bind
IL-1.

The objectives of the present study were to characterize
the signalling mechanisms responsible for the pro-in¯am-
matory actions of IL-1b during brain ischaemia in IL-
1RI7/7 mice and to determine if any of the primary

immune target cells in the brain, glial cells, can respond to
IL-1b by initiating signal transduction cascades or the
release of in¯ammatory mediators in the absence of IL-1RI.

To do this we compared the release of IL-6 and PGE2 and
the activation of NFkB and the MAPKs (p38, JNK and
ERK1/2) in response to IL-1b, in wildtype and IL-1RI7/7
primary mixed glial cells. We subsequently characterized the
role of the di�erent signalling cascades in the release of IL-
6 from wildtype cells using speci®c MAPKs and NFkB
inhibitors.

Methods

Materials

Drugs used were: ca�eic acid phenethyl ester (CAPE; Sigma
U.K.), SB202190 (Calbiochem, U.K.), UO126 (Promega,
U.K.).

Mixed glial culture preparation

Primary mixed glial cultures were prepared (Weibel et al.,

1984) from the brains of 0 ± 2-day-old IL-1RI de®cient (IL-
1R17/7) mice (Immunex, Seattle, U.S.A.) and their wild-
type counterparts (C57BL6 X 129sv, Charles River, Kent,

U.K.). Brie¯y, cells from whole brains were dissociated in
Dulbecco's modi®ed Eagle medium (DMEM; GibcoBRL,
U.K.), supplemented with 10% heat-inactivated foetal bovine

serum (GibcoBRL, U.K.), 100 IU ml71 penicillin and
100 mg ml71 streptomycin (GibcoBRL, U.K.). Cells were
seeded at 56105 cells ml71 onto poly-D-lysine (Sigma, U.K.)

coated 12-well plates. The medium was changed after 5 days
in vitro (DIV) and then every 3 days until con¯uency (12 ± 13
DIV).
To con®rm gene deletion, PCR was performed on tail

genomic DNA from wildtype and IL-1RI knockout mice
using the following three primers: IL-1RI speci®c 5'GAGT-
TACCCGAGGTCCAG and 5'GAAGAAGCTCACGTT-

GTC and Neo speci®c 5'GCGAATGGGCTGACCGCT.
The wildtype IL-1RI product is 1150 bp and the mutant
IL-1RI product 860 bp (data not shown).

Mixed glial cell treatment

To investigate IL-6 and PGE2 release, cells from wildtype and

IL-1R17/7 mice were stimulated for 24 h with vehicle
(saline/0.1% BSA), IL-1b (0.05, 0.1, 1, 10 or 100 ng ml71),
IL-1ra (1 mg ml71), LPS (0.1, 1, 10 mg ml71) or co-treatment
with IL-1b (10 ng ml71) and IL-1ra (1 mg ml71). IL-1b
(10 ng ml71) was also denatured by heat treatment (958C
for 30 min) to con®rm the response was not due to
contaminants. To investigate activation of NFkB and the

MAPKs, cells were stimulated for 5, 15, 30 or 60 min with
vehicle, IL-1b (10 ng ml71), IL-1ra (1 mg ml71), LPS
(1 mg ml71) or co-treatment with IL-1b (10 ng ml71) and

IL-1ra (1 mg ml71). Inhibitors were used to determine the role
of MAPKs in IL-1b induced IL-6 release. Cells were pre-
treated with the ERK1/2 inhibitor UO126 (10 mM), the p38

inhibitor SB202190 (10 mM) or vehicle for 40 min at 378C and
then stimulated with vehicle or IL-1b (10 ng ml71) for 24 h.
To determine the role of NFkB in IL-6 release, cells were pre-
treated for 2 h with CAPE (5 mg ml71 in 50% ethanol;

Sigma, U.K.), diluted from a range of 2±100 mg ml71 in
culture medium) or vehicle at 378C, then stimulated with
vehicle or IL-1b (10 ng ml71) for 30 min or 24 h.

IL-6 detection by ELISA

Release of IL-6 into the culture medium was assayed as
described previously (Rees et al., 1999), using a mouse
speci®c sandwich ELISA, generously provided by Dr Steve

Poole of the National Institute for Biological Standards and
Control (NIBSC, U.K.). IL-6 standards were assayed in
triplicate and samples (100 ml) in duplicate. The assay was
speci®c for IL-6 with no cross-reactivity with other cytokines.

The sensitivity of this assay was 9 pg ml71 and internal
quality controls were included in each assay.

PGE2 detection by RIA

Release of PGE2 into the culture medium was measured by a

mouse speci®c radioimmunoassay (RIA) (Haworth & Carey,
1986). Brie¯y, PGE2 standards were assayed in triplicate and
samples in duplicate (100 ml) with a 1 : 10,000 dilution of anti-
PGE2 antibody (Sigma, U.K.). Dextran-coated charcoal was

used to separate bound radiolabelled PGE2 (0.005 mCi per
tube [3H]-PGE2, speci®c activity 200 Ci mmol71, Pharmacia
Amersham Biotech, U.K.) to the supernatant. The RIA was

sensitive to 50 pg ml71.

Electrophoretic mobility-shift assay (EMSA)

To prepare the nuclear extract, 26106 cells were resuspended
in bu�er (mM): DTT 0.5, HEPES (pH 7.9) 10, KCl 10,

MgCl2 1.5, PMSF 0.5 and centrifuged at 60,0006g for
10 min. The cell pellets were resuspended in the same bu�er
containing 0.1% Nonidet P40 (NP40) and incubated on ice
for 10 min. The homogenate was centrifuged (60,0006g for

10 min) and the nuclear pellet resuspended in nuclear
extraction bu�er (mM): EDTA 0.2, NaCl 420, HEPES
(pH 7.9) 20, MgCl2 1.5, glycerol 25%, PMSF 0.5. After

centrifugation, nuclear extracts were resuspended in (mM):
EDTA 0.2, DTT 0.5, HEPES (pH 7.9) 20, KCl 50, glycerol
20%, PMSF 0.5 and stored at 7708C. The protein content
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was measured by BioRad protein assay (BioRad Labora-
tories, U.K.).
EMSAs were performed by incubating 4 mg of nuclear

extract with 35 fmol of 32P-end-labelled 21-mer double-
stranded NFkB oligonucleotide (5'-AGTTGAGGGGAC-
TTTCCCAGG-3') (Promega, U.S.A.) in binding bu�er
(mM): EDTA 0.2, DTT 0.5, NaCl 30, HEPES (pH 7.9) 10,

KCl 70, MgCl2 5, Tris (pH 7.9) 3, glycerol 10% containing
1 mg poly(dI´dC) (Roche, U.K.) and 75 mg BSA (Promega,
U.S.A.) for 30 min at room temperature. The complex

formed was separated from the excess of labelled probe on
a 4% native polyacrylamide gel. The gel was then dried and
exposed to Hyper®lm (Amersham Pharmacia Biotech, U.K.)

overnight at 7708C.

MAPK detection by Western blot analysis

Whole cells were washed twice with isotonic solution then
lysed in bu�er (50 mM Tris pH 7.5, 0.1% NP40, 50 mM NaF,
1 mM PMSF, 50 mM b-glycerophosphate, 5 mM sodium-

orthovanadate) for 15 min at 48C. The protein concentration
in the cell lysates was determined by the Bradford method
(BioRad Laboratories, U.K.) and equal amounts of protein

(15 mg) resolved by 10% SDS-polyacrylamide gel electro-
phoresis and then transferred onto nitrocellulose membranes
(Amersham, U.K.). Non-speci®c binding was blocked by

incubating the membranes for 1 h at room temperature in
blocking bu�er (5% fat-free dry milk in PBS/0.1% Tween-
20). The membranes were incubated overnight at 48C in

blocking bu�er with antibodies which recognise all forms or
the activated forms of the MAPKs: anti-phospho-ERK1/2
(1 : 5000; New England BioLabs, U.S.A.), anti-phospho-JNK
(1 : 5000; Promega, U.K.), anti-phospho-p38 (1 : 1000; Pro-

mega, U.K.), anti-total ERK1/2 (1 : 60,000; Santa Cruz,
U.S.A.), anti-total JNK (1 : 30,000; Santa Cruz, U.S.A.) and
anti-total p38 (1 : 1000; New England BioLabs, U.S.A.). The

antibody-antigen complexes were detected using a horse-
radish peroxidase-coupled anti-rabbit secondary antibody
(1 : 2000; Santa Cruz, U.S.A.) diluted in blocking bu�er and

incubated for 1 h at room temperature. The secondary
antibody was subsequently detected by enhanced chemillu-
minescense (Amersham Pharmacia Biotech, U.K.). Films
were analysed densitometrically using Molecular Analyst2

(version 1.5) (BioRad Laboratories, U.K.).

Statistical analysis

The data are presented as mean+s.e.mean of at least three
independent experiments on separate cultures, which were

analysed using a one-way analysis of variance (ANOVA)
with a Tukey-Kramer post-hoc test. A value of P50.05 was
considered signi®cant.

Results

Immunocytochemical characterization of the mixed glial
cultures, using speci®c markers for di�erent cell types
(GFAP, GSA, A2B5), revealed a similar percentage of

astrocytes (78%), microglia (10%) and oligodendrocyte
progenitor cells (12%) in cultures from wildtype and IL-
1RI7/7 mice (data not shown). Thus, any di�erences

between wildtype and IL-1RI7/7 cells were not due to
di�erences in cellular composition of the cultures.

IL-1b induced release of the inflammatory mediators IL-6
and PGE2 in primary mixed glial cultures is IL-1RI
mediated

IL-6 was undetectable in the media of vehicle treated cells,
but increased in response to exposure to IL-1b (0.05 ±
100 ng ml71) when compared to vehicle (Figure 1A). PGE2

was detectable in vehicle treated cultures, and was increased
(2.5 fold) by exposure to 10 ng ml71 (P50.01) or
100 ng ml71 (P50.05) IL-1b (Figure 1B). The IL-1b
(10 ng ml71) induced release of IL-6 and PGE2 was
completely abolished by co-incubation with IL-1ra
(1 mg ml71) or heat-treating (denaturing) the IL-1b, con®rm-

ing the speci®city of the response (Figure 1A,B). No IL-6 or
PGE2 release was detected in cultures of glia from IL-1RI7/
7 mice in response to vehicle or IL-1b (Figure 1A,B),
although LPS dose-dependently increased both in¯ammatory

mediators (Table 1).

IL-1b induced activation of signal transduction pathways
in primary mixed glial cultures are dependent on IL-1RI

The concentration of IL-1b (10 ng ml71) that stimulated IL-6

and PGE2 release from wildtype cultures was used to
investigate IL-1b signal transduction pathways. IL-1b induced
NFkB activity was detectable in nuclear extracts by 30 min

(Figure 2). The DNA-protein interaction was inhibited by
addition of excess unlabelled probe (containing the NFkB
binding site) to nuclear extracts before incubation with the
labelled probe. NFkB activation by IL-1b was also prevented

by co-incubation of cells with IL-1ra (1 mg ml71), while IL-
1ra alone had no e�ect. IL-1b failed to activate NFkB in
nuclear extracts obtained from IL-1RI7/7 cells, con®rming

that IL-1RI is required for IL-1b induced NFkB activation.
MAPK phosphorylation was assessed by Western blot

analysis. A time-course study showed increased activation of

p38, JNK and ERK1/2 in wildtype cells treated with IL-1b
from 5 to 30 min in a time-dependent manner, whilst at
60 min activation of the MAPKs decreased (Figure 3).
Therefore 30 min is the point where maximal activation of

the three MAPKs was obtained. IL-1b induced maximal (5
fold) p38 activation in wildtype cells, which was inhibited
(94%) by co-incubation with IL-1ra, whilst IL-1ra alone had

no e�ect (Figure 4A). In IL-1RI7/7 cells, IL-1b had no
e�ect on p38 activity although p38 phosphorylation was
observed in response to LPS (1 mg ml71) (Figure 4A). The

Table 1 LPS induced release of IL-6 and PGE2
a

IL-6 (pg ml71) PGE2 (pg ml71)
Dose (mg ml71) Wildtype IL-1RI7/7 Wildtype IL-1RI7/7

0.1 3168 3699 25451 30718
1 3573 5117 44591 58751
10 5142 8791 56344 51611

aCell supernatants were removed from mixed glial cultures
from wildtype or IL-1RI7/7 mice, 24 h after treatment
with LPS (at the doses shown) and assayed for IL-6 using
ELISA or PGE2 using RIA. Data are from a single
representative experiment.
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predominant phosphorylated isoform of JNK expressed in
mixed glial cultures is p46. In wildtype cells, maximal (3 fold)

p46 JNK activity induced by IL-1b was inhibited (96%) by
co-incubation with IL-1ra, while IL-1ra alone had no e�ect
(Figure 4B). The phosphorylated p54 isoform of JNK was

not detected in vehicle-treated wildtype cells, but strong
activation was detected in response to IL-1b, which was
completely inhibited by co-incubation with IL-1ra. IL-1b had
no e�ect on p46/p54 JNK activity in IL-1RI7/7 cells,

although activation was again observed in response to
treatment with LPS (Figure 4B). In wildtype cells, IL-1b
elicited a 2 fold increase in ERK1/2 activity, which was

inhibited (85%) by co-incubation with IL-1ra; IL-1ra alone
had no e�ect (Figure 4C). In IL-1RI7/7 cells, IL-1b had no
e�ect on ERK1/2, although activation was observed in

response to treatment with LPS (Figure 4C). These results
con®rmed that in response to IL-1b the activation of NFkB
and the three MAPKs, p38, JNK and ERK1/2, was
dependent on IL-1RI.

Inhibition of the MAPK signalling pathway reduces,
whilst the NFkB inhibitor CAPE dose-dependently
modulates IL-6 release from wildtype mixed glial cultures
by action on both NFkB and MAPK pathways

Pre-treatment of glia with the p38 inhibitor SB202190
signi®cantly reduced (91%; P50.001) IL-1b induced IL-6

release from wildtype primary mixed glial cells, while
SB202190 alone had no e�ect (Figure 5). Pre-treatment with
the ERK1/2 inhibitor UO126 also signi®cantly reduced (61%;

Figure 1 IL-1b induced IL-6 and PGE2 release from primary mixed glial cells from wildtype or IL-1RI7/7 mice. Cell
supernatants were removed 24 h after treatment with IL-1b (0.05 ± 100 ng ml71) and/or IL-1ra (1 mg ml71) and assayed for (A) IL-6
release using ELISA or (B) PGE2 release using RIA. Data are expressed as pg ml71 and are the mean+s.e.mean of three
independent experiments carried out in duplicate. ND indicates that the concentration was below the detection limit (dotted line) of
the assay. Statistical analysis could therefore not be carried out for IL-6, as there was no detectable release after treatment with
vehicle. *P50.05 and **P50.01 vs vehicle for PGE2 release.
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P50.05) IL-1b induced IL-6 release from wildtype primary

mixed glia, but had no e�ect in the absence of IL-1b (Figure
5).
Co-incubation of IL-1b with the NFkB inhibitor CAPE,

used at 2 and 10 mg ml71, signi®cantly enhanced (2.2 and 2
fold respectively; P50.05) the release of IL-6 from wildtype
mixed glial cells (Figure 6A), whilst higher concentrations (50

and 100 mg ml71) signi®cantly reduced (76 and 66% respec-
tively; P50.05) IL-1b induced IL-6 release. CAPE alone did
not induce signi®cant release of IL-6 at any of the doses
tested. CAPE inhibited NFkB activity when used at a dose of

50 mg ml71 (Figure 6B). The e�ect of CAPE on IL-1b-
induced MAPK phosphorylation was assessed by Western
blot analysis (Figure 6C). CAPE alone (10 and 50 mg ml71)

activated ERK1/2 (1.8 and 1.4 fold respectively) and JNK
(1.7 and 1.4 fold respectively). CAPE induced weak
activation of p38 at 10 mg ml71 but strong activation at

50 mg ml71. Co-incubation of cells with IL-1b and CAPE
(10 mg ml71) signi®cantly enhanced IL-1b induced ERK1/2
(1.4 fold), p38 (1.9 fold) and JNK (1.5 fold) activation

(Figure 6C). However 50 mg ml71 CAPE signi®cantly reduced
IL-1b induced activation of ERK1/2 (73%; P50.05) and
JNK (75%; P50.05) but enhanced IL-1b induced p38
activation (2.2 fold).

Discussion

Mixed glial cultures were chosen for this study in order to
examine IL-1RI-independent responses to IL-1 of all glial cell

types present in the brain and therefore to determine if any of
these cells express additional functional IL-1 receptors. Mixed
glial cultures also mimic the situation in vivo more closely

than cultures of individual glia, since responses to cytokines
such as IL-1 may depend on interactions between microglia
and astrocytes. Furthermore, their preparation requires less
manipulation than individual glial cultures, reducing inad-

vertent priming of the cells or activation of stress responses
that involve many of the same pathways as IL-1b, and may
therefore in¯uence the results.

The synthesis and release of IL-6 and PGE2 by glial cells
are important in the CNS in¯ammatory response to infection
and injury. In the present study, IL-1b dose-dependently

induced the release of IL-6 and PGE2 from wildtype mouse
glial cells, but failed to induce release in glial cells from mice
lacking IL-1RI. These cells did however release IL-6 and

PGE2 in response to LPS. The transcription factor NFkB is a
pivotal regulator of the in¯ammatory response in the brain
(O'Neill & Kaltschmidt, 1997), while the MAPKs are a
family of serine/threonine kinases which also activate the

transcription of in¯ammatory genes (for reviews see Herlaar
& Brown, 1999; Tibbles & Woodgett, 1999). The results show
that in wildtype mixed glial cultures, NFkB and the MAPKs,

p38, JNK and ERK1/2, are activated within 30 min of IL-1b
treatment. IL-1R1 is essential for the activation of these
signalling pathways in primary glial cells, since IL-1b failed

to activate NFkB and MAPKs in IL-1RI7/7 cells, although
LPS was capable of activating these pathways.

Figure 2 IL-1b induced NFkB activation in primary mixed glial
cells from wildtype or IL-1RI7/7 mice. Primary mixed glial cell
cultures from wildtype or IL-1RI7/7 mice were incubated with
vehicle (saline/BSA), and in the presence (+) or absence (7) of IL-
1b (10 ng ml71) and/or IL-1ra (1 mg ml71) for 30 min. Nuclear
extracts were prepared and analysed for NFkB activity. Excess free
unlabelled probe (Comp) containing the NFkB binding site inhibited
the DNA complexes. Results are representative of three independent
experiments on separate cultures.

Figure 3 Time course activation of MAPK in primary mixed glial
cells from wildtype mice. Mixed glial cultures from wildtype mice
were incubated in the presence (+) or absence (7) of IL-1b
(10 ng ml71) for 5, 15, 30 or 60 min. Whole cell lysates were analysed
by immunoblot using antibodies speci®c for the total and
phosphorylated forms of p38, JNK or ERK1/2. The Western blots
shown are representative of three independent experiments on
separate cultures.
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Similar activation of MAPKs and NFkB and subsequent
release of IL-6 and PGE2 in response to IL-1b has been

described previously in astrocytes (Aloisi et al., 1992; Molina-
Holgado et al., 2000; Moynagh et al., 1993; Van Wagoner et
al., 1999, Zhang et al., 1996), but not microglial cells (Bauer

et al., 1997; Lee et al., 1993; Minghetti & Levi, 1995). In
addition the contribution of oligo dendro cytes progenitor
cells in responses triggered by IL-1b in mixed glia is unclear.
This suggests that the responses to IL-1b observed in

wildtype mixed glial cultures were mainly via activation of
astrocytes, but does not rule out the possibility that the
responses were in¯uenced indirectly by microglia.

IL-1b failed to induce release of IL-6 and PGE2 or activate
MAPKs and NFkB in glial cells from mice lacking IL-1RI,
although these cells did release IL-6 and PGE2 and activate

MAPKs and NFkB in response to LPS. This con®rmed that
loss of IL-1RI was responsible for resistance to IL-1b, rather
than a defect in the pathways themselves, since LPS activates

an identical intracellular signalling cascade to IL-1RI, via
Toll-like receptor-4 (TLR-4; Bowie & O'Neill, 2000). These
results suggest that activation of MAPKs and NFkB and the

release of IL-6 and PGE2 in glial cells are not involved in IL-
1 actions that occur in the ischaemic brain of IL-1RI7/7
mice (Touzani et al., 2002). However IL-1 may induce other

signalling pathways in the brains of these mice via binding of
a new receptor, expressed either on glial cells or other brain
cells types including neurones or endothelial cells. Alterna-

tively IL-1 actions in IL-1RI7/7 mice could occur via
induction of expression of a new receptor induced by brain
damage.
To characterize the speci®c contribution of these signal

transduction mechanisms in IL-1b induced IL-6 release, the
e�ects of speci®c inhibitors of p38 MAPK, ERK1/2 MAPK
and NFkB activity were studied in glia from wildtype mice.

The speci®c p38 inhibitor SB202190 signi®cantly reduced
(91%) IL-1b induced IL-6 release. The ERK1/2 inhibitor
UO126, which acts by inhibiting the upstream kinase MKK1

Figure 4 MAPK activation in primary mixed glial cells from
wildtype or IL-1RI7/7 mice. Mixed glial cultures from wildtype
and IL-1RI7/7 mice were incubated in the presence (+) or absence
(7) of IL-1b (10 ng ml71) and/or IL-1ra (1 mg ml71) for 30 min.
LPS (1 mg ml71) was used as a positive control. Whole cell lysates
were analysed by immunoblot using antibodies speci®c for the total
and phosphorylated forms of p38 (A), JNK (B) or ERK1/2 (C).
Quanti®cation of three independent experiments is presented as mean
activation+s.e.mean as compared to the control. *P50.05 vs vehicle;
#P50.05 vs IL-1b.

Figure 5 E�ect of the p38 inhibitor SB202190 and the ERK1/2
inhibitor UO126 on IL-1b induced IL-6 release. Cell supernatants
from wildtype mixed glial cultures were removed 24 h after treatment
with vehicle (saline/BSA), IL-1b (10 ng ml71), SB202190 (10 mM),
UO126 (10 mM), IL-1b (10 ng ml71) and SB202190 (10 mM), IL-1b
(10 ng/ml) and UO126 (10 mM), and assayed for IL-6 by ELISA.
Data are the mean+s.e.mean of three independent experiments on
separate cultures carried out in duplicate. ***P50.05 vs naõÈ ve or
vehicle; ###P50.05 vs IL-1b.
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(Favata et al., 1998), also signi®cantly reduced (61%) IL-1b
induced IL-6 release. This suggests that activation of p38
and ERK1/2 MAPKs is required for IL-1b induced IL-6
release.

NFkB activation was investigated using the inhibitor
CAPE, which prevents the translocation of the p65 subunit
of NFkB to the nucleus (Natarajan et al., 1996). Previous

work has shown that IL-1b induces IL-6 gene expression in
astrocytes via activation of NFkB (Benveniste et al., 1990;
Sparacio et al., 1992; Van Wagoner et al., 1999). In the
present study, CAPE inhibited IL-1b induced IL-6 release

from primary mixed glial cells at a dose that prevented the
translocation of NFkB to the nucleus and the formation of
DNA-protein complexes. However, at lower doses, CAPE

signi®cantly enhanced IL-1b induced IL-6 release suggesting
that CAPE may act on other elements of the signalling
pathway involved in the release of IL-6. In an attempt to

clarify this hypothesis, the e�ect of CAPE on activation of

p38, JNK and ERK1/2 was analysed. CAPE alone induced
activation of these MAPKs with no activation of NFkB,
and hence no release of IL-6 from the cells. However, co-

incubation of CAPE with IL-1b signi®cantly enhanced
activation of the three MAPKs at a dose (10 mg ml71)
where NFkB was not inhibited. These results suggest that

low doses of CAPE enhance IL-1b induced activation of
MAPKs and hence increase the IL-1b induced IL-6 release
pathway without blocking NFkB pathway. In contrast
CAPE reduced IL-1b induced IL-6 release at higher doses,

which prevented activation of NFkB. At these higher doses,
CAPE signi®cantly reduced IL-1b induced ERK1/2 and
JNK, but not p38 activation. We therefore conclude that

CAPE reduced IL-1b induced IL-6 release by inhibition of
ERK1/2 and JNK MAPKs, and NFkB pathways, rather
than solely via NFkB as reported previously (Natarajan et

Figure 6 E�ect of the NFkB inhibitor CAPE on IL-1b induced IL-6 release, NFkB and MAPK activation. Wildtype mixed glial
cells were either untreated, or incubated with vehicle (saline/BSA), IL-1b (10 ng ml71), ethanol, CAPE (2 ± 100 mg ml71), or IL-1b
(10 ng ml71) and CAPE (2 ± 100 mg ml71). For (A) cell supernatants were removed after 24 h and assayed for IL-6 by ELISA. Data
are the mean+s.e.mean of four independent experiments carried out in duplicate. ***P50.05 vs naõÈ ve or vehicle; ###P50.05 vs
IL-1b. ND indicates that the concentration was below the detection limit (dotted line) of the assay. For (B) nuclear extracts were
prepared and NFkB activity analysed. Results are representative of three independent experiments on separate cultures. For (C)
whole cell lysates were analysed by immunoblot using antibodies speci®c for the total and phosphorylated forms of p38, JNK or
ERK1/2. Quanti®cation of three independent experiments is presented as mean activation mean+s.e.mean as compared to the
control. *P50.05 vs vehicle; #P50.05 vs IL-1b.
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al., 1996). The e�ect of CAPE on MAPKs activities has
not been reported previously and its mechanism of action is
unclear. Activation of MAPKs by CAPE alone could be

the result of a stress response of the cells to the drug.
Inhibition of IL-1b induced MAPK activation by CAPE
could occur via its recently described antioxidant properties
(Chen et al., 2001).

In conclusion, IL-1RI is essential for IL-1b induced release
of IL-6 and PGE2 release from primary mixed glial cells and
IL-1 induces these responses via activation of NFkB and

MAPKs (p38, JNK and ERK1/2). Thus IL-1 actions in IL-
1RI de®cient mice exposed to cerebral ischaemia in vivo

might occur via alternative pathways and/or through a new
receptor on glial or other brain cells, which may be induced
speci®cally during brain in¯ammation.
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ERBFMRXC1970149), Medical Research Council, U.K. and
Syngenta. The IL-1b and IL-1ra were kindly provided by the
National Institute for Biological Standards and Control (NIBSC,
U.K.). The authors would like to thank Dr Rosemary Gibson for
critically reviewing this manuscript and Laura Heenan for
technical support.
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