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Abstract The expression of matrix metalloproteinase-13
(MMP-13) has been shown to be elevated in some pathophys-
iological conditions and is involved in the degradation of ex-
tracellular matrix in astrocytes. In current study, the function
of MMP-13 was further investigated. The conditioned medi-
um (CM) collected from activated microglia increased inter-
leukin (IL)-18 production and enhanced MMP-13 expression
in astrocytes. Furthermore, treatment with recombinant IL-18
increased MMP-13 protein and mRNA levels in astrocytes.
Recombinant IL-18 stimulation also increased the enzymatic
activity of MMP-13 and the migratory activity of astrocytes,

while administration of MMP-13 or pan-MMP inhibitors an-
tagonized IL-18-induced migratory activity of astrocytes. In
addition, administration of recombinant IL-18 to astrocytes
led to the phosphorylation of JNK, Akt, or PKCδ, and treat-
ment of astrocytes with JNK, PI3 kinase/Akt, or PKCδ inhib-
itors significantly decreased the IL-18-induced migratory ac-
tivity. Taken together, the results suggest that IL-18-induced
MMP-13 expression in astrocytes is regulated by JNK, PI3
kinase/Akt, and PKCδ signaling pathways. These findings
also indicate that IL-18 is an important regulator leading to
MMP-13 expression and cell migration in astrocytes.
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Introduction

Astrocytes are the most abundant macroglia cells within the
CNS and participate in a wide variety of functions, including
releasing growth factors, uptake and clearance of neurotrans-
mitters, and homeostatic maintenance of the extracellular ion-
ic environment [1]. In addition to the physiological functions,
astrocytes have also been reported to be an important player in
several types of CNS insults like traumatic brain injury [2],
neurodegenerative disorders [3], and multiple forms of in-
flammatory stimuli [4]. In response to the pathological insults,
astrocytes become Breactive^ and respond in astrogliosis or
even undergo migration for glial scar formation when severe
neural damages occur [1]. The activation of astrocytes is nor-
mally accompanied by the production of cytokines,
chemokines, and inflammatory mediators that subsequently
trigger downstream multi-cellular events and lead to regula-
tion of the patho-physiological effects of the injured nervous
system to prevent secondary damages [1]. The degrees of
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astrocytic activation, including migration, vary and are tuned
by different microenvironments consisting of a vast array
of signaling molecules like cytokines and inflammatory
mediators [4].

Interleukin (IL)-18, a member of the IL-1 pro-inflammato-
ry cytokines family, exerts diverse actions on the regulation of
immunity and inflammation responses of inflammatory-
associated disorders. Administration of inflammagens like li-
popolysaccharide (LPS) stimulated the secretion of IL-18
from astrocytes and microglial cells [5]. Besides, the expres-
sion of IL-18 was significantly elevated in neurons, astrocytes,
and microglia under the conditions of infection, hypoxia-is-
chemic, and traumatic brain injuries [6, 7]. Therefore, IL-18 is
implicated to be a key cytokine in modulating immunological
responses under neuropathological conditions [8]. One partic-
ular function of IL-18 is probably involved in guiding and
activating circulating immune cells to the damaged tissues.
For example, in a rat brain focal ischemia model, the time
point of IL-18 upregulation is closely associated with infiltra-
tion of peripheral immune cells, indicating a role of IL-18 in
the regulation of glia migration [9]. Many reports have shown
that IL-18 is associated with triggering migration of a various
kind of cells [10] and that matrix metalloproteinases (MMPs)
are involved in IL-18-induced cell migration [11, 12].

MMP is a family of zinc-binding proteolytic enzymes that
are capable of decomposing components of extracellular ma-
trix (ECM) and facilitating migration of precursor cells, tumor
cells, and others [13]. In the CNS, MMPs are involved in
regulating the progression of brain injuries and malignant gli-
oma [14]. Moreover, triggering the expression of MMPs by
cytokines and LPS to pathologically degraded substrate has
been part of the neuroinflammation responses [14]. Among
the MMPs, the collagenolytic MMP-13 is characterized by a
wide substrate specificity and is expressed by many types of
invasive tumors like breast cancer [15], glioma [16–19], and
oral cancer [20]. These reports have demonstrated that upreg-
ulation of MMP-13 highly correlated with the malignance of
glioma and oral cancer. In addition, MMP-13 participates in
the function of astrocytes during pathological conditions. For
example, hypoxia insults caused elevated expression of MPP-
13 in astrocytes and thus enhanced the permeability of blood–
brain barrier [21]. These aforementioned suggest that the
collagenolytic MMP-13 is an important regulating molecular
for various functions under pathological conditions. Thus,
studies to better understand the role of MMP-13 in astrocyte
migration under inflammatory conditions and underlying
mechanisms may provide clinically relevant insights.

Protein kinase C (PKC) is a family of serine/threonine pro-
teins kinases that play key roles in cellular processes including
cell survival and apoptosis, migration, and malignant transfor-
mation [22]. Several reports have shown that altered PKC
expression is observed in many tumor tissues, and this alter-
ation has linked PKC to tumor invasion involving MMPs [23,

24]. It has been implicated that PKC altered the degrees of cell
migration through regulating MMP expression [23–25]. The
PKC family consists of a variety of isoforms with different
domain structures. One of the isoforms, PKCδ, has been
shown in our recent finding tomodulate inflammatory homeo-
stasis in microglia [26]. A recent study has also demonstrated
that the induced expression of MMP-13 by IL-13 is through
the activation of PKC-δ isoform in fibroblasts [27]. Moreover,
the induction of angiogenic factors by IL-18 through the acti-
vation of PKCδ has been previously addressed [28]. This
study investigates whether the pro-inflammatory cytokines
IL-18 regulates the expression MMP-13 and astrocytic migra-
tion and whether the PKC-δ activation is involved.

Materials and Methods

Materials

Reagents and Antibodies

Dulbecco’s modified Eagle medium (DMEM), fetal bovine
serum (FBS), and OPTI-MEM were purchased from Gibco-
BRL (Invitrogen Life Technologies, Carlsbad, CA). Goat anti-
mouse and anti-rabbit horseradish peroxidase-conjugated
IgG, primary antibodies against p85, phosphor-p85, Akt,
pAkt, JNK, pJNK, c-Jun, and PCNA were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Primary anti-
bodies against phosphorylated c-Jun and PKCδ (phosphory-
lated at Thr) were purchased from Cell Signaling and Neuro-
science (Danvers, MA). LY294002 and rottlerin were obtain-
ed from Sigma-Aldrich (St. Louis, MO). SP600125 were ob-
tained from Tocris Bioscience (Ellisville, MO).

Cell Culture

Primary rat astroctye cultures were obtained according to pre-
vious reports [29, 30] with mild modification. Briefly, mixed-
glia cultures were prepared from dissected brains of 1-day-old
pups of Sprague–Dawley rat. The mechanically dissociated
brain cells were seeded onto 75-cm2 culture flasks (5×107

cells/per flask) in Dulbecco’s modified Eagle’s medium
(DMEM)/F12 fortified with 10 % heat-inactivated fetal bo-
vine serum (FBS), 2 mM L-glutamine, 1 mM sodium pyru-
vate, 100 mM non-essential amino acids, 100 U/ml penicillin,
and 100 mg/ml streptomycin. The cultured cells were incubat-
ed at 37 °C in a humidified atmosphere with 5 % CO2 and
95 % air, and medium was replenished twice a week. When
the culture reached confluence (usually 12–14 days later),
microglia were detached from astrocytes by shaking the flasks
at a speed of 180 rpm for 5 h. The cultures were then treated
with L-leucine methyl ester to remove microglia from the as-
trocyte culture. All experiments were performed by using
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confluent astrocytes grown in the second passage. Afterward,
the astrocytes were harvested with trypsin and then seeded in a
new flask and grown in DMEM supplemented with 10 %
FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin. The
cultured astrocyte was confirmed by immunocytochemical
staining against CD-11b, GFAP, or MAP-2. The staining
showed over 98 % purity of astrocytes and less than 2 % of
microglia contamination.

The BV-2 microglial cell was cultured in DMEM with
10 % FBS at 37 °C in a humidified incubator under 5 %
CO2 and 95 % air. Confluent cultures were passaged by
trypsinization.

Microglial-Conditioned Medium

The murine microglial BV-2 cells were cultured in DMEM
containing 10 % FBS (Invitrogen, Carlsbad, CA) and
penicillin-streptomycin (100 units/ml, 100 μg/ml)
(Invitrogen, Carlsbad, CA) at 37 °C in a humidified incubator
with an atmosphere of 5 % CO and 95 % air. Once the culture
reached confluence, microglia were replenished with fresh
medium and treated with either LPS (100 ng/ml) or PGN
(3 μg/ml). After 24 h, the conditioned medium was collected
and immediately applied to cultured astrocytes for an addi-
tional 6 h.

Wound-Healing Assay

Astrocyte cells were treated with 30 ng/ml of IL-18 or vehicle
for the indicated time points. A cell-free gap of 500 mm was
generated after removing the Culture-Insert (Ibidi, München,
DE). Astrocyte cells that migrated into the wound area were
detected under the light microscope, and pictures were ac-
quired at 0 and 24 h with digital camera.

Western Blot Analysis

Cells were treated with IL-18 (30 ng/ml) for indicated time
periods followed by being washed with cold PBS and lysed
for 30 min on ice with lysis buffer (50 mM HEPES (PH 7.4),
150 mMNaCl, 4 mMEDTA, 10mMNa4P2O7, 100 mMNaF,
2 mM Na3VO4, 1 % Triton X-100, 0.25 % sodium
deoxycholate , 50 mM 4-(2-aminoethyl) benzene
sulfonylfluoride, 50μg/ml leupeptin, and 20 μg/ml aprotinin).
Protein samples were then separated by sodium dodecyl sul-
fate polyacrylamide gels and transferred to polyvinylidene
fluoride membranes. The membranes were blocked with
5 % nonfat milk before being probed with primary antibodies
of interest at 4 °C overnight. After several PBS washes, the
membranes were incubated with secondary antibodies for 1 h
at the room temperature. The blots were then visualized by
enhanced chemiluminescence kit (ECL kit; GE Healthcare,
Piscataway, NJ).

Zymographic Analysis

The secretion of MMPs into the culture medium of astrocyte
cells were evaluated after IL-18 treatment. The collected cul-
ture medium was mixed with non-reducing sample buffer and
then electrophoresed in a 10 % SDS-polyacrylamide gel con-
taining 1 % bovine type B gelatin (Sigma-Aldrich). Later, the
gel was washed with 2.5 % Triton X-100 to remove the SDS,
rinsed with 50 mM Tris–HCl, pH 7.5, followed by incubation
overnight at room temperature in the developing buffer [31].
Enzyme activities of MMPs were determined by staining with
1 % Coomassie Blue. The sample was also loaded onto an
SDS-polyacrylamide gel and stained with 1 % Coomassie
Blue as a loading control.

Reverse Transcriptase PCR and Quantitative Real-Time PCR

Total RNA was extracted from treated BV-2 cells by using a
TRIzol kit (MDBio Inc., Taipei, Taiwan). Later, the reverse
transcription reaction was carried out using 2 μg total RNA
that was first reverse transcribed into cDNA using oligo(dT)
primer. Quantitative real-time PCR was performed as previ-
ously reported [18]. Briefly, PCR reaction using SYBR Green
Master Mix was carried out using the StepOne Plus System
(Applied Biosystems, Singapore), and the PCR was per-
formed under the following conditions: 40 cycles at 95 °C
for 10 s and 60 °C for 1 min. The threshold was set within
the linear phase of the target gene amplification to calculate
the cycle number at which point the transcript was detected
(denoted as CT). The oligonucleotide primers were as follows:

IL-18: 5′-ACTGTACAACCGCAGTAA-3′ and 5′-
AGTGAACATTACAGATTTATCCC-3′;
GAPDH: 5′-CTCAACTACATGGTCTACATGTTCCA-
3′ and 5′-CTTCCCATTCTCAGCCTTGACT-3′

Electrophoretic Mobility Shift Assay

The protocol of electrophoretic mobility shift assay gel shift
kit (Panomics, Redwood City, CA) was used according to our
previous report [32]. Nuclear extract (4 μg) of astrocytes was
incubated with poly d(I-C) at room temperature for 5 min. The
nuclear extract was then incubated with biotin-labeled probes
at room temperature for 30 min. After electrophoresis on an
8 % polyacrylamide gel, the samples on gel were transferred
onto a presoaked Immobilon-Nyt membrane (Millipore, Bil-
lerica, MA). The membrane was cross-linked in an oven for
1 min and then developed with blocking buffer and
streptavidin-horseradish peroxidase conjugate before being
subjected to western blot analysis.
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Statistics

The experimental data was analyzed using the software
Graphpad Prism 4.01 (GraphPad Software Inc., San Diego,
CA). The values given are means±SEM. Statistical analysis
between two samples was performed using Student’s t test.
Statistical comparisons of more than two groups were per-
formed using one-way ANOVA with Bonferroni’s post hoc
test. The difference is considered significant if the p value is
<0.05.

Results

IL-18 Enhances MMP-13 Expression in Astrocytes

Primary astrocytes were subjected to the microglial-
conditioned medium (mgCM) for 6 h, the mRNA level of
MMP-13 was then determined by real-time PCR (Fig. 1a).

The administration of mgCM, collected from microglia cul-
tures stimulated with either LPS or PGN, effectively increased
MMP-13 mRNA expression to approximately twofold in as-
trocytes. In addition, when microglia were treated with vari-
ous concentrations of either LPS or PGN, there was a signif-
icant elevation of IL-18 mRNA levels (Fig. 1b, c). The induc-
tion of IL-18 mRNA expression by LPS or PGN was concen-
tration dependent. Further investigation using the RT-PCR
analysis found that MMP-13 mRNA levels in cultured astro-
cytes was markedly upregulated upon incubation with IL-18
at various time points (Fig. 1d) and various concentrations
(Fig. 1e). To determine protein expression of MMP-13 stim-
ulated by IL-18, the gelatin zymography and western blot
analysis were applied. The data showed that the production
of MMP-13 protein from both the supernatant and the cell
lysate extract were upregulated as the concentration of IL-18
increased (Fig. 1f). This upregulation of MMP-13 proteins
was dose dependent and was observed as low concentration
as 3 to 30 ng/ml of IL-18 treatment. Real-time PCR further

Fig. 1 Upregulation of MMP-13 induced by IL-18 in astrocytes. a
Microglial-conditioned medium (mgCM) collected from microglia
treated with LPS (100 ng/ml) or PGN (3 μg/ml) for 24 h. The collected
microglial-CM immediately applied to astrocytes for an additional 6 h.
Microglia were treated with various concentrations of LPS (b) or PGN
(c). mRNA levels of IL-18 were analyzed by real-time PCR and
normalized with β-actin. Astrocytes were treated with a concentration
of 30 ng/ml IL-18 for indicated time periods (2, 4, 8, and 24 h; d) or
with various concentrations of IL-18 (3, 10, or 30 ng/ml for 24 h; e). The

relative mRNA levels of MMP-13 were analyzed by RT-PCR. f
Astrocytes were incubated with various concentrations of IL-18 (3, 10,
or 30 ng/ml) for 24 h, after which the supernatant and cell lysate extracts
were collected, andMMP-13 protein levels were determined using gelatin
zymography and western blot analysis, respectively. g Astrocytes were
treated with 30 ng/ml IL-18 for 8 h, mRNA levels of MMP-13 were
analyzed by real time-PCR. The data represent the mean±SEM of n=
3–4. *p<0.05, compared with the vehicle control group
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confirmed that administration of IL-18 augmented MMP-13
expression to around twofold (Fig. 1g).

MMP-13 Is Involved in IL-18-Directed Astrocyte
Migration

The wound-healing assay was performed next to examine
whether IL-18 facilitated astrocyte migration. Astrocyte cells
with higher migratory activity demonstrated narrower cell-
free gap in the culture. The microscopic images showed that
as the IL-18 incubation time lengthened, the width differences
of the cell-free gap between the vehicle group and the IL-18
treatment group became bigger (Fig. 2a). Our data showed
that IL-18 enhanced astrocytes migration. Since IL-18 en-
hanced MMP-13 production in astrocytes, we then investigat-
ed whether MMP-13 was involved in IL-18-directed cell mi-
gration. As shown in Fig. 2b, applications of either a broad-
spectrum MMP inhibitor (GM 6001) or the specific MMP-13
inhibitor prior to a 24-h-IL-18-treatment markedly attenuated
the IL-18-directed cell migration. And, this inhibition of
MMP-13 significantly reduced the IL-18-induced migratory
index to around the level of the control group (Fig. 2c).

IL-18 Increases PI3 Kinase/Akt and JNK Signaling
Pathways and Induces AP-1 Activation in Astrocytes

It has been reported that IL-18 exerted its neuroprotection via
the activation of PI3 kinase/Akt pathways [33]. Another study
showed that IL-18 induced angiogenesis via the JNK kinases
[34]. We then investigated whether the PI3 kinase/Akt and
JNK signaling pathways underlies the function of IL-18 on
astrocytes. As shown in Fig. 3a–c, IL-18 treatment increased
phosphorylation of p85 (a subunit of PI3 kinase), Akt (the
downstream substrate of PI3 kinase), and JNK. The activation
of both the PI3 kinase/Akt and JNK/c-Jun pathways were
observed as fast as within 5 min after IL-18 administration.
Furthermore, phosphorylation of c-Jun, downstream of Akt
and JNK, has been shown to participate in IL-18-induced
cellular responses such as activation of c-Jun at Ser 63. As
shown in Fig. 3d, IL-18 stimulated a time-dependent phos-
phorylation of c-Jun. The phosphorylation of c-Jun at Ser 63
achieved a maximum at 10–30 min and was sustained to
60 min after IL-18 treatment (Fig. 3d). The involvement of
the above pathways were also examined by that the phosphor-
ylation level of c-Jun declined when cells were preincubated
with either JNK inhibitor (SP600125) or PI3 kinase inhibitor
(LY294002) prior to IL-18 treatment (Fig. 3e). Moreover, c-
Jun activation was further confirmed by the binding activity
assay. The data showed that IL-18 enhanced the binding ac-
tivity of pc-Jun to AP-1 DNA binding element, which was
markedly negated by the application of SP600125 and
LY294002 (Fig. 3f). Taken together, these results suggest that

IL-18 stimulates PI3 kinase/Akt and JNK activation in a time-
dependent manner and induces c-Jun/AP-1 in astrocytes.

IL-18-Directed Cell Migration Requires the Activation
of PKCδ Signal Pathways

Since PKCδ has been reported to be involved in the regulation
of PI3 kinase activity [35] and JNK activation [36]. We next
examined whether PKCδ played a role in the function of IL-
18-directed astrocytic migration. As demonstrated in Fig. 4a,
IL-18 effectively increased the phosphorylation of PKCδ time
dependently. The activation of PKCδ was noted in 5–10 min
after IL-18 treatment and sustained to 120 min. Application of
rottlerin, a specific pharmacological PKCδ inhibitor, attenuat-
ed the phosphorylation of Akt and JNK induced by IL-18
(Fig. 4b).

The wound-healing assay was performed to determine
whether IL-18-induced cell migration through the activation
of the PKCδ, Akt, and JNK signal pathways. The data showed

Fig. 2 IL-18-directed astrocytic migration involvesMMP-13 expression.
a Cells were treated with 30 ng/ml IL-18 or vehicle for indicated time
periods; the migrated cells were determined by wound-healing assay and
visualized by phase-contrast imaging. b Cells were incubated with
GM6001 or MMP-13 inhibitor for 30 min, followed by stimulation with
IL-18 for 24 h. The migrated cells were determined by wound-healing
assay and visualized by phase-contrast imaging. The quantitative results
were measured by Image J software (c). Results are the representative of
three independent experiments. *p<0.05 compared with the control
group; #p<0.05 compared with IL-18 treatment group
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that IL-18-directed migratory effect was significantly sup-
pressed by the treatment with SP600125, LY294002 and
rottlerin, as was manifested by the increased width of the
cell-free gaps of the microscopic images (Fig. 5a) and the
measured migratory index (Fig. 5b). Our results indicated that
the activation of PKCδ, Akt, and JNK signal pathways is
required for the IL-18-directed astrocytic migration.

Discussion

The present study demonstrated that MMP-13 upregulation in
astrocytes in response to IL-18 stimulation fulfills the follow-
ing criteria as a candidate to be involved in enhancing brain
astrocytic migration. First, IL-18 enhanced the protein and
mRNA levels of MMP-13 and increased the zymographic
activity in primary cultured astrocytes. Second, using wound
healing migratory model, stimulation with IL-18 increased
astrocytic migration. Third, treatment with MMP pan-
inhibitor or MMP-13 inhibitor significantly antagonized the
potentiating effect of astrocytic migration. Finally, treatment
of conditioned medium of microglia subjected to LPS or PGN
increased MMP-13 expression in astrocytes. Additionally,
stimulation of LPS of PGN increased IL-18 upregulation in
microglia. Das et al. [37] and our previous report [38] showed
that stimulated microglia increases IL-18 expression and

subsequently induces pathology. Dai et al. has also reported
that stimulation of IL-18 induces increases in MMP-13 ex-
pression in chondrocytes [39]. Our previous studies also dem-
onstrated MMP-13 plays a pivot role in facilitating cell migra-
tory activity in various cells [17–20, 38]. Importantly, our
result also supports previous study that exogenous
endothelin-1 increases MMP-13 expression via MAP kinase
and PI3 kinase/Akt activation, thereby contributing to cell
migration in human glioblastoma [16]. The present study sug-
gests that IL-18-mediated MMP-13 expression in astrocytes
may contribute to the astrocytic migration.

Neuroinflammation is an important factor in the pathogen-
esis of neurodegenerative diseases [40] and psychiatric ill-
nesses such as depression [41]. Importantly, it has recently
also been implicated in cognitive decline [42], memory defi-
cits [43], and sickness behavior [44], as well as in aging-
sensitization of the immune system [45]. IL-18 is one of the
IL-1 family of cytokines comprises 11 secreted factors, which
are known for playing a role in host defense and immune
system regulation in inflammatory diseases [46]. This cyto-
kine has also been demonstrated to be involved in initiation,
regulation, and maintenance of inflammation in immune re-
sponses [47]. Importantly, IL-18 overexpression has been ob-
served to initiate inflammatory process in the brain of
Alzheimer’s disease patients [48]. Indeed, IL-18-mediated
processes resulting in long-term neurodegenerative diseases

Fig. 3 IL-18 increases PI3K/Akt and JNK signaling pathways and
induces AP-1 activation. Astrocytes were incubated with IL-18
(30 ng/ml) for indicated time periods, and cell lysates were separated by
SDS-PAGE and immunoblotted with anti-phosphoPI3 kinase (p85; a),
phosphoAkt (b), phosphoJNK, (c) or phosphoc-Jun (d). e Cells were
preincubated with SP600125 (10 μM) or LY294002 (10 μM) for

30 min followed by stimulation with IL-18 (30 ng/ml) for another 30 or
60 min, and the levels of nuclear phosphorylated c-Jun were determined
using western blot analysis. Nuclear extracts were collected from cells,
the binding of c-Jun to AP-1-DNA binding element were examined by
EMSA analysis. Lane 1 was loaded without nuclear extracts (probe). The
AP-1-specific complex and free probe are indicated by an arrowhead (f)
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have been well established [49]. Glial cells, specifically mi-
croglia and astrocytes, are the primary immune cells in central
nervous system. Activation of these cells then leads to release
pro-inflammatory cytokines like IL-18 [46], which promote a
number of innate immune processes, thereby responsible for
neuroinflammation and associated brain diseases [50].

Overexpression of MMP-13 has been reported in a variety
of pathophysiology, such as cardiovascular disease, cerebral
ischemia, tumor progression, and bone development [51–55].

Moreover, MMP-13 is involved in brain injury and neuronal
death and counteracts the benefits of thrombolytic therapy
[56]. MMP-13 expression is also related to an increase in
diffusion-weighted image (DWI) lesion in the hyper acute
phase of stroke [56]. Astrocytes exert a pivotal function in
CNS, such as participation and maintenance of the integrity
of the blood–brain barrier (BBB) [57]. Recently, Finsterwald
et al. have proposed the potential of astrocytes as targets for
the development of drugs treating neurodegenerative diseases
[3]. Importantly, Ueno et al. [58] and our previous study [21]
demonstrated that the expression of MMP-13 increases the
BBB impairment in stroke model. The present study showed
that IL-18 enhanced the protein and mRNA expression of
MMP-13 and increased the zymographic activity in primary
cultured astrocytes. Our results also demonstrated that MMP
pan-inhibitor or MMP-13 inhibitor significantly antagonized
the potentiating effect of astrocytic migration induced by IL-
18 administration.

The effect of IL-18 on the activation of PKCδ was previ-
ously addressed [28]. Also, previous studies found that PKCδ
activation is a necessary component in signaling MMP-13
expression [59, 60]. Importantly, PKCδ, but not PKCα/β,
activation is a principal rate-limiting event in the basic fibro-
blast growth factor (bFGF)-dependent stimulation of MMP-
13 in chondrocytes [61]. In this study, we found that produc-
tion of MMP-13 and cell migration increased in response to
IL-18 due to PKCδ activation in astrocytes. We demonstrated
that IL-18-induced astrocytic migration is inhibited by the
PKCδ inhibitor indicating that activation of PKCδ may be a
mediator of migratory activity in response to IL-18 stimula-
tion. Furthermore, Im et al. also demonstrated that c-Jun/AP-1
activation is associated with MMP-13 expression [61]. Our

Fig. 5 PKCδ, Akt and JNK
signaling pathways are involved
in IL-18-directed astrocytic
migration. Cells were pretreated
with SP600125 (10 μM),
LY294002 (10 μM), or rottlerin
(1 μM) for 30min then stimulated
with IL-18 (30 nM) for 24 h. The
migrated cells were determined
by wound-healing assay and
visualized by phase-contrast
imaging. The quantitative results
were measured by Image J
software (b). Results are
expressed as the means±SEM of
three independent experiments.
*p<0.05 compared with the
control group; #p<0.05 compared
with the IL-18-treated group

Fig. 4 IL-18-increased PKCδ activation regulates Akt and JNK
signaling pathways. a Cells were incubated with IL-18 (30 ng/ml) for
indicated time periods, and cell lysates were separated by SDS-PAGE
and immunoblotted with anti-phosphoPKCδ. b Cells were preincubated
with rottlerin (1 μM) for 30 min followed by stimulated with IL-18
(30 ng/ml) for another 60 min. The levels of phosphorylated Akt and
phosphorylated JNK were determined using western blot analysis. Note
that application of a specific PKCδ inhibitor rottlerin attenuated the
phosphorylation of Akt and JNK induced by IL-18
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previous studies also indicate that c-Jun phosphorylation [21]
and AP-1 activation [16, 18, 20] is a key modulator in tran-
scription ofMMP-13 expression. We also found that exposure
of astrocytes to IL-18 increased c-Jun phosphorylation. Using
an electrophoretic mobility shift assay (EMSA), we observed
that IL-18 induced an increase in AP-1-DNA binding activity.
Thus, our results suggest that in primary astrocytes, activation
of PKCδ-dependent JNK and PI3 kinase/Akt and the c-Jun/
AP-1 as downstream target regulatory molecules are essential
for IL-18-induced MMP-13 gene expression and astrocytic
migration.

In conclusion, MMP-13 expression increases in primary
astrocytes under IL-18-stimulation. IL-18 has been detected
in the microglia [62, 63] in the injured brains [7]. Therefore,
IL-18 is implicated to be a key cytokine in modulating immu-
nological pathways stimulated by cytotoxic and inflammatory
responses under neuropathological condition [8]. Our results
showed that astrocytes exposed to microglial-conditioned me-
dium (mgCM) enhanced MMP-13 production. Furthermore,
upregulation of IL-18 from microglial cells was initiated by
lipopolysaccharide or peptidoglycan administration. Here, we
provide evidence to demonstrate the novel regulatory action
of MMP-13 in astrocytes in response to IL-18 treatment. As-
trocytes appear to play a key role in the etiology of neurode-
generative diseases and psychiatry disorders, a growing inter-
est has arisen for astrocyte-regulated pathways as therapeutic
target for new drug development that contributes in the path-
ophysiology of treatment.
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