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Microglial activation and inflammation are associated with progressive neuronal apoptosis in neurodegenerative human brain disor-
ders. We sought to investigate molecular signaling mechanisms that govern activation of microglia in apoptotic neuronal degeneration.
We report here that the active form of matrix metalloproteinase-3 (MMP-3) was released into the serum-deprived media (SDM) of PC12
cells and other media of apoptotic neuronal cells within 2– 6 h of treatment of the cells, and SDM and catalytic domain of recombinant
MMP-3 (cMMP-3) activated microglia in primary microglia cultures as well as BV2 cells, a mouse microglia cell line. Both SDM and
cMMP-3 induced generation of tumor necrosis factor � (TNF-�), interleukin-6 (IL-6), IL-1�, and interleukin-1 receptor antagonist but
not IL-12 and inducible nitric oxide synthase, which are readily induced by lipopolysaccharide, in microglia, suggesting that there is a
characteristic pattern of microglial cytokine induction by apoptotic neurons. Neither glial cell line-derived neurotrophic factor nor
anti-inflammatory cytokines, such as IL-10 and transforming growth factor-�1, were induced. SDM and cMMP-3 extensively released
TNF-� from microglia and activated the nuclear factor-�B pathway, and these microglial responses were totally abolished by preincu-
bation with an MMP-3 inhibitor, NNGH [N-isobutyl-N-(4-methoxyphenylsulfonyl)-glycylhydroxamic acid]. MMP-3-mediated micro-
glial activation mostly depended on ERK (extracellular signal-regulated kinase) phosphorylation but not much on either JNK (c-Jun
N-terminal protein kinase) or p38 activation. Conditioned medium of SDM- or cMMP-3-activated BV2 cells caused apoptosis of PC12
cells. These results strongly suggest that the distinctive signal of neuronal apoptosis is the release of active form of MMP-3 that activates
microglia and subsequently exacerbates neuronal degeneration. Therefore, the release of MMP-3 from apoptotic neurons may play a
major role in degenerative human brain disorders, such as Parkinson’s disease.
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Introduction
Apoptosis contributes to pathogenesis of neurodegenerative dis-
ease such as Parkinson’s disease (PD) and Huntington’s disease
(Goldberg et al., 1996; Mochizuki et al., 1996; Gervais et al., 1999;
Nicotera et al., 1999; Wu et al., 2000; Andersen, 2001). Apoptotic
cells trigger the recruitment of phagocytic cells to be removed
quickly and efficiently and modulate immune responses by either
direct contact with phagocytes and subsequent engulfment or
releasing chemoattractants. In the brain, apoptotic neuronal cells
are phagocytosed and degraded by microglia, the resident mac-
rophage of the brain (Stolzing and Grune, 2004).

However, a recent study demonstrates that, in addition to
phagocytosing apoptotic cells, microglia promote the death of
Purkinje cells in the developing mouse cerebellum. Apoptosis of
Purkinje cells is strongly reduced by selective elimination of mi-
croglia (Marin-Teva et al., 2004). This study suggests that micro-
glia may exacerbate neuronal degeneration under neuronal apo-
ptotic conditions. The implications of activated microglia in the
pathogenesis of many neurodegenerative diseases that involve
apoptosis, including PD, acquired immunodeficiency syndrome
(AIDS) dementia complex, multiple sclerosis, and prion-related
diseases (McGeer et al., 1988; Rogers et al., 1988; Dickson et al.,
1993; Raine, 1994; Brown, 2001), suggest that the aberrant inter-
action between apoptotic cells and microglia may aggravate neu-
rodegenerative conditions.

Compared with the extensive studies on the molecular mech-
anisms underlying neuronal apoptosis, signals from apoptotic
neurons that might initiate microglial response remain to be elu-
cidated. We present here a novel signaling mechanism of apopto-
tic neuronal cells in activating microglia. Our data show that
matrix metalloproteinase-3 (MMP-3) is a microglia-activating
signaling molecule that is released from apoptotic neurons in
early apoptosis. MMP-3 is a member of matrix metalloprotein-
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ases family that is mainly responsible for the remodeling of extra-
cellular macromolecules. Recent evidence has linked MMPs to
various pathologic conditions in the CNS, including ischemia,
multiple sclerosis, Alzheimer’s disease, and malignant glioma
(Cuzner et al., 1996; Gottschall and Deb, 1996; Maeda and Sobel,
1996; Yamamoto et al., 1996). This implies that, in addition to its
known function of extracellular macromolecule degradation,
MMP-3 could serve as a signaling molecule that mediates the
interaction between apoptotic neurons and microglia in early
apoptosis. Neurotrophic factors, such as glial cell line-derived
neurotrophic factor (GDNF), or anti-inflammatory cytokines,
such as interleukin-10 (IL-10) or transforming growth factor-�1
(TGF-�1), were not detected in MMP-3-activated microglia in
early apoptosis, suggesting that microglial activation by MMP-3
from apoptotic neuronal cells is characteristic microglial re-
sponses to neuronal apoptosis for inflammatory reactions as well
as exacerbation of neuronal cell apoptosis. Our data provide a
novel mechanism in neuronal apoptosis that might modulate
immune reactions by releasing potential soluble mediators such
as MMP-3.

Materials and Methods
Materials. Cell-culture ingredients were obtained from Mediatech
(Herndon, VA). Both catalytic domain and proform of MMP-3 were
purchased from Calbiochem (La Jolla, CA). NNGH [N-isobutyl-N-(4-
methoxyphenylsulfonyl)-glycylhydroxamic acid] and MMP-3 assay kit
were from Biomol (Plymouth, PA). Lipopolysaccharide (LPS) was from
Sigma (St. Louis, MO). MEK1/2 [MAP (mitogen-activated protein) ki-
nase kinase] inhibitor U0126 [1,4-diamino-2,3-dicyano-1,4-bis(o-
aminophenylmercapto) butadiene] and p38 inhibitor SB203580 [4-
(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)imidazole]
were purchased from Biomol. JNK (c-Jun N-terminal protein kinase)
inhibitor SP600125 (anthra[1,9-cd]pyrazol-6(2H)-one) was from Cal-
biochem. Tumor necrosis factor-� (TNF-�) ELISA kit was obtained
from eBioscience (San Diego, CA). Precast gels for Western blot and
zymography were from Invitrogen (San Diego, CA). Polyclonal antibody
against MMP-3 (SC-7383) and phosphorylated ERK (extracellular sig-
nal-regulated kinase) (SC-6839) from Santa Cruz Biotechnology (Santa
Cruz, CA) were used. TNF-� antibody was from Santa Cruz Biotechnol-
ogy. ECL� Western blot detection system was from Amersham Bio-
sciences (Piscataway, NJ). Multiprobe RNase protection assay (RPA) kit
was purchased from BD PharMingen (San Diego, CA). Rneasy kit for total
RNA preparation was from Qiagen (Valencia, CA). Cytotox 96 kit for lactate
dehydrogenase (LDH) assay was purchased from Promega (Madison, WI).
Apoptosis detection kit was from Sigma. Nuclear factor-�B (NF-�B) oligo-
nucleotide for gel shift assay was obtained from Santa Cruz Biotechnology.
YM-10 molecular weight filter for the concentration of serum-deprived me-
dium (SDM) from PC12 cells was purchased from Millipore (Billerica, MA).
Apparatus and materials for two-dimensional electrophoresis were pur-
chased from Bio-Rad (Hercules, CA).

Cell culture, SDM preparation, and treatment of microglia. PC12 cells
were grown in RPMI (Roswell Park Memorial Institute medium) con-
taining 10% horse serum, 5% fetal bovine serum, and 1% penicillin/
streptomycin at 37°C in a humidified incubator under 5% CO2. For the
preparation of SDM, 80% confluent monolayer cells were washed with
serum-free RPMI four times to remove serum components. The fourth
washed medium consisting of diluted serum was used for control. Super-
natant was collected at various time points from 2 to 48 h, followed by
centrifugation for 1 h at 40,000 � g to remove insoluble debris and then
concentrated using the 10 kDa molecular weight cutoff filter YM-10.
Supernatant collected from one 10 cm dish was concentrated and recon-
stituted with 100 �l of PBS. Differentiated PC12 cells with neural cell
phenotype were generated by growing 1 � 10 5 PC12 cells in 60 mm
polyethyleneimmine-coated dishes for 7 d in RPMI containing 50 ng/ml
nerve growth factor (NGF). BV2 murine microglia cell line were grown
in DMEM containing 10% fetal bovine serum and 1% penicillin/strep-

tomycin at 37°C in a humidified incubator under 5% CO2. Cells were
treated with SDM, LPS, or MMP-3.

Primary microglia-enriched cultures. Microglia were prepared from
whole brains of 1-d-old mice pups as described previously (Liu et al.,
2001). Briefly, after removing meninges and blood vessels, the brain
tissue was gently triturated and seeded (5 � 10 7) in 150 cm 2 flasks. One
week after seeding, the media were replaced. Two weeks after seeding
when the cells had reached a confluent monolayer of glial cells, microglia
were separated from astrocytes by shaking the flasks for 5 h at 150 rpm
and were replated at 1 � 10 5 in a 96-well plate precoated with poly-D-
lysine. The enriched microglia were �95% pure, as determined by im-
munostaining with antibodies against F4/80 (pan macrophage marker;
eBioscience) and glial fibrillary acidic protein. Enriched primary micro-
glia were treated with either LPS (10 ng/ml) or catalytic domain of
MMP-3 (125, 250, or 400 ng/ml).

Preparation of recombinant catalytic domain of MMP-3- or SDM-
conditioned media from BV2 microglia and treatment. BV2 microglial cells
were cultured in 100 mm dishes at 80% confluency. Either 400 ng/ml
recombinant catalytic domain of MMP-3 (cMMP-3) or 100 �g/ml con-
centrated SDM was added in 5 ml of culture media for 3 h. After washing
three times with fresh media, BV2 cells were incubated for 16 h. Super-
natant was collected and centrifuged at 40,000 � g for 1 h. The neuronal
toxicity of conditioned media (CM) was evaluated by using differenti-
ated PC12 cells as target neuron. Medium was replaced with CM con-
taining NGF. Neuronal death was detected by LDH assay. For the TNF-�
inhibition study, CM was incubated with anti-TNF-� antibody 1 h be-
fore CM was added to differentiated PC12 cells.

Assessment of cell death by LDH assay and detection of apoptosis by
annexin V staining. At various time points after CM treatment, culture
medium was collected for LDH assay with Cytotox 96 kit (Promega).
Collected medium (50 �l) was transferred to 96-well plates, and 50 �l of
substrate solution was added. After 30 min incubation in dark room,
LDH level was determined at 540 nm in plate reader (Molecular Devices,
Sunnyvale, CA). Apoptotic cells were detected by annexin V staining kit
(Sigma). After washing with PBS, cells were incubated in double-label
staining solution containing 1 �g/ml annexin V– cyanine 3 (Cy3) and
500 �M 6 carboxyfluorescein diacetate (CFDA) for 10 min in dark con-
ditions. After washing with binding buffer, apoptotic cells were deter-
mined by both annexin V–Cy3 (red) and CFDA (green) staining under
fluorescence microscopy.

Rnase protection assay. For RNA collection, BV2 cells were cultured in
10 cm dishes and then treated with various stimuli at 80% confluency
(total of �10 7 cells per dish). After 6 h, the cells were harvested by
scrapping, and total RNA was extracted by Rneasy kit. Cytokine mRNA
levels were analyzed by RNase protection assay using the RiboQuant
multiprobe set (Pharmingen, San Diego, CA) following the instructions
of the supplier. In brief, 10 �g of RNA obtained from cells were hybrid-
ized overnight to the 32P-labeled RNA probe, which had been synthe-
sized previously from the supplied template set (containing 10 different
templates). Single-stranded RNA was phenolized, precipitated, and ana-
lyzed on 6% denaturing polyacrylamide gel. The quantity of protected
RNAs was determined using a phosphorimager (Fuji, Stamford, CT).
The cytokine transcripts were identified by the length of the respective
fragments. For quantitation, cytokine values were expressed as a percent-
age of the mean values of the housekeeping genes L32 and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Measurement of TNF-� levels by ELISA. The concentration of TNF-�
in microglial culture media was measured using Ready-Set-Go mouse
TNF-� ELISA kit (eBioscience). Briefly, a 96-well plate was coated with
coating buffer containing capture antibody for overnight. After washing
three times with PBS-T (PBS containing 0.1% Tween 20), wells were
blocked with assay diluent. After the same washing step, standards and
culture media were added to the appropriate wells and incubated for 2 h.
After washing five times with PBS-T, each well was incubated with de-
tection antibody for 1 h. After washing, avidin–HRP was added for 30
min. After thorough washing, each well was incubated with substrate
solution for 15 min. Reaction was stopped by 1 M H3PO4. Plate was read
at 450 nm. The concentration of TNF-� was calculated according to the
standard curve.
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Western blot analysis. To obtain total cell lysates, 0.5 ml (or 0.2 ml) of
RIPA buffer (1� PBS, 1% NP-40, 0.5% sodium deoxycholate, and 0.1%
SDS, with freshly added 100 ng/ml PMSF, 30 �l/ml aprotinin, and 10
�l/ml of 100 mM sodium orthovanadate) was added to cells in a 10 cm (or
6 cm) cell-culture plate. Cells were scraped, incubated for 30 – 60 min on
ice, and centrifuged at 15,000 � g for 20 min at 4°C. Protein concentra-
tions were determined, and 40 – 60 �g of whole-cell lysate was loaded for
SDS-PAGE. Electrophoresis was performed, and proteins were trans-
ferred to polyvinylidene difluoride membrane using an electroblotting
apparatus. Membranes were blocked for 1 h in TBS containing 0.1%
Tween 20 and 5% dry milk and then incubated overnight with primary
antibodies [anti-phospho-specific ERK, 1:2000; anti-MMP-3, 1:1000],
followed by incubation for 1 h with horseradish peroxidase-conjugated
secondary antibodies. Membranes were washed three times (30 min
each) with TBS containing 0.1% Tween 20. Bands were visualized using
ECL� Western blotting detection system.

Zymographic analysis. The casein lytic activities in the SDM were de-
termined by zymography using 12% zymogram casein gels (Invitrogen).
Concentrated SDM and control medium were mixed with 2� Tris-
glycine SDS sample buffer and incubated for 10 min at room temperature
(not heated). Samples were applied on the casein gel and separated ac-
cording to their molecular weight until bromophenol blue dye reached
the bottom of the gel. After running, the gels were incubated in the
renaturing buffer for 30 min with gentle agitation at room temperature.
After removing the renaturing buffer, the gels were equilibrated in the
developing buffer for 30 min at room temperature. After replacing with
fresh developing buffer, the gels were incubated overnight at 37°C with
gentle agitation. On next day, the gels were stained with 0.5% Coomassie
blue R-250 for 30 min. Area of proteinase activity was visualized as clear
bands by destaining.

Measurement of NF-�B activation by electrophoresis mobility shift assay.
Double-stranded consensus oligonucleotide was end labeled with
[�- 32P]ATP. Binding reactions containing equal amounts of protein (3
�g) and 10 fmol (�10,000 cpm, Cherenkov counting) of oligonucleotide
were performed for 30 min in binding buffer (10 mM Tris, pH 7.5, 75 mM

NaCl, 2 �g of poly dI-dC, 5% glycerol, 1 mM EDTA, and 1 mM DTT) at
room temperature. Total reaction volumes were held at 20 �l. Reaction
products were separated in 6% polyacrylamide gel and analyzed by
PhosphorImager.

Two-dimensional electrophoresis and silver staining. Both SDM and se-
rum diluent were concentrated using YM-10. For the isoelectric focusing,
concentrated samples were reconstituted with rehydration buffer: 8 M

urea, 2% CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate), 0.2% ampholine pH3–10, 65 mM DTT, and 0.001%
bromophenol blue. After 12 h in-gel rehydration with samples, immobi-
lized pH gradient (IPG) strip pH 3–10 was focused at 250 V for 30 min,
250 – 4000 V for 2 h, and then finally for 70,000 volt-hours by using
Protean IEF cells (Bio-Rad). For SDS-PAGE, focused IPG strip was in-
cubated with equilibration buffer I (6 M urea, 2% SDS, 0.375 M Tris-HCl,
pH 8.8, 20% glycerol, and 130 mM DTT) for 10 min and subsequent
equilibration in buffer II (6 M urea, 2% SDS, 0.375 M Tris-HCl, pH 8.8,
20% glycerol, and 135 mM iodoacetamide) for 15 min. Then proteins
were separated according to their molecular weight using 4 –15% gradi-
ent gel. After electrophoresis, proteins were detected using SilverQuest
silver staining kit (Invitrogen) according to the user’s manual. Briefly, gel
was rinsed with ultra-pure water and then fixed in 100 ml of fixative for
20 min. After washing with 30% ethanol, gel was incubated in sensitizing
solution for 10 min. After washing with 30% ethanol and ultra-pure
water, gel was incubated in 100 ml of staining solution for 15 min. After
washing with ultra-pure water, gel was incubated in developing solution
for 4 – 8 min until spots started to appear. Reaction was stopped by 10 ml
of stopper. After washing with ultra-pure water, gel was scanned and
analyzed.

In-gel tryptic digestion and matrix-assisted laser desorption ionization
time-of-flight mass spectrometry and data analysis. Silver-stained gel elec-
trophoresis slices trimmed to �1 mm 2 were destained in a 0.5 ml conical
test tube containing 100 �l of destain solution (equal volumes of 30 mM

potassium ferrocyanide and 100 mM sodium thiosulfate) with vortexing
for 15 min. The destaining solution was removed by vortexing the gel

slice pieces for 15 min in 400 �l of deionized water three times. The gel
slice pieces were dehydrated in 400 �l of acetonitrile with vortexing for 15
min. The gel slice pieces were vortexed in 100 �l of 10 mM dithiothreitol
in 25 mM ammonium bicarbonate 30 min at 50°C for reduction of disul-
fide bonds, and 100 �l of 100 mM iodoacetamide in 25 mM ammonium
bicarbonate for 30 min at room temperature in the dark for alkylation of
cysteines. The gel slice pieces were vortexed for 15 min in 400 �l of 50%
acetonitrile in 25 mM ammonium bicarbonate at pH 8 three times. The
gel slice pieces were again dehydrated in 400 �l of acetonitrile with vor-
texing for 15 min and dried in a vacuum centrifuge for 3 min. The gel slice
pieces were rehydrated with 50 �l of cold 15 mg/ml sequencing grade
modified trypsin (V5111; Promega) in 25 mM ammonium bicarbonate at
pH 8 and incubated at 37°C overnight for proteolytic digestion. The
digestion supernatant was transferred to another 0.5 ml conical test tube,
and the gel slice pieces were extracted with 50 �l of 50% acetonitrile in
1% trifluoroacetic acid by sonication for 5 min and vigorous vortexing
for 30 min. The extract solution was added to the digestion supernatant,
and the volume was completely dried by vacuum centrifugation. The
dried residue was reconstituted with 100 �l of 0.1% trifluoroacetic acid
by vortexing for 5 min. c18 ZipTips were wetted with 50 �l of 50%
acetonitrile in deionized water three times and equilibrated with 50 �l of
0.1% trifluoroacetic acid three times. The reconstituted sample peptides
were adsorbed to the reverse-phase sorbent by slowly aspirating and
dispensing a 50 �l volume to another conical test tube 10 times and
repeating the aspirating and dispensing with the remaining 50 �l of
reconstituted sample. The ZipTip was washed with three 50 �l volumes
of 0.1% trifluoroacetic acid, and the peptides were eluted by aspirating
and dispensing in a 0.2 ml PCR test tube with 10 �l of 50% acetonitrile in
0.1% trifluoroacetic acid three times. In a 0.2 ml PCR test tube, 1 ml of
the eluted peptides was mixed by vortexing for 15 min with 1, 5, or 10 �l
of 10 mg/ml 3,5-dimethoxy-4-hydroxy-cinnamic acid in 50% acetoni-
trile/0.1% trifluoroacetic acid. To the matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) target plate, 0.75 �l of the
eluted peptides in the organic acid was aliquoted and allowed to dry at
room temperature in the dark. MALDI-TOF mass spectrometry was
performed using a Voyager-DE PRO mass spectrometer (Applied Bio-
systems, Foster City, CA) in either the linear or ion reflector modes.
Applied Biosystems Voyager 5.1 software was used for data acquisition,
and Data Explorer 4.0 software was used for spectrum processing. Data-
base searching for mass fingerprint matching was performed using MS-
FIT (http://prospector.ucsf.edu/ucsfhtml4.0/msfit.htm) and referencing
the NCBInr.10.25.2002 protein database.

Statistical analysis. Statistical significance was assessed by ANOVA,
followed by Bonferroni’s t test using the StatView program (Abacus Con-
cepts, Berkeley, CA). A value of p � 0.05 was considered statistically
significant.

Results
Induction of cytokines in BV2 cells by supernatant of the
apoptotic neuronal cell-culture media
To test the hypothesis that apoptotic neurons release soluble
molecules that evoke microglial responses, the supernatants of
apoptotic neuronal cell cultures were added to BV2 murine mi-
croglia cell cultures. Three neuronal cells, PC12, SK-N-BE(2)C,
and SH-SY5Y cells, were used. PC12 cells underwent apoptosis in
the SDM, and apoptosis of other two neuronal cells was also
observed when they were treated with staurosporine (10 �M).
Apoptosis of each cell line was confirmed by the presence of
nuclear clumping after 4�,6�-diamidino-2-phenylindole staining
(data not shown). To determine various cytokines, including IL-
12, TNF-�, IL-6, IL-1�, IL-1Ra, TGF-�1, and inducible nitric
oxide (NO) synthase (iNOS) mRNA in microglia at the same
time, multi-prove RPA was used. Supernatants from all three cell
lines undergoing apoptosis produced a similar pattern of cyto-
kine mRNA induction (Fig. 1A,B). However, similar experi-
ments with multi-prove RPA showed no induction of GDNF or
anti-inflammatory cytokines, such as IL-10 or TGF-� (data not
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shown). To identify cytokine-inducing molecules in these apo-
ptotic cell-culture media, the serum-deprived medium of PC12
cell culture was used because they had much less proteins than
other two cell-culture media. SDM was collected at various time
points from 2 to 48 h after serum deprivation, each SDM sample
was concentrated, and 50 �g/ml proteins were used for each ex-
periment. Because induction of cytokines was near maximum by
using the SDM that was collected at 6 h after serum deprivation (6
h SDM), and also to avoid contamination by cellular components
that might leak from secondary necrotic cells after longer serum
deprivation, 6 h SDM was used for the rest of experiments. The
6 h SDM (50 �g/ml) induced cytokine mRNAs in microglia, and
the induction pattern was comparable with LPS (100 ng/ml),
except that IL-12 and iNOS were not induced by the 6 h SDM
(Fig. 1A,B). The supernatant of serum-containing PC12 cell-
culture medium was ineffective (Fig. 1A). TNF-� release from
microglia measured using ELISA showed that only SDM induced
TNF-� release but not by normal PC12 media (Fig. 1C). Whereas
6 h SDM increased the levels of TNF-� in the media from 19.0 �
4.4 pg/ml (untreated control) to 928.8 � 189.4 pg/ml for 24 h,
microglial TNF-� release by the treatment of the supernatant of
PC12 cells in normal serum-containing media for 6 h was
negligible.

Release of matrix metalloproteinase-3 from apoptotic PC12
cells into the serum-deprived media
SDM was subject to be analyzed by two-dimensional gel electro-
phoresis, followed by mass spectrometry. Because SDM con-
tained high serum components even after PC12 monolayer was
thoroughly washed for four times with serum-free media, the last
wash was used as control. Proteins from both 6 h SDM and con-
trol medium were concentrated by using 10 kDa cutoff filter and
separated by two-dimensional electrophoresis. Among several
protein spots exclusively expressed in 6 h SDM, highly reproduc-
ible three spots (arrowhead) were analyzed by MALDI-TOF mass
spectrometry (Fig. 2A). Obtained mass information was ana-
lyzed by peptide fingerprint matching by referencing the
NCBInr. protein database using MS-FIT in ProteinProspector
software. The possible molecules from three spots included
MMP-3, cytoskeletal proteins (desmin and plectin), and cell ad-
hesion molecules [intracellular adhesion molecules (ICAMs)].
MMP-3 was the one with highest probability. To confirm the
release of MMP-3 from serum-deprived apoptotic PC12 cells,
MMP-3 levels in SDM and whole lysates were determined by
Western blot assay. The results showed that active MMP-3
(aMMP-3) of 48 kDa, but not proform of MMP-3 (pMMP-3) (55
kDa), was detected in the SDM as early as 2 h, and amounts of
aMMP-3 in the media steadily increased to 24 h (Fig. 2B, top).
Similar analysis of whole lysates of PC12 cells showed that both
pMMP-3 (55 kDa) and aMMP-3 (48 kDa) were present in PC12
cells and that both pMMP-3 and aMMP-3 were steadily de-
creased in time-dependent manner by serum deprivation (Fig.
2B, bottom). aMMP-3 in the SDM was enzymatically active as
demonstrated by zymographic analysis in which aMMP-3 ap-
peared as a clear band by degrading casein in the gel as early as 2 h
after serum deprivation (Fig. 2C).

Activation of microglia by cMMP-3
To confirm that active MMP-3 is the soluble mediator causing
microglial cytokine induction, both cMMP-3 and pMMP-3 were
added to microglial culture. The profiles of cMMP-3-elicited cy-
tokine mRNA expression in BV2 cells were the same as those of
SDM-elicited expression (data not shown). pMMP-3 had no ef-

Figure 1. The supernatants from apoptotic neuronal-mediated induction of cytokine genes
in BV2 cells and TNF-� release. A, SDM from apoptotic PC12 culture strongly induced micro-
glial cytokine genes. BV2 cells were treated for 6 h with either concentrated 6 h SDM (50 �g of
proteins) or equivalents from normal PC12 culture. Various cytokine mRNA levels, including
IL-12, TNF-�, IL-6, IL-1�, IL-1Ra, TGF-�1, and iNOS, were determined using RPA. L32 and
GAPDH were used as internal controls. B, Supernatants from staurosporine-induced apoptotic
SK-N-BE(2)C and SH-SY5Y also resulted in a similar pattern of cytokine induction in microglia.
Apoptosis of both SK-N-BE(2)C and SH-SY5Y cells was induced by 4 h staurosporine treatment,
and then, to remove staurosporine completely, cells were washed three times with fresh media.
After the last wash, cells were incubated in fresh media for 6 h, and then supernatant was
collected for microglial treatment. After 6 h treatment with supernatants, cytokine mRNA levels
of BV2 cells were analyzed. Pictures shown are representative autoradiographs of the four
independent RPAs. C, SDM caused TNF-� release from microglia. TNF-� levels were measured
in the microglial culture media after 24 h treatments with each condition using ELISA. Values
represent the mean � SD (n � 4). Control, Untreated; Normal PC12 M, supernatant from PC12
cells in serum-containing normal medium for 6 h; SDM, supernatant from PC12 cells in serum-
deprived medium for 6 h; LPS, 100 ng/ml LPS; SY5Y, supernatant from apoptotic SH-SY5Y cells
that were treated with staurosporine (10 �M) for 4 h and then incubated with fresh medium for
6 h; BE(2)C, supernatant from apoptotic SK-N-BE(2)C cells that were treated with staurosporine
(10 �M) for 4 h and then incubated with fresh medium for 6 h.
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fect. TNF-� was used as a marker for quantitative determination
of induced cytokines (Fig. 3A, top). The densitometric measure-
ments of RPA showed a significant increase of TNF-� in micro-
glia induced by cMMP-3 (Fig. 3A, bottom) but not by pMMP-3.
Pretreatment with NNGH (60 �M), an inhibitor of MMP-3, for
30 min decreased cMMP-3-elicited increase of TNF-�. The level
of TNF-� in BV2 cells was measured by ELISA after treatment
with MMP-3 for 24 h (Fig. 3B). Release of TNF-� into the media
by cMMP-3 (400 ng/ml) was increased from 19 � 4.4 pg/ml
(untreated control) to 1244 � 328.7 pg/ml, whereas NNGH (60
�M) diminished the TNF-� release and pMMP-3 had no effects
(Fig. 3B). These results implied that MMP-3 might induce cyto-
kines in microglia by its proteolytic activity rather than simple
molecular binding.

To assess whether MMP-3 was an active component respon-
sible for microglial activation among SDM constituents, BV2
cells were pretreated with NNGH (60 �M) for 30 min before

addition of 6 h SDM (50 �g/ml), and
TNF-� release was measured by ELISA
(Fig. 4A). SDM increased TNF-� release
from 150.8 � 51.6 pg/ml at 6 h to 928.9 �
189.3 pg/ml at 24 h and 1319.4 � 288.1
pg/ml at 48 h. Whereas NNGH pretreat-
ment decreased SDM-mediated TNF-�
release at 6 h (20.5 � 5.9 pg/ml), 24 h
(100.3 � 38.1 pg/ml), and 48 h (322.6 �
164.8 pg/ml), NNGH without SDM had
no effect on BV2 cells. NNGH reduced
SDM-induced TNF-� release by �85%
for 48 h (Fig. 4A). Similar experiments us-
ing cMMP-3 (400 ng/ml) resulted in sim-
ilar results (Fig. 4B). The levels of TNF-�
in the microglial culture media were
166.2 � 77.9, 1244.5 � 328.6, and
1802.1 � 387.1 pg/ml at 6, 24, and 48 h
after cMMP-3 treatments, respectively,
demonstrating that cMMP-3 was capable
of inducing TNF-� in activated microglia.
NNGH pretreatment abolished cMMP-3-
mediated TNF-� release. pMMP-3 failed
to increase TNF-� level. The results indi-
cated that the enzymatically active form of
MMP-3 in the SDM induced TNF-� re-
lease from microglia.

Other known proteases that activate
microglia are thrombin through protease-
activated receptor 1 (PAR1) (Suo et al.,
2002) and tissue plasminogen activator
(tPA) through nonproteolytic mechanism
by binding annexin II (Siao and Tsirka,
2002). PAR1 antibody inhibited thrombin
activation of microglia but was ineffective
on cMMP-3-mediated microglial activa-
tion (data not shown).

Both SDM- and cMMP-3-mediated
induction of cytokines in microglia
depend on ERK activation
Because MAPK (mitogen-activated pro-
tein kinases) have been reported to be in-
volved in the activation of both macro-
phage and microglia under different
stimuli, such as LPS, interferon-�, chemo-

kines, �-amyloid peptide, and CD40L (Weinstein et al., 1992;
Tan et al., 2000a,b; Cambien et al., 2001; Kim et al., 2002), we
examined time course activation of three MAPKs, including
ERK, p38, and JNK, in SDM-treated BV2 cells. Both LPS (100
ng/ml) and 6 h SDM (50 �g/ml) significantly induced phosphor-
ylation of ERK42/44 within 5 min, and activation was sustained
up to 2 h. Phosphorylation of p38 was detected only in LPS-
treated BV2 cells within 5 min and reached maximal level at 2 h.
Activation of JNK was detected in both LPS- and SDM-treated
BV2 microglia. Whereas LPS induced phosphorylation of JNK
within 5 min and it was sustained up to 2 h, SDM relatively
weakly activated JNK at 10 min and phosphorylation disappeared
within 1 h (Fig. 5A). To test whether the inhibition of ERK acti-
vation resulted in abolition of SDM-mediated microglial activa-
tion, the specific MEK inhibitor U0126 was used. Pretreatment of
U0126 (20 �M) almost completely reversed SDM-activated mi-
croglial genes to control levels. However, it failed to completely

Figure 2. Active MMP-3 release from apoptotic PC12 cells into the serum-deprived media. A, Two-dimensional gel electro-
phoresis identified several protein spots exclusively expressed in SDM over control medium. Concentrated 6 h SDM and fourth
wash were separated using two-dimensional gel electrophoresis. After silver staining, gels were scanned, and protein patterns
were compared with each other. Three spots (arrowheads) that were exclusively shown in 6 h SDM were analyzed by in-gel tryptic
digestion, followed by MALDI-TOF mass spectrometry and peptide fingerprint-matching data analysis. Concentrated 6 h SDM, 6 h
SDM concentrated with 10 kDa cutoff filter; Concentrated 4th wash, concentrated last washed medium that might contain diluted
serum proteins. B, Time course release of active MMP-3 was confirmed in both SDM (top) and whole lysates of serum-deprived
PC12 cells (bottom). 4th wash, Concentrated fourth washed medium; 2 h, 6 h, and 24 h SDM, concentrated SDM at 2, 6, and 24 h
of serum deprivation, respectively; 2 h, 6 h, and 24 h SD, whole lysates from corresponding cultures of serum deprivation for 2, 6,
and 24 h, respectively; normal PC12, whole lysates from PC12 cells grown in serum-containing normal medium. C, SDM contained
enzymatically active form of MMP-3. Catalytic activity of concentrated 2 h and 6 h SDM was analyzed using casein zymography.
Clear bands of MMP-3 (48 kDa) after Coomassie blue staining of the gel represent proteolytically active MMP-3. 4th wash,
Concentrated fourth washed medium; 2 h and 6 h SDM, concentrated SDM at 2 and 6 h of serum deprivation, respectively. Pictures
are representative of three independent experiments.
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block the LPS-induced mRNA levels, although it decreased
TNF-�, IL-6, and IL-1� by �40%. Interestingly, iNOS gene was
increased in U0126-pretreated BV2 cells (Fig. 5B). SDM-induced
TNF-� release was also completely blocked by U0126 (data not
shown). Next, we examined ERK activation in cMMP-3-treated
BV2 cells. Strong activation of ERK was found in cMMP-3 (400
ng/ml)-treated BV2 cells, and NNGH (60 �M) and U0126 (20
�M) pretreatment lowered the levels of phosphorylated ERK42/
44. Compared with cMMP-3, pMMP-3 treatment did not induce
ERK phosphorylation (Fig. 5C). Pretreatment of U0126 (20 �M)
for 30 min completely inhibited cMMP-3-mediated TNF-�
mRNA induction (Fig. 5D). U0126 pretreatment also completely
blocked cMMP-3-mediated TNF-� release in 24 h treated BV2

cells. Inhibitors of JNK (SP600125) and p38MAPK (SB203580),
however, had not completely blocked TNF-� release (Fig. 5E).
The data suggest that active MMP-3 contained in SDM evokes
cytokine gene induction in microglia through activation of ERK
pathway.

To verify our findings in primary culture system, we used both
neuronal culture and microglial culture. We confirmed that ac-

Figure 3. Induction of TNF-� in BV2 cells by cMMP-3. MMP-3 increased TNF-� mRNA levels
(A) and released TNF-� protein (B) in BV2 cells through its enzymatic activity. BV2 cells were
treated with cMMP-3 (400 ng/ml), pMMP-3 (400 ng/ml), or NNGH (60 �M, 30 min pretreat-
ment) plus cMMP-3 for 6 h, and then cytokine mRNAs were analyzed by RPA. A, Top, Represen-
tative autoradiograph of TNF-� mRNA expression in microglia from four independent RPA
experiments. Bottom, Densitometric measurement of TNF-� levels was normalized by GAPDH
levels. Values represent the mean � SD (n � 4) (A). Under the same conditions, TNF-� release
from BV2 cells was determined by ELISA. Values represent the mean � SD (n � 4) (B).

Figure 4. Inhibition of SDM-induced TNF-� release into the BV2 cell-culture media by the
MMP-3 inhibitor NNGH. A, SDM-mediated TNF-� release from microglia was abolished by
NNGH pretreatment. TNF-� levels were measured in BV2 cell-culture media after 24 h incuba-
tion with either SDM or SDM with NNGH. Control, Untreated; SDM, concentrated SDM (50
�g/ml); NNGH�SDM, 30 min pretreatment of NNGH (60 �M) and then SDM (50 �g/ml). B,
Enzymatic activity of MMP-3 was essential to induce TNF-� in microglia. TNF-� levels were
measured in BV2 cell-culture media after 24 h incubation with pMMP-3, cMMP-3, or cMMP-3
with NNGH. Control, Untreated; pMMP-3, pMMP-3 at 400 ng/ml; cMMP-3, cMMP-3 at 400
ng/ml; NNGH�cMMP-3, 30 min pretreatment of NNGH (60 �M) and then cMMP-3 (400 ng/
ml). Values represent the mean � SD (n � 4).
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tive MMP-3 was released from degenerating dopaminergic neu-
rons using primary mesencephalic neuron– glia cultures in the
presence of 1-methyl-4-phenylpyridinium (MPP�). In the pri-
mary mesencephalic culture media undergoing degeneration by
MPP�, MMP activity was increased, and an active MMP-3 was
detected by immunoprecipitation (data not shown). Primary mi-
croglia were used to confirm cMMP-3-mediated microglial acti-
vation. cMMP-3 induced TNF-� activation in a dose-dependent
manner, and pretreatment of either NNGH or U0126 completely
abolished cMMP-3-mediated TNF-� release (Fig. 6).

NF-�B activation in microglia by cMMP-3 is through the
ERK pathway
We also investigated NF-�B activation because NF-�B regulation
of various cytokine genes, such as iNOS, TNF-�, and IL-6, has

been reported previously (Carter et al.,
1996; Kleinert et al., 1996). NF-�B activa-
tion in microglia by cMMP-3 was deter-
mined by the electrophoresis mobility
shift assay. The 6 h treatment of cMMP-3
(400 ng/ml) prominently induced NF-�B
nuclear translocation, and NNGH (60 �M)
pretreatment reduced nuclear NF-�B level
by �65%. Pretreatment of U0126 (20 �M)
for 30 min also reduced the nuclear translo-
cation of NF-�B. This result suggests that
NF-�B activation is downstream to ERK ac-
tivation in cMMP-3-treated microglia. In
the presence of excess amounts of unlabeled
oligonucleotides, the shifted bands disap-
peared (Fig. 7).

Conditioned medium from cMMP-3-
stimulated microglia causes
neuronal death
Because a number of studies have demon-
strated that activated microglia induce
neural cell degeneration, we investigated
whether microglia activated by either
SDM or cMMP-3 could induce neural cell
death. Differentiated PC12 cells were ex-
posed to cell-free CM collected from either
untreated resting BV2 cells or BV2 cells
treated with cMMP-3, SDM, or LPS. CM
from cMMP-3-stimulated BV2 microglia
induced significant neural cell death with
increasing LDH release to �160% of un-
treated PC12 cells (Fig. 8). In contrast, CM
from resting BV2 microglia did not trigger
significant neural cell death. SDM and LPS
also caused differentiated PC12 cell death
through microglial activation, as indicated
by the 140 and 150% increases in LDH re-
lease compared with untreated control, re-
spectively. Consistent with the results that
demonstrated the involvement of ERK
pathway in cMMP-3- and SDM-mediated
BV2 microglial activation, CM collected
from U0126-pretreated BV2 cells failed to
induce neurodegeneration. To further in-
vestigate whether CM from cMMP-3
caused apoptosis, CM-treated PC12 cells
were stained with annexin V, an early ap-

optosis marker, over time. Annexin V-positive cells appeared as
early as 6 h after treatment with cMMP-3 CM. TNF-� at 1000
pg/ml, a concentration equivalent to that in 12 h cMMP-3 CM,
also caused apoptosis of PC12 cells. However, blocking of TNF-�
in cMMP-3 CM by preincubation of a specific antibody (2 �g/
ml) did not completely inhibit PC12 apoptosis. This result im-
plies that substances other than TNF-� could be involved in CM-
mediated PC12 degeneration.

Discussion
A number of studies have demonstrated that apoptotic cells mod-
ulate immune responses by direct contact with phagocytes and
subsequent engulfment. Apoptotic cells trigger the recruitment
of phagocytic cells to be removed quickly and efficiently. Apopto-
tic cells release chemoattractants, such as fractalkine, a chemo-

Figure 5. ERK-dependent activation of microglia treated with SDM and cMMP-3. A, ERK pathway was most strongly activated
in SDM-mediated microglial activation. BV2 cells were treated with either LPS (100 ng/ml) or 6 h SDM (50 �g/ml) for 5 min to 2 h.
Phosphorylation of three MAPKs (ERK, p38, and JNK) was detected by Western blot analysis. B, U0126, a specific MEK1/2 inhibitor,
abolished SDM-mediated microglial cytokine inductions. After 30 min pretreatment of U0126 (20 �M), BV2 cells were incubated
with either LPS (100 ng/ml) or SDM (50 �g/ml) for 6 h. Cytokine mRNAs were determined using RPA. C, cMMP-3 also activated
ERK pathway in microglia. BV2 cells were pretreated with either U0126 (20 �M) or NNGH (60 �M) for 30 min and then incubated
with cMMP-3 (400 ng/ml) for 30 min. Phospho-ERK was detected by Western blot analysis. �-Actin was shown as internal control.
D, E, U0126 completely blocked cMMP-3-mediated microglial TNF-� induction and release. However, SP600125 and SB203580
did not completely inhibit TNF-� release. After 30 min pretreatment of U0126 (20 �M), BV2 cells were incubated with cMMP-3
(400 ng/ml) for 6 h. TNF-� mRNA was determined using RPA. The top panel shows autoradiograph of TNF-� RPA. Densitometric
measurement of TNF-� level normalized by GAPDH level is shown in the bottom panel (D). TNF-� release was determined after
24 h treatment with either cMMP-3 or U0126 plus cMMP-3 by ELISA (E). Control, Untreated; pMMP-3, pMMP-3 at 400 ng/ml;
cMMP-3, cMMP-3 at 400 ng/ml; U0126�cMMP-3, 30 min pretreatment of U0126 (20 �M) and then cMMP-3 (400 ng/ml);
NNGH�cMMP-3, 30 min pretreatment of NNGH (60 �M) and then cMMP-3 (400 ng/ml); SP�cMMP-3, 30 min pretreatment of
SP600125 (20 �M) and then cMMP-3 (400 ng/ml); SB�cMMP-3, 30 min pretreatment of SB203580 (20 �M) and then cMMP-3
(400 ng/ml). Pictures shown are representative of four independent experiments.
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kine that is predominantly expressed in the brain (Chapman et
al., 2000), or the phospholipid lysophosphatidylcholine (Lauber
et al., 2003), which promotes chemotaxis of primary microglia
and monocytes. However, in addition to phagocytosing apopto-
tic cells, phagocytes actively promote cell death by engulfment. In
the developmental process, apoptosis of Purkinje cells in the cer-
ebellum can be prominently reduced by selective elimination of
microglia (Marin-Teva et al., 2004). In the developing nematode,
caspase [CED-3 (Caenorhabditis elegans cell death protein)]-
dependent cellular degeneration can be reversed by inhibition of
engulfment by neighboring cells (Hoeppner et al., 2001; Reddien
et al., 2001). Our recent studies also showed that microglia were
rapidly activated by apoptotic dopamine neurons in the substan-
tia nigra after axon transection and that phagocytosis of apopto-
tic neurons by activated microglia occurred at early stages of
apoptosis (Cho et al., 2003; Sugama et al., 2003). The question
addressed by the present study was whether early apoptotic neu-
rons release soluble signaling molecules that induce microglial
activation and induce production of inflammatory cytokines in
activated microglia. The answers for this question may provide
valuable information regarding mechanisms that underlie mi-
croglial activation and phagocytosis in neuronal apoptotic
processes.

By identifying the active form of MMP-3 as a signaling mole-
cule from apoptotic neuronal cells that activates microglia and
induces inflammatory cytokines in microglia, we established an
important sequence of inflammatory reactions that occur in neu-
ronal apoptosis. Additional evidence for MMP-3 release from
apoptotic neuronal cells was that MMP-3 was identified in de-
generating primary mouse mesencephalic cultures treated with
MPP�, a selective dopaminergic neuronal toxin, and inhibition
of TNF-� release from SDM-activated microglia by the specific
MMP-3 inhibitor NNGH. Increased TNF-� expression has been
implicated in the pathogenesis of several degenerative human
brain diseases, including multiple sclerosis (Raine, 1994), Alzhei-
mer’s disease (Fillit et al., 1991; Meda et al., 1995), Parkinson’s

Figure 7. ERK-dependent activation of NF-� B by cMMP-3. cMMP-3 induced translocation
of NF-� B through ERK pathway in BV2 cells. BV2 cells were incubated with either cMMP-3 alone
(400 ng/ml) or combined pretreatment with inhibitors for 6 h. Nuclear translocation of NF-� B
was examined by gel mobility shift assay. Control, Untreated; cMMP-3, cMMP-3 at 400 ng/ml;
U0126�cMMP-3, 30 min pretreatment of U0126 (20 �M) and then cMMP-3 (400 ng/ml);
NNGH�cMMP-3, 30 min pretreatment of NNGH (60 �M) and then cMMP-3 (400 ng/ml); Cold,
excessive amounts of unlabeled NF-� B oligonucleotide with cMMP-3-treated nuclear extract.

Figure 6. Activation of primary microglia by cMMP-3. Primary mouse microglia were also
activated by cMMP-3 in an ERK-dependent manner. Primary mouse microglia were treated with
either various concentration of cMMP-3 alone (125, 250, and 400 ng/ml) or combined pretreat-
ment with inhibitors. U0126 (20 �M) or NNGH (60 �M) were 30 min pretreated before cMMP-3
(400 ng/ml). TNF-� release was measured at 3 and 8 h after treatment. Control, Untreated; LPS,
LPS at 10 ng/ml; 125, 250, 400, cMMP-3 at 125, 250, and 400 ng/ml, respectively;
NNGH�cMMP-3, 30 min pretreatment of NNGH (60 �M) and then cMMP-3 (400 ng/ml);
U0126�cMMP-3, 30 min pretreatment of U0126 (20 �M) and then cMMP-3 (400 ng/ml).
Values represent the mean � SD (n � 4).
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disease (Boka et al., 1994; Mogi et al., 1994; Sriram et al., 2002),
and AIDS dementia (Akassoglou et al., 1997). Studies have shown
that TNF-� directly induces neuronal death (Talley et al., 1995;
D’Souza et al., 1996; Batchelor et al., 1999; Haviv and Stein,
1999). These suggest that cMMP-3-activated microglia might
cause neuronal degeneration via releasing proinflammatory cy-
tokines. Cytokine induction in microglia by active forms of
MMP-3 was dependent of ERK and NF-�B intracellular signal
transduction pathway. Moreover, activated microglia in the pres-

ence of SDM or cMMP-3 caused differentiated PC12 cell death.
Apoptosis is known as silent cell death, and activation of micro-
glia or macrophages in apoptosis was thought to be a null event in
cell death. Although recent evidence strongly suggested that var-
ious immunological events take place in apoptosis (Savill and
Fadok, 2000), mechanisms that trigger immune responses in ap-
optosis have not been clearly identified. Our results are consistent
with the idea that apoptotic neuronal cells release microglia-
activating molecules, and apoptosis is not an immunologically
null event.

Apoptosis of adult neurons has been observed in various neu-
rodegenerative disorders (Goldberg et al., 1996; Mochizuki et al.,
1997; Gervais et al., 1999). Recent studies clearly demonstrate
that apoptotic neurons and other cells could be phagocytosed by
activated microglia in early neuronal apoptosis (Savill and Fadok,
2000; Cho et al., 2003; Sugama et al., 2003). The engulfment of
apoptotic cells elicit important consequences for immune re-
sponses, such as induction of anti-inflammatory mediators (Voll
et al., 1997; Fadok et al., 1998; Huynh et al., 2002). Considering
the proximity of microglial location to apoptotic neurons in the
brain and rapid activation of microglia, secretion of signaling
molecules that are not necessarily chemoattractants is a reason-
able assessment. This type of releasing mediator might have a
different function from chemotactic factors. We report here
MMP-3 as a potential candidate. Active MMP-3 release from
apoptotic cells might play important roles in cellular apoptosis
and subsequent engulfment by phagocytes. First, it may disrupt
physical connections between apoptotic cells and the surround-
ing extracellular matrix, which might facilitate cellular shrinkage
and promote their engulfment by phagocytes. Second, as we
shown here, aMMP-3 may induce microglial activation near the
site at which apoptosis occurs. Activated microglia may release
various cytokines and express receptors responsible for the rec-
ognition and engulfment of apoptotic cells. The early activation
of microglia might be terminated by engulfment of apoptotic
cells. The deregulation of this sequential event may cause patho-
logic conditions.

The different patterns of signal transduction pathway activa-
tion and cytokine induction in microglia by the SDM and LPS are
also noteworthy. In the present study, both SDM and cMMP-3
rapidly activated the ERK pathway, followed by proinflammatory
cytokine induction, but no significant activation of JNK and p38
MAPK were observed. By blocking MEK1/2, an immediate up-
stream activator of ERK, both SDM- and cMMP-3-induced cy-
tokine genes and TNF-� release were almost completely inhib-
ited. JNK inhibitor and p38 inhibitor, however, did not
completely block MMP-3-mediated TNF-� release. IL-12 and
iNOS mRNA expressed by LPS were not induced by the SDM.
Because IL-12 is a strong inflammatory cytokine and NO is a
neurotoxin, the lack of expression of these two genes by the SDM
may represent the differential immunological consequences by
neuronal degeneration processes between apoptosis and necrosis
or direct injury of neurons. LPS is a potent immunostimulant
activating a number of signal transduction pathways, including
MAPKs, PKA, PKC, and NF-�B, which coordinate the induction
of many genes encoding inflammatory mediators (Guha and
Mackman, 2001). In our hands, however, LPS-mediated iNOS
induction in BV2 cells was actually increased by inhibition of
ERK activation (Fig. 5). In addition, cMMP-3 activated NF-�B
pathway in microglia. The inhibition of NF-�B nuclear translo-
cation by a MEK1/2 inhibitor, U0126, suggests that phosphory-
lation of ERK is upstream of NF-�B activation. Although NF-�B
was activated by both LPS and MMP-3 and NF-�B is an essential

Figure 8. Neurodegeneration induced by SDM- or cMMP-3-activated BV2 cells. A, LDH re-
lease was measured from the supernatant of differentiated PC12 cells incubated for 12 h in the
various conditioned media from BV2 cells. Control, Untreated; BV2 Normal M, medium from
untreated normal BV2 cells; cMMP-3 CM, conditioned medium from BV2 incubated with
cMMP-3 (400 ng/ml) for 3 h; U0126�cMMP-3 CM, CM from 30 min U0126 (20 �M) pretreat-
ment, followed by cMMP-3 for 3 h; SDM CM, CM from concentrated SDM (100 �g/ml) for 3 h;
U0126�SDM CM, CM from U0126 (20 �M) pretreatment, followed by SDM (100 �g/ml) for 3 h;
LPS CM, CM from LPS (100 ng/ml) for 3 h. The data were obtained from triplicate of two
independent experiments. *p � 0.01 versus cMMP-3 CM; **p � 0.05 versus SDM CM. B,
Apoptosis of differentiated PC12 cells was determined by annexin V staining at 6, 12, 18, and
24 h after treatment of cells with cMMP-3 CM, TNF-�, or cMMP-3 CM preincubated with TNF-�
antibody. Control, Untreated; cMMP-3 CM, conditioned medium from BV2 incubated with
cMMP-3 (400 ng/ml) for 3 h; TNF-�, recombinant TNF-� at 1000 pg/ml; cMMP-3 CM�TNF Ab,
cMMP-3 CM preincubated with TNF-� antibody (2 �g/ml) for 1 h. Values represent the
mean � SD (n � 4).
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component in iNOS induction, other transcriptional elements
such as LPS-responding elements were also shown to be impor-
tant (Xie et al., 1994; Xie, 1997). In addition, iNOS induction is
mainly regulated by p38 pathway but not by ERK in macrophage
and C6 glioma cells (Da Silva et al., 1997; Xu and Malave, 2000).
MMP-3 did not significantly activate the p38 MAPK pathway, as
shown in Results. These results suggest that, in neuronal apopto-
sis, the ERK pathway is the predominant signal transduction
pathway in activated microglia and that inhibition of the ERK
pathway may be an important inhibitory treatment for
microglia-induced immune responses.

MMPs are proteolytic enzymes that degrade extracellular
macromolecules. Physiologically, MMPs are important in tissue
remodeling, cell migration, wound healing, and angiogenesis.
MMP-3 has broad substrates, including collagen, laminin, fi-
bronectin, and other latent-type MMPs, such as MMP-7,
MMP-8, MMP-9, and MMP-13 (Chandler et al., 1997). MMP-3
has been studied in several CNS diseases, including ischemia,
Alzheimer’s disease, and multiple sclerosis (Rosenberg et al.,
2001). These data suggest that MMP-3 may play an important
role in the process of neurodegeneration by disrupting the
blood– brain barrier, followed by aggravating inflammatory reac-
tions (Maeda and Sobel, 1996; Yong et al., 1998, 2001). In the
present study, we showed that the active form of MMP-3, which
includes recombinant catalytic domain but not proform, in-
duced microglial activation. This suggests that, in addition to its
known function in extracellular macromolecule degradation, mi-
croglia may be activated by enzymatic activity of MMP-3 on the
membrane of BV2 cells. Enzymatic cleavages of cellular mem-
brane surface proteins that activate cellular activity are known,
and MMP-3 may cleave chemokines or cytokines on the surface
of the microglial membrane, or cell-cell interaction proteins that
include ICAMS, members of the Ig superfamily that can bind �2
integrin molecules (Hubbard and Rothlein, 2000). Both ICAM-1
and �2 integrin molecules are expressed in BV2 cells (data not
shown). MMP-3 may cleave specific receptor(s), such as PAR-1,
like thrombin-mediated microglial activation (Suo et al., 2002).
However, PAR-1 antibody had no effect on MMP-3-elicited mi-
croglia activation. tPA can also cause microglial activation via a
nonproteolytic mechanism (Tsirka et al., 1997; Siao and Tsirka,
2002). Molecular mechanisms that govern microglial activation
by enzymatic activity of MMP-3 remain to be elucidated.

In addition, by demonstrating differentiated PC12 cell degen-
eration induced by cMMP-3-activated microglia, this study sup-
ports a number of previous studies showing that activated micro-
glia are significant components of the pathology in the brain of
chronic neurodegenerative diseases. We demonstrated in this
study molecular mechanisms that govern microglial activation in
neuronal cell apoptosis. Because MMP-3 did not induce neuro-
trophic factor, GDNF, or anti-inflammatory cytokines, TGF-�,
and IL-10, in activated microglia in early neuronal apoptosis,
MMP-3 signaling may trigger inflammatory reactions as well as
exacerbation of neuronal apoptosis that lead to rapid phagocyto-
sis of apoptotic neurons. The present study provides important
clues to our understanding of the communication between apo-
ptotic neurons and microglia. Early interventions into this inter-
action may be used as important therapeutic strategies to prevent
the propagation of microglia-mediated neurodegeneration.
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