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Activation of Matrix Metalloproteinase-3 and Agrin Cleavage in Cerebral Ischemia/Reperfusion

SÒNIA SOLÉ, VALÉRIE PETEGNIEF, ROSER GORINA, ÁNGEL CHAMORRO, AND ANNA M. PLANAS

Abstract. Matrix metalloproteinase-3 (MMP-3) degrades components of the extracellular matrix and may participate in the
pathogenesis of stroke. Here we examine the expression, activation, and cellular location of MMP-3 and the cleavage of agrin,
an MMP-3 substrate, following transient middle cerebral artery occlusion in the rat. MMP-3 was activated by ischemia/
reperfusion, which was revealed by the appearance of a cleaved form and increased degradation of a substrate. MMP-3 was
observed in ischemic neurons, oligodendrocytes, microvasculature, and reactive microglia/macrophages. In cell cultures,
MMP-3 expression was observed in neurons and, to a lesser extent, in mature oligodendrocytes, but not in oligodendrocyte
progenitors, astrocytes, or microglia. Casein zymography revealed MMP-3 in cultured neurons. Agrin was expressed in
cultured neurons and cultured astrocytes. In brain tissue, agrin was detected in neurons, and following ischemia it was also
detected in reactive astrocytes. Addition of MMP-3 to protein extracts from control brain caused neuronal agrin degradation.
Following ischemia/reperfusion, agrin disappeared from the tissue membrane fraction and a cleaved agrin fragment was found
in tissue protein extracts. The present results show MMP-3 activation and neuronal transmembrane agrin cleavage after
ischemia/reperfusion. In addition, the finding that MMP-3 cleaves brain agrin strongly suggests that ischemia-induced MMP-
3 activation causes agrin cleavage.
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INTRODUCTION

Matrix metalloproteinase-3 (MMP-3), also named stro-
melysin-1, degrades a wide range of components of the
extracellular matrix (1) and is involved in pathologies of
the nervous system. In glial tumors, it is responsible for
the invasive properties of astrocytoma cells (2). MMP-3
is upregulated prior to the onset of demyelinating diseas-
es (3), it is associated with white matter damage in vas-
cular dementia (4) and it seems to be involved in ische-
mic neuronal death (5). MMP-3 is expressed as a 57/59
kDa prozymogen; activation of the MMP family of pro-
enzymes occurs following the cleavage of a coordination
bond between a zinc ion at the active center and an un-
paired cysteine in the aminoterminal propeptide, which
can occur following a proteolytic or a chemical bond rup-
ture (6). However, for MMP-3, disruption of the cysteine-
75 and zinc ion coordination is not sufficient to activate
the precursor protein, as conformational changes in pro-
MMP-3 accompanied by the proteolytic cleavage of the
cysteine-containing propeptide domain are necessary for
the expression of proteolytic activity (7). This proteolytic
cleavage, which seems to be essential for MMP-3 acti-
vation, results in the conversion of the pro-form to lower
molecular weight active forms (45, 28, and 21 kDa).

Matrix substrates for MMP-3 include fibronectin, lam-
inin, elastin, collagen IV, proteoglycans (8, 9), the gly-
coprotein osteopontin (10), and the cellular matrix protein
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SPARC (11). In addition to cleaving matrix proteins,
MMP-3 degrades other substrates and has been reported
to degrade myelin basic protein (12), to cleave intact IgG
to produce a single chain Fc-like fragment (13), and to
activate MMP-9 in human breast carcinoma cells (14). In
addition to the devastating action of MMP-3 on a large
spectrum of substrates, it might also have a beneficial
anti-inflammatory role due to its ability to cleave all
monocyte chemoattractant protein chemokines, generat-
ing CC chemokine receptor antagonists (15). MMP-3 also
degrades agrin (16), a heparan sulfate proteoglycan (17),
which is a component of the synaptic basal lamina at the
neuromuscular junction (18). Following release by mo-
toneurons, agrin has the ability to induce clustering of
acetylcholine receptors on cultured myotubules (19). A
shorter agrin isoform is expressed in the brain, where it
remains bound to various types of neuronal cells (20),
and is not restricted to cholinergic regions (21). A distinct
promoter drives the expression of the neuronal form of
agrin (22). Agrin is tightly associated, but not covalently
bound (23), with axonal and synaptic membranes of neu-
rons (23–25). Agrin derived from central nervous system
basal lamina is functionally different from the agrin iso-
forms at the neuromuscular junction, as the former does
not induce acetylcholine receptor aggregation on cultured
myotubes (23). Although brain agrin function is not fully
understood (26), several lines of evidence suggest that it
can mediate transynaptic signaling (27) and that it regu-
lates neuronal responses to excitatory neurotransmitters,
as mice and cultured cortical neurons deficient in agrin
are resistant to excitotoxic insults (28).

Ischemia causes early disturbances to the white matter
and axons resulting in impaired synaptic transmission
(29). As brain agrin has been attributed a putative func-
tion at the CNS synaptic cleft, agrin degradation might

D
ow

nloaded from
 https://academ

ic.oup.com
/jnen/article/63/4/338/2916607 by guest on 20 August 2022



339BRAIN ISCHEMIA ACTIVATES MMP-3 AND CLEAVES AGRIN

J Neuropathol Exp Neurol, Vol 63, April, 2004

contribute to functional alterations following cerebral is-
chemia. A recent genomic study of the ischemic rat brain
showed reduced expression of agrin mRNA (30), but
whether agrin protein is modified after ischemia has not
been explored. Active MMP-3 is a candidate to cause
agrin cleavage in ischemia. MMP-3 expression has been
shown in the ischemic brain (5), but MMP-3 activation
following ischemia has not been demonstrated. Here we
address the question of whether MMP-3 is activated in
the rat brain following ischemia/reperfusion, and whether
agrin is subsequently degraded.

MATERIALS AND METHODS

Animals and Surgery

Adult male Sprague-Dawley rats (275–325 g body weight; n
5 50) obtained from Iffa-Credo (Lyon, France) were kept under
a 12-hour light-dark cycle and allowed free access to food and
water. Animal work was conducted in compliance with the
Spanish legislation on ‘‘Protection of Animals used for Exper-
imenting or other Scientific Purposes’’ and in accordance with
the Directives of the European Community. Rats were initially
anesthetized with 4% halothane in a mixture of 70% N2O and
30% O2, and after tracheal intubation for controlled ventilation,
anesthesia was maintained with 1% to 1.5% halothane. The left
femoral artery was cannulated for monitoring blood pressure
and body temperature was maintained at 36.5 to 37.58C with a
heating blanket connected to a rectal probe. Transient focal ce-
rebral ischemia was induced by middle cerebral artery (MCA)
occlusion using an intraluminal technique, as reported previ-
ously (31). Briefly, the right MCA was occluded by introducing
a 26-mm-long, 3/0 nylon monofilament, blunted at the tip,
through the internal carotid artery to the level where the MCA
branches out. Both common carotid arteries were clamped to
minimize collateral circulation (32). After 50 min, the clip on
the left common carotid artery was removed and 10 min later
the filament was withdrawn and the clip on the right common
carotid artery was also removed. Following surgery, rats were
allowed to recover spontaneous breathing. Finally, rats were
killed under halothane anesthesia at 4 hours, 1, 4, 7, and 14
days after the onset of reperfusion. For control purposes the left
ipsilateral hemisphere of all the rats subjected to ischemia/re-
perfusion was used, and in addition, the brains of nonoperated
rats (n 5 6) were also studied. Note: these rats were anesthe-
tized before killing according to the ethical procedures of our
institution.

Primary Cell Culture Preparation

Neuron-enriched cultures were prepared from embryonic day
18 (E18) Sprague-Dawley rats (Iffa-Credo) as previously de-
scribed (33), with modifications. Reagents, unless otherwise
stated, were from Invitrogen (Paisley, Scotland, UK). Cells
were resuspended in modified Eagle’s medium (MEM) (Sigma-
Aldrich, Alcobendas, Spain) supplemented with 10% fetal calf
serum and 100 mg ml21 gentamycin and seeded at a density of
3,680 cells/mm2. Six mM cytosine arabinose was added after 4
days in vitro. At 7 and 10 days in vitro, part of the medium
was replaced with MEM containing B27 supplements with 3

mM cytosine arabinose to prevent proliferation of non-neuronal
cells.

Glial cell cultures enriched in astrocytes were prepared from
the cerebral cortex of P1-P2 postnatal Sprague-Dawley rats as
previously described (34), with slight modifications. Cells were
plated and maintained in Dulbecco’s modified Eagle medium
(DMEM, Gibco-BRL, Invitrogen, Paisley, UK) supplemented
with 20% fetal bovine serum (FBS) (Gibco-BRL). The culture
medium was changed twice per week. After 1 week, the flasks
were shaken at 200 rpm for 2 hours to dislodge microglia. The
medium was removed and replaced with fresh medium con-
taining 10% FBS. Subsequently, until the cells reached conflu-
ence, 7% FBS was used in the medium.

Microglial cultures were prepared from cultures of rat pri-
mary mixed glia at 7 to 8 days in vitro by shaking the cells for
2 hours at 200 rpm, as reported elsewhere (35). Floating cells
were collected and sub-cultured at 5 3 104 cells ml21 and main-
tained with the tissue medium as above, containing 7% FBS.

Oligodendrocyte cultures from rat brain were provided by Dr.
Eduardo Molina-Holgado and were prepared as described else-
where (36). Oligodendrocyte progenitors were grown in culture
for 3 days in serum-free medium containing 2.5 ng ml21 basic
fibroblast growth factor and human recombinant platelet-de-
rived growth factor-a (PreproTech Inc., Rocky Hill, NJ), which
expanded the number of cells while preventing differentiation
by maintaining the cells as a population of homogeneous bi-
polar cells. Mature oligodendrocytes were obtained by further
culturing the cells for up to 10 days in the same medium as
above, supplemented with 3% calf serum (Gibco-BRL). These
cells acquired a complex morphology with ramified processes.

Protein Expression by Western Blotting

Cell culture and tissue samples were homogenized in radio-
immunoprecipitation assay lysis buffer with a protease inhibitor
cocktail (Boehringer Mannheim, Mannheim, Germany), as re-
ported previously (34). Samples were sonicated and then cen-
trifuged at 12,000 3 g for 15 min at 48C, and the supernatants
were used as the protein fraction. The protein content was de-
termined with the Bradford assay (Bio-Rad, Hercules, CA). A
different set of frozen tissue samples from control and ischemic
brains was used to obtain the cytosolic membrane protein frac-
tion using a sucrose gradient method, as previously reported
(37). Each sample (controls, n 5 3; ischemic, n 5 3) was ob-
tained by pooling frozen brain tissue from 2 rats. Briefly, tissue
was homogenized with a loose Dounce homogeniser in buffer
(1:3 w/v) containing 1 mM NaHCO3 and 0.5 mM CaCl2, pH
7.5. The homogenate was filtered and centrifuged at 1,000 3 g
for 20 min. The pellet was resuspended in the same buffer and
centrifuged at 1,500 3 g twice for 15 min each, then resus-
pended and centrifuged at 1,550 3 g. The pellet was then re-
suspended in 80% sucrose to a final volume of 10 ml and ho-
mogenized with a tight Dounce homogenizer. Then, a sucrose
gradient (solutions were made in 5 mM tris-HCl buffer, pH 7.5)
was prepared by sequentially adding 8 ml 80% sucrose, 8 ml
48% sucrose, 8 ml 47% sucrose, and 6 ml 41% sucrose, which
was subjected to ultracentrifugation at 90,000 3 g for 2 hours.
The membrane enriched fraction (found between 47%–41% su-
crose) was centrifuged at 100,000 3 g for 30 min in 10 mM
Tris-HCl buffer pH 7.4 containing 3 mM EGTA. Finally, the
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340 SOLÉ ET AL

J Neuropathol Exp Neurol, Vol 63, April, 2004

pellet was resuspended in the last buffer and the protein content
was determined as above.

Protein samples were run alongside prestained molecular
weight markers (Bio-Rad) in denaturing 6% to 8% polyacryl-
amide gels and were transferred to a membrane (Immobilon-P,
Millipore, Bedford, MA), as reported previously (34). Mem-
branes were incubated overnight at 48C with one of the follow-
ing primary antibodies: mouse monoclonal antibodies against
rat Agrin (Agr-520, StressGen, Victoria, Canada) diluted 1:250,
b-tubulin (Boehringer Mannheim) diluted 1:5,000, synaptophy-
sin (clone SY 38, Dako, Glostrup, Denmark) diluted 1:7,000,
ED1 (MCA341, Serotec, Kidlington, Oxford, UK) diluted 1:
300; and rabbit polyclonal antibodies against the MMP-3 hinge
region (M4802, Sigma) diluted 1:1,000, actin (Sigma) diluted
1:5,000, MMP-2 (AB809, Chemicon, Temecula, CA) diluted 1:
2,000, glial fibrillary acidic protein (GFAP, Dako) diluted 1:
1,000. The secondary antibodies (Amersham, Piscataway, NJ)
were peroxidase-linked anti-mouse Ig or anti-rabbit Ig diluted
1:2,000. The reaction was developed with a chemiluminescence
reagent containing luminol. Densitometric analysis of band in-
tensity in the blots was carried out with a Kodak camera (DC-
120) and Kds1D Digital Science System software.

Enzymatic Assay of MMP-3 Activity

MMP-3 activity was assessed by incubation of control and
ischemic brain samples with a fluorogenic substrate (MMP-3
Substrate II, Calbiochem, San Diego, CA), which is degraded
by MMP-3 (38). Frozen tissue was homogenized in lysis buffer
containing 50 mM Tris-HCl pH 7.6, 150 mM NaCl, 5 mM
CaCl2, 0.05% Brij-35, 0.02% NaN3, and 1% Triton X-100, and
centrifuged at 12,000 3 g for 5 min at 48C. The supernatants,
containing 200 mg of protein (in a volume of 50 ml), were
mixed with assay buffer (50 mM Tris-HCl pH 7.6, 200 mM
NaCl, 5 mM CaCl2, 20 mM ZnSO4 and 0.05% Brij-35) to a final
volume of 200 ml, and different concentrations of the fluoro-
genic MMP-3 substrate (1, 2.5, 5, 10, and 30 mM) were added.
The samples were incubated for 10 min at 378C and fluores-
cence was measured on a fluorimeter (Spectra Max GeminiXS,
Molecular Device Corporation, Sunnyvale, CA) (lexc 5 328 nm
and lem 5 393 nm). A mixture of lysis buffer with assay buffer
in the absence of tissue samples was incubated as above as a
reaction blank. Data was analyzed by nonlinear regression and
fitted to one-phase exponential association curves. The rate con-
stant and the Ymax values were calculated and statistical com-
parisons between rat groups were performed with the unpaired
t-test.

Immunohistochemistry and Histochemical Reactions

Rats were perfused with 4% paraformaldehyde and brains
were postfixed overnight with the same fixative and then em-
bedded in paraffin. Five-mm-thick coronal sections were ob-
tained with a microtome. Studies were performed 1, 4, 7, and
14 days after ischemia and in controls (n 5 3 per group). Par-
affin was removed and sections were boiled in 10 mM citrate
buffer, pH 6, for 20 min for antigen retrieval. Immunohisto-
chemistry was carried out as previously reported (37). Endog-
enous peroxidases were blocked with methanol-H2O2, and non-
specific-binding sites with 3% normal horse or goat serum for
2 hours. Sections were then incubated overnight in a humidified

chamber at 48C with either the mouse monoclonal antibody
against CNS agrin (agr-520) diluted 1:25, a mouse monoclonal
antibody against GFAP (Boehringer Mannheim) diluted 1:500,
or a rabbit polyclonal antibody against MMP-3 (Sigma) diluted
1:200. Sections were incubated with biotinylated horse anti-
mouse or goat anti-rabbit IgG (Vectastain, Vector, Burlingame,
CA) diluted 1:200 for 1 hour and then avidin-biotin-peroxidase
(ABC kit, Vector) (1:100) for 1 hour. The reaction was devel-
oped with 0.05% diaminobenzidine and 0.03% H2O2. Immu-
noreaction controls included omission of the primary antibody.
Several sections were counterstained with hematoxylin. Double
immunohistochemistry (37) was performed after the first im-
munoreactions. Sections previously reacted with the first pri-
mary antibody were incubated overnight with the second pri-
mary antibody, followed by a biotinylated secondary antibody.
Then the sections were incubated with the avidin-biotin com-
plex, washed with 0.01 M sodium phosphate buffer, pH 6, and
preincubated for 10 min with 0.01% benzidine dihydrochloride
and 0.025% sodium nitroferricyanide in 0.01 M sodium phos-
phate buffer, pH 6. The reaction was developed in this solution
with 0.005% H2O2.

Lectin histochemistry to label microglia/macrophages was
carried out by incubating the section with biotinylated lectin
from Lycopersicon esculentum (Sigma), as reported previously
(37), following incubation with the primary antibody. For con-
trol purposes, we carried out the same double histochemistry
procedures in the absence of either the first primary antibody
or the lectin.

For Luxol fast blue (Klüver-Barrera) staining, sections were
immersed in 95% ethanol and were stained in a Luxol fast blue
solution (0.1% in 95% ethanol) for 2 hours at 608C, and the
excess stain was rinsed with 95% ethanol. The sections were
rinsed with distilled water and differentiated the staining by
immersion in a 0.05% lithium carbonate solution for 30 sec-
onds. We continued differentiation in the 70% ethyl alcohol and
when differentiation was completed (i.e. grey and white matter
was visually distinguished), we washed in distilled water, de-
hydrated the sections, and mounted the preparations.

Casein Zymography in Cultured Cells

Zymography was performed in 8% polyacrylamide gels con-
taining casein (1 mg ml21). The casein solution (from bovine
milk, Sigma) (10 mg ml21) was prepared by mixing with 1.5
M Tris-HCl pH 8.8 for 2 hours under vortex shaking. Ten mg
of protein was loaded in the gel and SDS-PAGE was performed
at 100 V. The gels were incubated in 250 ml of buffer contain-
ing 50 mM Tris-HCl pH 7.5, 10 mM CaCl2 and 0.02% NaN3

for 42 hours at 378C. Incubation in the presence of 20 mM
EDTA was carried out as a control for the specificity of the
caseinolytic reaction. After incubation, gels were stained in
0.1% amido black (napthol blue black, Sigma) in acetic acid:
methanol:water (1:3:6) for 30 min and washed in the solvent 4
times for 15 min each, followed by a final wash in distilled
water.

Agrin Degradation by MMP-3

The tissue homogenates (as used for Western blot, described
above) containing 300 mg of protein in approximately 30 ml
were mixed to a final volume of 200 ml with incubation buffer
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containing 50 mM Tris-HCl pH 7.5, 10 mM CaCl2, and 0.02%
NaN3, and in the presence or absence of 500 U of human re-
combinant MMP-3 (catalytic domain, from Calbiochem) (1.6
U/mg of protein). Incubation was carried out for 18 hours at
room temperature under constant shaking. Forty mg of protein
was denatured and loaded on a 6% polyacrylamide gel for
Western blot analysis of agrin.

RESULTS

Expression of MMP-3

Basal expression of MMP-3 pro-form in control brain
tissue was detected by Western blot analysis as a band
of ;57 kDa (Fig. 1A). A faint band of ;120 kDa, which
might correspond to MMP-3 dimers, was detected in the
blots, but no changes were seen in the intensity of this
band after ischemia/reperfusion (Fig. 1A). However, is-
chemia/reperfusion caused the appearance of an addition-
al band of lower molecular weight (45 kDa, n 5 12),
which corresponds to an active form of MMP-3 at 1, 4,
and 7 days post-ischemia, but not at 4 hours (Fig. 1A).
Quantification of the intensity of this band by densito-
metric analysis showed a significant (p , 0.001) increase
at 1, 4, and 7 days after ischemia/reperfusion (Fig. 1B).

MMP-3 Activity in Brain Tissue after Ischemia

We determined the extent to which brain tissue sam-
ples were able to degrade a specific MMP-3 fluorogenic
substrate, which becomes fluorescent following cleavage.
We measured the fluorescence (excitation 5 368 nm,
emission 5 459 nm) after addition of various substrate
concentrations ranging from 0 to 30 mM. Data for each
group of rats (4–6 rats per group) was obtained after 10-
min incubation and fitted to a curve by means of nonlin-
ear regression (1 phase exponential association) (Fig.
1B). The control group fitted with R2 5 0.998, the 1-day
post-ischemia experiment group fitted R2 5 0.996, and
the 4-day group fitted R2 5 0.997. Mean 6 SEM values
for the rate constant (K) were 0.121 6 0.011 for controls,
while the corresponding values for 1 day and 4 days post-
ischemia were 0.206 6 0.039 and 0.1817 6 0.020, re-
spectively. The higher K value (Fig. 1C) after ischemia
(p , 0.05) is compatible with an increase in the activity
of MMP-3. Ymax values were 1,298 6 63 for controls and
1,189 6 105 and 1,843 6 92 for 1 and 4 days post-
ischemia, respectively. The Ymax value can be taken as the
capacity of the enzyme to bind substrate, suggesting an
increased MMP-3 protein expression by 4 days post-is-
chemia (p , 0.001) (Fig. 1C). At this time point, ex-
pression of MMP-3 was found in reactive microglia/mac-
rophages (Fig. 2S), indicating that there was more
enzyme present in the tissue for binding its substrate.

Cellular Localization of MMP-3

We detected expression of MMP-3 in the control brain
(Fig. 2A, I, N), mainly localized in neurons as evidenced

in Figure 2N by double immunostaining with NeuN,
which is a marker of neuronal nuclei. Neurons showed
faintly stained cytoplasm and processes, and a discrete
granular staining in their nucleus. In addition, MMP-3-
stained oligodendrocytes were detected in the control
white matter as shown in Figure 2E (light brown) and
Figure 2G (dark brown). Double immunohistochemistry
with GFAP revealed no stained astrocytes (Fig. 2A, E).
Likewise, no MMP-3 staining was detected in resting mi-
croglia, or the microvasculature (Fig. 2A, arrowhead).

At 24 hours of reperfusion after 1-hour MCA occlu-
sion, increased MMP-3 staining was detected in neurons
located in the periphery of the ischemic core (Fig. 2B).
Within the ischemic core there were many MMP-3-
stained neurons showing a typical morphology of ische-
mic neurons with a triangular shape and a very shrunken
nucleus that was immunoreactive to MMP-3 (Fig. 2C, J,
L). In this area, stained processes were no longer seen
and, besides the stained neurons, the overall immunore-
activity was reduced compared with that in the contra-
lateral hemisphere (Fig. 2C). At this time, MMP-3 stain-
ing was prominent in oligodendrocytes located in the
ipsilateral white matter (Fig. 2F). MMP-3 staining in ol-
igodendrocytes of the white matter was very intense by
4 days post-ischemia (Fig. 2H). At this time, disrupted
myelin fibers were detected in the ipsilateral corpus cal-
losum after Luxol fast blue staining (bright blue patch in
Fig. 2H). Also, by 4 to 7 days post-ischemia, lectin-pos-
itive (Fig. 2Q) reactive microglia/macrophages within the
infarcted core were immunoreactive to MMP-3 (Fig. 2S),
and again no MMP-3 was detected in reactive astrocytes
(not shown). At 14 days, the intense staining of oligo-
dendrocytes and microglia/macrophages in the ipsilateral
hemisphere was maintained and certain neurons in the
periphery of the infarcted core showed intense staining,
which became apparent even in the nucleus (not shown).
In addition, we observed an increased MMP-3 staining
in the microvasculature at 1 day (Fig. 2D, F) and 4 days
(Fig. 2S) post-ischemia.

As MMP-3 was reported in astrocytes under certain
conditions (39), we decided to separately culture different
neural cell types to study MMP-3 expression. We studied
primary cultures of rat astrocytes, neurons, microglia, and
oligodendrocytes. Markers of the different cell types were
used to illustrate the enrichment of each culture in each
particular cell type (Fig. 1E). In agreement with data ob-
tained from brain tissue, the results in cultured cells (Fig.
1E) revealed expression of MMP-3 in neurons (Fig. 1E,
lanes 1 and 2) and mature oligodendrocytes (Fig. 1E, lane
8), but not in oligodendrocyte precursors (Fig. 1E, lane
7), astrocytes (Fig. 1E, lanes 5 and 6), or microglial cells
(Fig. 1E, lanes 3 and 4). Casein zymography in extracts
of the different cell types showed MMP-3 activity in neu-
rons (Fig. 1F). The intensity of the neuronal zymography
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Fig. 1. MMP-3 is activated in the rat brain following MCA occlusion/reperfusion and is expressed in neurons and mature
oligodendrocytes in cell cultures, but not in astroglia or microglia. A: A 57-kDa precursor form of MMP-3 is expressed in the
control brain (from rats not subjected to ischemia and in the contralateral hemisphere of ischemic rats). At 1 and 4 days after
the onset of ischemia, but not at 4 hours, a 45-kDa band corresponding to an active form of MMP-3 is found. This is accompanied
with some loss of the prozymogen, which is more apparent at 4 days. B: Densitometric analysis of the intensity of the 45-kDa
band shows a significant (*** indicates p , 0.001, t-test) increase at 1 day (n 5 7), 4 days (n 5 3), and 7 days (n 5 2) following
MCA occlusion in relation to controls (n 5 10). Values are expressed as the percentage of control. C: Homogenates of brain
tissue (n 5 4 to 6 rats in each group: controls, 1 day and 4 days ischemia) were incubated in vitro for 10 min with an MMP-3
substrate that emits fluorescence once it has been cleaved by the enzyme (see Materials and Methods). We measured the fluo-
rescence (excitation 5 368 nm, emission 5 459 nm) that was produced using several substrate concentrations ranging from 0 to
30 mM. Points were fitted to 1-phase exponential association curves using nonlinear regression analysis and the rate constant and
Ymax parameters were estimated. D: The rate constant was higher in both ischemic groups than in the control, indicating a higher
activity of the enzyme, whereas the Ymax value was higher only at 4 days post-ischemia, compatible with a higher binding capacity
in this group (* indicates p , 0.05 using the unpaired t-test assay). E: In cell cultures, the precursor form of MMP-3 was found
in cultured neurons (lanes 1, 2) and mature oligodendrocytes (lane 8), but not in precursor oligodendrocytes (lane 7), microglia
(lanes 3, 4), or astroglia (lanes 5, 6). Actin is shown as a control for protein loading. Synaptophysin, GFAP, and ED1 blots are
shown to identify neurons, astrocytes, and microglia, respectively. F: Casein zymography revealed the presence of a band in
neurons (lanes 1, 2) but not in microglia (lanes 3, 4) or astroglia (lanes 5, 6). In the bottom part of the figure, casein zymographies
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←

are shown for aliquots of the same neuronal culture (lanes 2 and 4). Lanes 1 and 3 show a prestained molecular weight marker
(50 kDa). The gel on the left side was incubated in the absence of EDTA, whereas the gel on the right side was incubated in
the presence of 20 mM EDTA, which inhibits MMP-3.

band was attenuated when incubation for casein degra-
dation was performed in the presence of 20 mM EDTA,
which inhibits Ca21-dependent MMP-3 activity (Fig. 1F,
bottom gels).

MMP-3 Degrades Brain Agrin and Agrin Is Degraded
following Ischemia/Reperfusion

We incubated extracts of control brain in the presence
or absence of MMP-3 for 18 hours at room temperature.
MMP-3 caused agrin degradation of the full transmem-
brane agrin form of 220 kDa, as revealed by Western blot
(Fig. 3A). Likewise, ischemia/reperfusion caused trans-
membrane agrin cleavage, as a reduction of the 220-kDa
band was detected in membrane extracts (Fig. 3B). In
whole brain protein homogenates, attenuation of the in-
tensity of the 220-kDa band after ischemia/reperfusion (at
1, 4, and 7 days) was accompanied by the formation of
a lower molecular weight band (135 kDa) (Fig. 3C). The
low molecular weight band seen in the total protein ex-
tracts of the ischemic brains was not detected in the mem-
brane extracts of ischemic brains (Fig. 3B), demonstrat-
ing that the cleaved form of agrin did not remain attached
to the membrane. The cleaved fragment of agrin that we
detected here contains the C-terminal domain, as the an-
tibody used recognized an epitope located close to the C-
terminus of agrin forms containing inserts at splicing site
Z; expression of these forms is restricted to the brain.

Cellular Localization of Agrin

We studied agrin expression in primary cultures of
neurons, astrocytes, microglia, and oligodendrocytes.
Agrin was detected in cultured neurons, and to a lesser
extent cultured astrocytes, but not in oligodendrocytes or
microglia (Fig. 3D).

Low agrin expression was found in the control rat
brain tissue by immunohistochemistry and staining was
located in neurons (Fig. 4A). Staining was localized in
neuronal processes and around the cell bodies, which is
compatible with the presence of agrin in the cell mem-
brane. At 24 hours post-ischemia, agrin staining faded
away within the ischemic core (Fig. 4C). However, in the
vicinity of the ischemic core, in a penumbra-like area
surrounding the core, the intensity of staining was in-
creased around the cell bodies of scattered neurons (Fig.
4B). Here the pattern of agrin staining in neuronal fibers
changed, as some parts of neuronal processes showed a
higher intensity of staining (Fig. 4B), which might reflect
disturbances in agrin trafficking from cell bodies to the
synaptic terminals. By 4 to 7 days after MCA occlusion,

agrin staining was found in reactive astrocytes forming
the glial scar around the infarcted core (Fig. 4D, E) and
in extracellular deposits in the vicinity of blood vessels
(Fig. 4H). Within the infarcted core, strong staining was
observed in granulated deposits inside reactive microglia/
macrophages (Fig. 4F). Formation of the agrin-positive
granules progressed with time, as they became more in-
tensely stained and showed a more compacted appear-
ance by 14 days post-ischemia (Fig. 4I).

DISCUSSION

MMP-3 in Neurons of the Ischemic Brain

We demonstrated activation of MMP-3 in cerebral is-
chemia/reperfusion by the appearance of an active band
of 45 kDa that was not present in the control brain.
MMP-3 expression after ischemia has previously been
shown in ischemic neurons and microglial cells at 24
hours following transient MCA occlusion in rats (5). In
agreement with this study, we found strong expression of
MMP-3 in ischemic neurons in the core showing a typical
triangular morphology, which is compatible with a pro-
cess of ischemic cell death (39). Thus, besides its extra-
cellular role in degrading matrix components, it is likely
that neuronal MMP-3 becomes active inside the cells and
acts as a proteolytic enzyme degrading cellular compo-
nents during ischemic cell death. This does not necessar-
ily imply that MMP-3 is involved in causing cell death,
as it might simply be a consequence of the cell death
process.

MMP-3 Cleaves Transmembrane Neuronal Agrin

We have shown that MMP-3 degrades brain agrin,
which is located in neurons, and we observed the dis-
appearance of neuronal agrin from cell membranes after
ischemia. Concomitantly, we found an agrin fragment of
lower molecular weight that did not remain associated
with the membranes, suggesting the release of cleaved
agrin to the parenchyma. Agrin removal from the syn-
aptic basal lamina by MMP-3 has been shown at the neu-
romuscular junction (16) for this agrin isoform, named
LN form, but it has not been previously described for the
brain agrin isoform, named SN form (20). Although these
2 agrin isoforms are derived from the same gene, they
correspond to proteins with different NH2 termini that
differ in their subcellular location, tissue distribution, and
function (20). Both isoforms are externalized from cells,
but whereas LN agrin assembles into the basal lamina,
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Fig. 2. MMP-3 is expressed in control neurons and, after ischemia/reperfusion, MMP-3 expression increases in ischemic
neurons, oligodendrocytes, microvasculature, and reactive microglia, but it is not detected in astrocytes. The regions shown are
in cortex (A–C, I–S), striatum (D), and corpus callosum (E–H) of control (A, E, G, I, N, P) and at 1 day (B–D, F, J–M, O)
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and 4 days (H, Q–S) post-ischemia. A–F: MMP-3 staining in brown does not colocalize with GFAP staining in dark blue. A:
Low MMP-3 (brown) staining in control neurons (arrows), but not astrocytes (black) and vessels (arrowhead). B, D: In the zone
surrounding the ischemic core the intensity of staining increases in neurons (arrows) and microvasculature (D, arrowheads). C:
Neurons within the ischemic core show MMP-3 staining concentrated in their nuclei (arrows). E: MMP-3 stains oligodendrocytes
(arrows) in the control corpus callosum, and (F) the intensity of staining increases following ischemia in these cells (arrows) and
in vessels (arrowhead). G, H: MMP-3-stained oligodendrocytes are shown in brown and myelinated fibers are stained bright blue
with Luxol fast blue; oligodendrocytes show a strong increase in MMP-3 staining 4 days post-ischemia (H, arrows) relative to
controls (G, arrows). Blue staining patches in (H) indicate disrupted myelin fibers. I–M: Hematoxylin counterstained sections in
the presence (I, J, L) or absence (K, M) of the primary antibody against MMP-3 in a section from a control rat (I) and in
sections from ischemic rats (J–M). N, O: Double immunohistochemistry against MMP-3 (brown) and the NeuN neuronal marker
(black) in control (N) and ischemic (O) cortex. Ischemic, shrunken neurons showing triangular morphology are apparent in (J–
M) and (O, arrows). P–S: Staining of MMP-3 (brown) and lectin (dark blue), a marker of microglia/macrophages, shows colo-
calization (S) at 4 days post-ischemia. P: No cellular staining is detected in the control cortex, but MMP-3-labeled reactive
microglia/macrophages (S, arrows) are apparent 4 days post-ischemia. Immunoreaction controls include (Q) omission of the
primary antibody against MMP-3 (revealing reactive microglia/macrophages stained in black, arrows), and (R) omission of lectin
(evidencing MMP-3 stained cells with the morphology of reactive microglia/macrophages, arrows). Bar scale: G–H 5 15 mm;
A–F, L–S 5 25 mm; I–K 5 50 mm.

SN-agrin is cell-associated since it is a type-II transmem-
brane protein with an intracellular N-terminus and an ex-
tracellular C-terminus (22). The N-terminus can exter-
nalize cytosolic proteins and might serve as an
association domain (27). The antibody that we used in
the present study against rat agrin recognizes an epitope
located close to the C-terminus of agrin forms containing
the 8aa, 11aa, or 19aa insert at splicing site Z; these forms
are restricted to the CNS (44). Here we show that C-
terminal fragments of cleaved agrin after ischemia do not
remain associated with the membrane. Whether this has
a functional implication other than loss of neuronal mem-
brane agrin remains to be seen. Proteolytic cleavage
through ectodomain shedding, resulting from the action
of MMP-3, might represent a regulatory control of agrin
function in the CNS (27). The fact that agrin is a trans-
membrane protein in the CNS suggests that it acts as a
receptor that mediates the translocation of signals from
the extracellular space to the cytoplasm (22). In CNS
neurons, agrin signals through synaptic receptors (42)
that have been identified as integrins (27). Agrin regu-
lates synapse differentiation in hippocampal neurons (43,
44) and a role in regulating activity-dependent changes
in synaptic efficacy has been proposed (45). A decrease
in the number of differentiated synapses and defective
synaptic transmission has been found in the superior cer-
vical ganglion deficient in agrin (46). Furthermore, agrin-
deficient neurons and mice are resistant to excitotoxic
injury, thus suggesting that agrin is involved in gluta-
matergic transmission and in neuronal Ca21 homeostasis
(28). Therefore, loss of agrin from cell membranes in
ischemia might contribute to impaired synaptic transmis-
sion, but it might confer resistance to excitotoxicity. Nev-
ertheless, the fate and function of the cleaved C-terminal
fragments remain unknown. C-terminal brain agrin frag-
ments are able to induce CREB phosphorylation and c-
fos expression, and several lines of evidence suggest that
they bind to a discrete neuronal receptor at the synapses

(26). According to this view, C-terminal agrin fragments
that are released to the extracellular space in ischemia
might stimulate neuronal Ca21 influx and exacerbate the
excitotoxic cascade.

MMP-3 Is Not Present in Resting Brain Astrocytes, but
Agrin Is Found in Reactive Astrocytes following

Ischemia/Reperfusion

Agrin was not found in resident astrocytes of the con-
trol brain. However, by the time that the glial scar was
formed at 4 days post-ischemia, we observed that the
reactive astrocytes showed some immunoreactivity to
agrin. It is likely that this new agrin location results from
agrin synthesized de novo by reactive astrocytes, and it
was found surrounding the cell body and processes, sug-
gesting that it was the transmembrane form of agrin.
Agrin expression was also detected in cultured astrocytes,
which were studied at the time they reached confluence.
These cultured astrocytes showed basal expression of 27-
kDa heat-shock protein (34), which is not normally found
in resident astrocytes of the control brain (47), suggesting
that they have some degree of reactivity. It is conceivable
that agrin in reactive astrocytes might contribute to astro-
cytic connection and communication and might be in-
volved in the formation of a nonpermissive environment
to axon growth, as the C-terminal fragment of agrin in-
hibits axon elongation (48). Agrin in reactive astrocytes
would remain protected from proteolytic cleavage be-
cause these cells are devoid of MMP-3, offering an ex-
planation of why it remained in the glial scar for several
days.

MMP-3, but not Agrin, Is Expressed in Mature
Oligodendrocytes and MMP-3 Expression Is Increased

in Oligodendrocytes following Ischemia/Reperfusion

In contrast to astrocytes, oligodendrocytes were im-
munoreactive to MMP-3 in the corpus callossum of con-
trol brains. Following ischemia, the intensity of MMP-3
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Fig. 3. MMP-3 degrades transmembrane neuronal agrin,
which becomes cleaved following ischemia, concomitant with
MMP-3 activation. A: Homogenates of control brain tissue
(from rats not subjected to ischemia) were incubated in the
presence (lane 1) or absence (lanes 2, 3) of 1.6 U of human
recombinant MMP-3 per mg of tissue protein. Samples in lanes
1 and 2 were incubated at 378C in MMP-3 buffer (see Materials
and Methods) for 18 hours, whereas the sample in lane 3 was
directly loaded on the gel without prior incubation. MMP-2
expression in the same gel is shown to illustrate equal protein
loading in each lane. MMP-3 has the ability to degrade brain
agrin. B: Isolated membrane preparations from brain tissue of
controls or brains obtained at 1 and 4 days post-ischemia show
reduced transmembrane agrin expression following ischemia.
Actin is shown at the bottom as a protein loading control. C:
In homogenates of brain tissue from controls and at 1, 4, and
7 days post-ischemia the reduction of 220-kDa transmembrane
agrin is accompanied by the formation of a 135-kDa agrin-
cleaved fragment containing the C-terminal region, where the
recognition epitope for the antibody used is located. b-tubulin
is shown as a control for protein loading in the different lanes.
D: In cultured cells, transmembrane agrin is detected in neurons
and to a much lesser extent in astrocytes, but not in microglia.
Actin is shown as a protein loading control.

staining was markedly increased in oligodendrocytes lo-
cated in the ischemic area, including those in the ipsilat-
eral corpus callossum and also in the cortex and striatum
in the vicinity of, and within, the glial scar. In the injured
CNS, oligodendrocytes become reactive; they show signs
of hypertrophy, they divide, and then differentiate to pro-
vide new oligodendrocytes for re-myelination (49).

MMP-3 expression correlates with the invasive properties
of human astrocytoma cell lines due to the proteolytic
effects of MMP-3 on extracellular matrix macromole-
cules (2). Although oligodendrocytes might use MMP-3
to migrate within the parenchyma, we did not find MMP-
3 in precursor oligodendrocytes. Lack of MMP-3 in oli-
godendrocyte precursors implies that these cells would
be unable to degrade agrin, which might underlie the ob-
servation that astrocytes at the glial scar inhibit the mi-
gration of oligodendrocyte precursors (50). No expres-
sion of agrin was detected in oligodendrocytes in the
tissue or in cultured cells.

Reactive Microglia/Macrophages Express MMP-3 and
Contain Agrin Deposits

In addition to neurons and oligodendrocytes, some ex-
pression of MMP-3 was also detected in reactive mi-
croglia/macrophages following ischemia/reperfusion, in
agreement with a previous report (5). These latter cells
are located within the core of the infarction, where dis-
crete deposits that were immunoreactive to agrin were
observed surrounding blood vessels and within the in-
farcted parenchyma. Thus, these macrophage cells might
remove matrix agrin accumulations within the infarcted
regions. Accumulation of Luxol fast blue reactive mate-
rial was also observed in reactive microglia/macrophages,
which is compatible with myelin degradation. Myelin is
also a substrate for MMP-3 (12), so it is likely that mac-
rophage-associated MMP-3 contributes to agrin and my-
elin degradation by these cells.

Agrin and MMP-3 in the Microvasculature

Agrin is a component of the basal lamina (51–53),
which is a specialized extracellular matrix structure that
gives structural support to the microvasculature and in
the brain has an essential role in maintaining the integrity
of the blood-brain barrier (BBB). Following ischemia, the
BBB breaks down and there is extravasation of plasma
proteins to the parenchyma, with a maximum leakage by
1 to 2 days. In agreement with a previous report (5), we
detected MMP-3 surrounding blood vessels after ische-
mia, which again might be responsible for agrin degra-
dation at this location and thus contribute to increased
BBB permeability. However, we did not observe agrin
staining in the cerebral microvasculature since our anti-
body was specific to the neuronal form of agrin, whereas
the form of agrin surrounding the microvasculature lacks
the inserts at splicing site Z (54). Nevertheless, by 4 to
7 days after ischemia we detected strong agrin-immuno-
reactive deposits surrounding the blood vessels within the
infarct, suggesting that certain neuronal agrin fragments
formed after ischemia accumulated at this site.

In summary, this study shows 1) the activation of
MMP-3 in ischemia/reperfusion, where it was found in
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Fig. 4. Ischemia induces loss of neuronal transmembrane agrin, expression of transmembrane agrin in reactive astrocytes,
and agrin deposits in microglia/macrophages and surrounding microvessels. A: Transmembrane agrin is detected in neurons
(arrow) of the control cortex surrounding the cell bodies and cell processes, in rats not subjected to ischemia, and in the
contralateral hemisphere of ischemic rats. B: At 24 hours following ischemia/reperfusion, cortical neurons in the vicinity of the
ischemic core show stronger staining around the cell body (arrow) and discontinuous staining in neuronal processes, suggesting
disturbances in axonal transport. C: Within the ischemic core, neuronal agrin staining is lost and only scattered immunoreactive
neurons (arrow) are seen. D: Reactive astrocytes in the glial scar become immunoreactive to agrin. The area marked in the square
is magnified in (E). E: Agrin staining in reactive astrocytes (arrows) is seen surrounding the cell body and processes at 4 days
after the onset of ischemia. F: At 4 days, reactive microglia/macrophages in the infarcted area show agrin deposits, which become
more marked at 14 days (I). G: Brain agrin is not found in the microvasculature (arrow) of control brains, but agrin deposits
surrounding blood vessels (arrow) become apparent from 4 days post-ischemia (H). Control brain 5 A, D, G; 1-day post-ischemia
5 B, C; 4-day post-ischemia 5 F–H; 14-day post-ischemia 5 D, E, I. Bar scale: A–D 5 20 mm, E–I 5 12 mm.
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neurons, oligodendrocytes, and reactive microglia/mac-
rophages; 2) the ability of MMP-3 to cleave neuronal
brain agrin; 3) the disappearance of neuronal membrane
agrin following ischemia, with the generation of cleaved
agrin fragments that did not remain associated with cell
membranes; and 4) agrin expression by reactive astro-
cytes. These results support the view that ischemia/re-
perfusion causes MMP-3 activation, resulting in the
cleavage of certain proteins such as agrin and myelin.
This study also suggests that transmembrane neuronal
agrin cleavage might impair synaptic neurotransmission
and enhance excitotoxicity through the action of released
C-terminal agrin fragments, and that agrin expression by
reactive astrocytes might contribute to the generation of
a nonpermissive environment for axon growth.
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