
Induction of MMP-9 Expression and Endothelial Injury by
Oxidative Stress after Spinal Cord Injury

FENGSHAN YU, MD, HIROSHI KAMADA, MD, PhD, KUNIYASU NIIZUMA, MD, HIDENORI
ENDO, MD, and PAK H. CHAN, PhD
Department of Neurosurgery, Department of Neurology and Neurological Sciences, and Program
in Neurosciences, Stanford University School of Medicine, Stanford, California.

Abstract
Matrix metalloproteinase-9 (MMP-9) activation plays an important role in blood-brain barrier
dysfunction after central nervous system injury. Oxidative stress is also implicated in the
pathogenesis after cerebral ischemia and spinal cord injury (SCI), but the relationship between
MMP-9 activation and oxidative stress after SCI has not yet been clarified. We examined MMP-9
expression after SCI using copper/zinc-superoxide dismutase (SOD1) transgenic (Tg) rats. Our
results show that MMP-9 activity significantly increased after SCI in both SOD1 Tg rats and their
wild-type (Wt) littermates, although the increase was less in the SOD1 Tg rats. This pattern of MMP-9
expression was further confirmed by immunostaining and Western blot analysis. In situ zymography
showed that gelatinolytic activity increased after SCI in the Wt rats, while the increase was less in
the Tg rats. Evans blue extravasation increased in both the Wt and Tg rats, but was less in the SOD1
Tg rats. Inhibitor studies showed that with an intrathecal injection of SB-3CT, a selective MMP-2/
MMP-9 inhibitor, MMP activity, Evans blue extravasation, and apoptotic cell death decreased after
SCI. We conclude that increased oxidative stress after SCI leads to MMP-9 upregulation, blood-
brain barrier disruption, and apoptosis, and that overexpression of SOD1 in Tg rats decreases
oxidative stress and further attenuates MMP-9 mediated blood-brain barrier disruption.
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INTRODUCTION
Traumatic spinal cord injury (SCI) is a devastating condition that may result in permanent
disability. Currently, steroids are the only effective drug, if administered within 8 h after injury.
It is generally accepted that initial mechanical injury as well as various secondary injuries
contribute to cell death and functional disability after SCI. Matrix metalloproteinases (MMPs)
play important roles in limiting functional recovery after SCI (Noble et al., 2002).

MMPs are a family of proteolytic enzymes that degrade the extracellular matrix and junctional
proteins and further increase endothelial permeability (Alexander and Elrod, 2002). MMP-9
(gelatinase B) is one of the major proteins, and active MMP-9 specifically degrades endothelial
basal lamina and the tight junction proteins occludin and claudin (Rosenberg et al., 1998; Yang
et al., 2007). It has been shown that active MMP-9 is increased and leads to the disruption of
the blood-brain barrier (BBB) after focal cerebral ischemia (Gasche et al., 2001; Rosenberg et
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al., 1998). Studies using an in vitro BBB model with a human brain vascular endothelial cell
line showed that BBB failure correlates with upregulation of MMP-9 (Cucullo et al., 2007;
Haorah et al., 2007). It has also been demonstrated that treatment with an MMP inhibitor
decreases endothelial gap formation and occludin loss (Reijerkerk et al., 2006).

MMPs can be regulated by reactive oxygen species (ROS) (Alexander and Elrod, 2002), which
increase MMP-2 and MMP-9 activity (Rajagopalan et al., 1996). Moreover, oxidative stress
also promotes an increase in MMP-2 and MMP-9 activity after focal cerebral ischemia (Gasche
et al., 2001; Pustovrh et al., 2005). Activation of endothelial cell MMP by ROS through the
vascular cell adhesion molecule 1 has been shown in a cell culture study (Deem and Cook-
Mills, 2004). An in vitro study showed that ROS activated MMPs (-1, -2, and -9) and decreased
tissue inhibitors of MMP in a BBB model (Haorah et al., 2007). Copper/zinc-superoxide
dismutase (SOD1) is a crucial endogenous antioxidant enzyme responsible for eliminating
superoxide. Overexpression of SOD1 in transgenic (Tg) rodents has been shown to decrease
oxidative stress and attenuate induction and activation of MMPs after cold injury-induced brain
trauma and focal cerebral ischemia (Kamada et al., 2007; Morita-Fujimura et al., 2000). We
demonstrated that overexpression of SOD1 in Tg rats decreases oxidative stress and is
neuroprotective after SCI (Sugawara et al., 2002). We hypothesize that MMP-9 activation by
oxidative stress may cause BBB breakdown and neuronal damage in SCI. This study was
designed to use SOD1 Tg rats to address this issue.

MATERIALS AND METHODS
SOD1 Tg Rats

Heterozygous SOD1 Tg rats with a Sprague-Dawley background, carrying human SOD1
genes, were derived from the founder stock and further bred with wild-type (Wt) Sprague-
Dawley rats to generate heterozygous rats, as previously described by our group (Chan et al.,
1998). The phenotype of these rats was identified by isoelectric focusing gel electrophoresis
as described (Chan et al., 1998). There were no observable phenotypic differences in brain
vasculature between the Tg and Wt rats.

Surgery
All animals were treated in accordance with Stanford University guidelines and the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. Adult female SOD1
Tg rats (250-300 gm) and their Wt littermates were used in this experiment. The animals were
anesthetized with 2.0% isoflurane in 70% N2O and 30% O2 using a face mask. Lumbar
enlargement was exposed by a partial laminectomy of the T13 vertebra, and a vascular clip
(closing force 15 g; Ohwa Tsusho, Tokyo, Japan) was applied extradurally for 5 sec according
to our previous study (Sugawara et al., 2002). The rectal temperature was controlled at 37.0 ±
0.5°C during surgery with a homeothermic blanket.

Drug Injection
SB-3CT is a selective and mechanism-based inhibitor of MMP-2 (Ki = 13.9 nM) and MMP-9
(Ki = 600 nM) and has been shown to be highly selective in inhibiting MMP-9 expression after
transient focal cerebral ischemia (Gu et al., 2005). To investigate the role of MMP-9 after SCI,
SB-3CT (EMD Biosciences, San Diego, CA) was dissolved in dimethyl sulfoxide (DMSO) to
a concentration of 10 mg/ml and was further diluted to 1 mg/ml in filtered phosphate-buffered
saline (PBS, pH 7.4) before use. A partial laminectomy was performed and lumbar enlargement
was exposed. Six microliters of 1 mg/ml SB-3CT and the same amount of the vehicle (10%
DMSO in PBS) were injected intrathecally 2 h before SCI. The animals were killed and the
spinal cords were collected for gel zymography, a BBB permeability study, and an apoptotic
cell death assay.
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Gel Zymography
The spinal cords were removed 1, 3, and 7 days after SCI and frozen in powdered dry ice. They
were then homogenized in a lysis buffer (1 M Tris-HCl, pH 7.6, 2.5 M NaCl, 1 M CaCl2, 30%
BRIJ-35, 10% NaN3, and 1% Triton X-100). Sample supernatants (1.2 mg in 200 μl) were
recovered and incubated with 50 μl of gelatin-Sepharose 4 B (Pharmacia Biotech, Uppsala,
Sweden) for 60 min at 4°C with constant shaking. The samples were centrifuged at 500 g for
2 min at 4°C and then the pellets were incubated with 60 μl elution buffer (1 M Tris-HCl, pH
7.6, 2.5 M NaCl, 1 M CaCl2, 30% BRIJ-35, 10% NaN3, and 10% DMSO) at 4°C with constant
shaking for 30 min. The supernatants were collected and saved for gel zymography. Ten
microliters of a nonreducing sample buffer (0.4 M Tris, pH 6.8, 5% sodium dodecyl sulfate
[SDS], 20% glycerol, 0.05% bromophenol blue) were added to the same volume of sample
supernatants. The samples were loaded on 10% SDS-polyacrylamide electrophoresis gels, in
which 0.1% porcine skin gelatin (Invitrogen, Carlsbad, CA) was co-polymerized, and run at
100 V for 2 h. The gels were incubated twice with 2.5% Triton-X 100 for 1 h at room
temperature. They were then washed for 10 min in Tris-HCl/NaCl/CaCl2 buffer (50 mM Tris-
HCl, pH 7.5, 200 mM NaCl, 5 mM CaCl2), and further incubated for 16 h at 37°C in the same
buffer in a water bath. The gels were stained for 90 min in Coomassie blue (1% Coomassie
brilliant blue, 30% methanol, 10% acetic acid) and destained in 30% methanol/10% acetic acid
four times for 5, 15, 30, and 60 min. The gels were scanned with a GS-700 imaging densitometer
(Bio-Rad Laboratories, Hercules, CA) and a quantitative analysis was performed using Multi-
Analyst software (Bio-Rad Laboratories). The optical density of each band was measured on
the same gel and the results are presented as ± SEM.

Immunohistochemistry
Anesthetized animals were perfused with 10 U/ml heparin saline and subsequently with 3.7%
formaldehyde in PBS 1, 3, and 7 days after SCI. Spinal cords at the lumbar enlargement were
collected and postfixed with the same fixative for 24 h. The tissue was embedded in paraffin
and sectioned 6 μm thick with a microtome. The sections were deparaffinized and incubated
with 3% H2O2 in PBS. We used a 5% blocking serum and then incubated the sections with
mouse polyclonal anti-MMP-9 antibody (1:50; EMD Biosciences) at 4°C overnight. The
sections were then reacted with biotin-conjugated goat anti-mouse immunoglobulin G (1:100;
Vector Laboratories, Burlingame, CA) at room temperature for 1 h, then incubated with
avidinbiotin horseradish peroxidase solution (ABC kit; Vector Laboratories) for 30 min at
room temperature and visualized using 0.025% 3,3′-diaminobenzidine hydrochloride (DAB
kit; Vector Laboratories). Finally, the sections were counterstained with methyl green and
mounted with Permount (Fisher Scientific, Pittsburgh, PA).

Western Blot Analysis
To obtain the whole cell fraction, the spinal cords were collected 1, 3, and 7 days after SCI and
gently homogenized by douncing 30 times in a glass tissue grinder (Wheaton, Millville, NJ)
in 5 volumes of cold suspension buffer (20 mM HEPES-KOH, pH 7.5, 250 mM sucrose, 10
mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, l tablet of cocktail inhibitor [Roche
Diagnostics, Mannheim, Germany] in 25 ml buffer). Approximately 30 μg of total protein per
lane were subjected to SDS-polyacrylamide gel electrophoresis on a Tris-glycine gel
(Invitrogen, Carlsbad, CA) and transferred to a polyvinylidene difluoride membrane
(Invitrogen). The membrane was incubated in polyclonal rabbit anti-MMP-9 antibody (1:1000;
Chemicon International, Temecula, CA) and then incubated in a peroxidase-conjugated
secondary antibody. The signals were detected with a chemiluminescence kit (Amersham
Biosciences, Uppsala, Sweden) and exposed on x-ray film. To confirm equal loading, the
membranes were then stained with β-actin. After the film was scanned with a GS-700 imaging
densitometer (Bio-Rad Laboratories), a quantitative analysis was performed using Multi-

YU et al. Page 3

J Neurotrauma. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Analyst software (Bio-Rad Laboratories). The optical density of each band was measured on
the same membrane and the results are presented as ± SEM.

Measurement of BBB Disruption
BBB disruption was evaluated in the Wt and SOD1 Tg rats, as well as in the SB-3CT– and
DMSO-treated rats. Twenty hours after SCI, 2.5 ml/kg of 4% Evans blue (Sigma-Aldrich, St.
Louis, MO) in 0.9% saline were injected through the jugular vein. The animals were
anesthetized and perfused with 200 ml of 10 U/ml heparin saline. To quantify Evans blue
extravasation, the spinal cords were removed and homogenized in 400 μl of N, N-
dimethylformamide (Sigma-Aldrich) and then incubated for 72 h at 55°C and centrifuged at
20,000 × g for 20 min. The Evans blue level was determined in the supernatants at 620 nm
using a spectrophotometer (Molecular Devices, Sunnyvale, CA). The results are presented as
micrograms of Evans blue per spinal cord. For qualitative examination of Evans blue
extravasation, the animals were perfused with 10 U/ml heparin saline and subsequently with
3.7% formaldehyde in PBS as described above. The spinal cords were sectioned 20 μm thick
with a cryostat. The sections were mounted and nuclear counterstaining was done with 4′,6
diamidino-2-phenylindole (DAPI) (Vector Laboratories). The sections were observed with a
fluorescence microscope.

In Situ Zymography
To examine in situ gelatinolytic activity, in situ zymography was performed. Animals were
sacrificed 24 h after SCI and the spinal cords were collected and frozen on dry ice. Frozen
sections were cut at 20 μm using a cryostat. Sections were incubated with 200 μg/mL DQ
gelatin fluorescein conjugate (Enzecheck Gelatinase Assay kit; Invitrogen) for 2 h at 37°C.
The sections were mounted and observed with a fluorescence microscope.

In Situ Detection of Superoxide Anions and Double Labeling with In Situ Zymography
To examine the colocalization of superoxide anion and in situ gelatinolytic activity, we used
the hydroethidine (HEt) method. HEt is specifically oxidized by superoxide anions into
ethidium inside the cell, which then has a red fluorescence (Bindokas et al., 1996). One milliliter
of 1 mg/ml HEt in PBS was injected through the jugular vein 4 h after SCI. The animals were
sacrificed 6 h after SCI and the spinal cords were collected. In situ zymography was performed
as described above. The nuclei were counterstained with DAPI and observed with a
fluorescence microscope.

In Situ Zymography and Double Labeling with Fluorescent Probes
To study the cellular localization of gelatinolytic activity, in situ zymography with double
fluorescent staining, and double fluorescent staining of the cellular markers neuron-specific
nuclear protein (NeuN, for neurons), CD31 (for endothelial cells), myeloperoxidase (MPO, for
neutrophils), and glial fibrillary acidic protein (GFAP, for astrocytes) were performed. In
situ zymography was done as described above. The sections were then fixed in 3.7%
formaldehyde in PBS for 10 min. The sections were incubated with mouse polyclonal anti-
NeuN (1:500; Chemicon International), mouse monoclonal anti-CD31 (1:20; BD Biosciences,
San Jose, CA), mouse monoclonal anti-MPO (1:5000; EMD Biosciences), or rabbit anti-GFAP
(1:5000; Sigma-Aldrich) at 4°C overnight. The sections were then reacted with Texas Red-
conjugated anti-mouse immunoglobulin G (1:100; Jackson Immunoresearch Laboratories,
West Grove, PA) or Cy3-conjugated anti-rabbit immunoglobulin (1:100; Jackson
Immunoresearch Laboratories) at room temperature for 1 h. Nuclei were counterstained with
DAPI (Vector Laboratories) and observed with a fluorescence microscope.
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Apoptotic Cell Death Assay
To quantify apoptosis-related DNA fragmentation, we used a commercial enzyme
immunoassay to determine cytoplasmic histone-associated DNA fragments (Roche
Diagnostics). This assay detects apoptotic but not necrotic cell death (Bonfoco et al., 1995).
Samples were obtained from the spinal cord of the SB-3CT–treated rats and control rats 3 days
after SCI. Fresh tissue was taken and homogenized with a Teflon homogenizer in 5 volumes
of ice-cold buffer (50 mM KH2PO4 and 0.1 mM EDTA, pH 7.8) and centrifuged for 10 min
at 750 × g at 4°C. The supernatant was collected and centrifuged for 20 min at 10,000 × g at
4°C. The resulting supernatant was collected, and the protein concentration was determined.
A cytosolic volume containing 20 μg of protein was used for the enzyme-linked immunosorbent
assay, using the manufacturer's protocol. A statistical study was carried out in the same manner
as mentioned under Western blot analysis.

Quantification and Statistical Study
Significance was determined by analysis of variance followed by Fisher's protected least
significant difference test and accepted when p < 0.05.

RESULTS
MMP-9 Expression after SCI

To investigate MMP-9 activity, we first performed gel zymography after SCI. MMP-9 activity
increased 1 day after SCI in both the Wt and SOD1 Tg rats. It decreased by 3 days and continued
to decrease at 7 days. There was a significant difference in the level of MMP-9 between the
Wt and SOD1 Tg rats 1 day after SCI (Fig. 1; n = 5, p < 0.05). MMP-2 activity slightly increased
3 and 7 days after SCI in both the Wt and SOD1 Tg rats, but there was no difference in the
level of MMP-2 between the Wt and SOD1 Tg rats. Active MMP-2 increased in a time-
dependent pattern 1, 3, and 7 days after SCI in both the Wt and SOD1 Tg rats, while there was
a greater increase 3 and 7 days after SCI in the SOD1 Tg rats (Fig. 1; n = 5, p < 0.05). Further
study with the use of immunostaining showed that MMP-9 was not visible in either the Wt or
the SOD1 Tg control rats. There was increased expression 1 day after SCI in the vascular
structure of both the Wt and SOD1 Tg rats, but the staining was stronger in the Wt rats. Three
days after SCI, expression of MMP-9 was decreased in both the Wt and Tg rats. Seven days
after SCI, MMP-9 expression was the same in both the Wt and Tg rats (Fig. 2). Western blot
analysis showed that MMP-9 was transiently increased 1 day after SCI in the Wt rats, whereas
such an increase in the SOD1 Tg rats was not obvious. There was a significant difference in
the level of MMP-9 between the Wt and SOD1 Tg animals 1 day after SCI (Fig. 3; n = 6, p <
0.05). Active MMP-9 increased 1, 3, and 7 days after SCI in the Wt rats, while there was no
increase in the SOD1 Tg rats. There were significant differences in the level of active MMP-9
between the Wt and SOD1 Tg rats 1, 3, and 7 days after SCI (Fig. 3; n = 6, p < 0.05). In situ
zymography was performed to further examine gelatinolytic activity. There was no fluorescent
staining in the control rats. In the Wt rats, some vessels and cells were positive for in situ
gelatinolytic activity, whereas there was less in the SOD1 Tg rats (Fig. 4).

BBB Disruption after SCI
There was no Evans blue extravasation in the control rats 1 day after SCI. There was intense
red fluorescence, which indicates that Evans blue leaked into the tissue, while there was less
red fluorescence in the SOD1 Tg rats (Fig. 5, Upper panel). A quantitative study showed that
there was very little Evans blue in the tissue of the Wt and SOD1 Tg control animals. It was
significantly increased 1 day after SCI in both groups, however, the amount of Evans blue was
significantly less in the SOD1 Tg rats compared with the Wt rats (Fig. 5, Lower panel; n = 4,
p < 0.05).
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In Situ Gelatinolytic Activity Colocalized with Oxidized HEt
In situ zymography showed that gelatinolytic activity presented on the vessel as green
fluorescence. Punctate red fluorescence indicated that HEt was oxidized by superoxide anions.
Merged photos showed that in situ gelatinolytic activity colocalized with oxidized HEt signals
on the vessel wall (Fig. 6).

In Situ Gelatinolytic Activity Localized in Neutrophils, Endothelial Cells, and Neurons
Double staining of the different cell markers (GFAP, NeuN, MPO, or CD31) and in situ
zymography showed that GFAP staining did not colocalize with in situ gelatinolytic activity.
Some NeuN staining and MPO staining colocalized with in situ gelatinolytic activity. CD31
staining colocalized with in situ gelatinolytic activity on the vessel wall (Fig. 7).

MMP-9 Activation Led to BBB Disruption and Apoptosis
To study the mechanism of MMP-9 activation on BBB disruption and apoptosis, we performed
gel zymography, an Evans blue extravasation study, and an apoptotic cell death assay after
intrathecal injection of SB-3CT after SCI. Gel zymography showed that MMP-9 activity
decreased significantly in the group of rats injected with SB-3CT 1 day after SCI, compared
with the group injected with the vehicle (DMSO) (Fig. 8A; n = 4, p < 0.05). The Evans blue
study showed that there was significantly less Evans blue extravasation in the group of rats
injected with SB-3CT, compared with the group injected with the vehicle after SCI (Fig. 8B;
n = 4, p < 0.05). The cell death assay showed that the apoptotic cell death signal was
significantly decreased in the group of rats injected with SB-3CT, compared with the group
injected with the vehicle after SCI (Fig. 8C; n = 4, p < 0.05).

DISCUSSION
In the present study, we demonstrated the following: 1) MMP-9 activity increased 1 day after
SCI and gradually decreased from 3 to 7 days after SCI in the Wt rats. MMP-9 expression was
further confirmed by immunostaining and Western blot analysis. In situ gelatinolytic activity
also increased in vessels and some cells after SCI. BBB disruption was evident from a study
of Evans blue extravasation. 2) Double staining showed that in situ gelatinolytic activity
colocalized with superoxide anion production. On a cellular level, it localized with endothelial
cells, neutrophils, and neurons, but not with astrocytes. 3) Inhibitor studies showed that MMP
activity, Evans blue extravasation, and apoptotic cell death decreased after intrathecal injection
of SB-3CT. 4) MMP-9 expression and gelatinolytic activity, as well as Evans blue
extravasation, were decreased in the SOD1 Tg rats compared with the Wt rats.

Microvascular endothelial permeability is related to occludin, focal adhesive bond, and
activation of MMPs (Alexander and Elrod, 2002). Previous studies showed that increased
activation of MMP-9 leads to BBB disruption after focal cerebral ischemia (Gasche et al.,
2001; Rosenberg et al., 1998). A recent study provides direct evidence that MMPs open the
BBB by degrading tight junction proteins (Yang et al., 2007). It has been shown in a humanized
dynamic in vitro BBB model, which was based on an endothelial cell line, that BBB failure is
related to proinflammatory factors (interleukin-6 and interleukin-1β) and MMP-9 (Cucullo et
al., 2007). In another BBB model where endothelial cells grew on porous membranes with
basement membrane matrix, increased MMP was linked to degradation of the basement
membrane protein and BBB dysfunction (Haorah et al., 2007). It has also been shown that
MMP-9 expression is increased and results in BBB disruption after SCI (Noble et al., 2002).
We demonstrated a similar pattern of MMP-9 activity increase and BBB disruption in this
study. We also showed the colocalization of MMP gelatinolytic activity with endothelial cells,
which indicates the role of endothelial damage in BBB disruption.
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Another report showed that decreased expression of MMP-9 in knockout mice reduces infarct
size after cerebral ischemia (Asahi et al., 2001). Similarly, decreased expression of MMP-9 in
MMP-9–null mice or treatment with an MMP inhibitor improves functional outcome after SCI
(Noble et al., 2002). Inhibition of MMP-9 has been linked to attenuation of neuronal apoptosis
and a decrease in infarct volume after cerebral ischemia (Gu et al., 2005). We showed in this
study that inhibition of MMP-9 expression with the specific inhibitor SB-3CT decreased BBB
disruption and apoptosis. Active MMP-9 has been linked to neuronal apoptosis by disruption
of supporting extracellular matrix in a cell culture study and a 3-nitropropionic acid injury
model (Gu et al., 2002; Kim et al., 2003). We demonstrated that MMP gelatinolytic activity
colocalized with neurons and speculate that MMP-9 activation and endothelial damage
contribute to neuronal apoptosis by disruption of the BBB and surrounding environment of
neurons after SCI.

Neutrophils begin to appear in the lesion site at 4-6 h, peak at 12-24 h, and disappear within 5
days after SCI in the rat (Taoka et al., 1997). Neutrophils also infiltrate the lesion site in human
SCI patients (Fleming et al., 2006). Treatment with the MMP inhibitor decreases the ability of
monocytes to migrate through endothelium (Reijerkerk et al., 2006). It has been demonstrated
that MMP-mediated endothelial change is partly responsible for dendrite cell migration through
endothelium (Zozulya et al., 2007). Neutrophils could be beneficial for tissue repair, but they
can also cause tissue damage if there is overwhelming neutrophil infiltration (Taoka et al.,
1997). We demonstrated that gelatinolytic activity-positive neutrophils present in the lesion
site after SCI and suggest that neutrophil infiltration after BBB disruption may contribute to
tissue damage.

It has been reported that low concentrations of ROS, like superoxide anions and hydrogen
peroxide, can activate pro-MMPs by oxidation of a sulfide bond (Rajagopalan et al., 1996).
Previous studies provided evidence that superoxide anion overproduction contributes to
MMP-9 activation and BBB disruption after cerebral ischemia (Gasche et al., 2001; Kamada
et al., 2007). We showed that gelatinolytic activity colocalized with superoxide anion
production, which is further evidence that ROS may cause an increase in gelatinolytic activity.
ROS can damage cellular macromolecules leading to cell death after central nervous system
injury (Chan, 2001). Overexpression of SOD1 in Tg rodents decreases oxidative stress and
further decreases neuronal death after central nervous system injury (Chan, 2001). Decreased
oxidative stress in SOD1 Tg rodents attenuates MMP activation after cold injury-induced brain
trauma, 3-nitropropionic acid injury, and focal cerebral ischemia (Kamada et al., 2007; Kim
et al., 2003; Morita-Fujimura et al., 2000). In contrast, decreased expression of SOD1 in
knockout mice results in more intense MMP-9 expression and gelatinolytic activity after
cerebral ischemia (Gasche et al., 2001). Similarly, knockout mice with 50% manganese-
superoxide dismutase activity demonstrated delayed BBB breakdown associated with MMP
activation and brain hemorrhage while it was absent in their Wt littermates (Maier et al.,
2006). One report showed that oxidative stress increases after SCI (Azbill et al., 1997).
Overexpression of SOD1 in Tg rats decreases oxidative stress and is neuroprotective after SCI
(Sugawara et al., 2002). Here we demonstrated that overexpression of SOD1 in Tg rats
attenuates MMP-9 activation and BBB disruption after SCI, which may further decrease tissue
and neuronal damage.

We found in our zymography study that MMP-2 and active MMP-2 increased 1 day after SCI
and continued to increase until 7 days after SCI. In the SOD1 Tg rats, there was a similar
pattern, but with a significantly greater increase compared with the Wt rats 3 and 7 days after
SCI. However, the cellular source of MMP-2 expression is unclear. Since microglia/
macrophages are also activated at these time points after SCI, it is tempting to suggest that
these inflammatory cells may be a source of MMP-2 overexpression. However, more work is
needed to confirm this speculation. It has been shown that MMP-2 is upregulated 7 to 14 days
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after SCI and contributes to wound healing and functional recovery after SCI (Hsu et al.,
2006). Also, delayed upregulation of MMP-9 7 to 14 days after cerebral ischemia has been
shown to play a beneficial role (Zhao et al., 2006). Thus, the neuroprotective role and repair
mechanisms of MMPs (MMP-9 and -2) at later time points after SCI warrant further studies.

CONCLUSION
We conclude that increased oxidative stress after SCI leads to MMP-9 upregulation, BBB
disruption, and apoptosis, and that overexpression of SOD1 in Tg rats decreases oxidative
stress and further attenuates MMP-9–mediated BBB breakdown.
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FIG. 1.
Gel zymography after SCI. MMP-9 activity acutely increased 1 day after SCI in both the Wt
and SOD1 Tg rats. It decreased by 3 days and continued to decrease at 7 days. There was a
significant difference in the level of MMP-9 between the Wt and SOD1 Tg rats 1 day after SCI
(n = 5, p < 0.05). MMP-2 activity slightly increased 3 and 7 days after SCI in both the Wt and
SOD1 Tg rats. Active MMP-2 increased in a time-dependent pattern 1, 3, and 7 days after SCI
in both the Wt and SOD1 Tg rats, while there was a greater increase 3 and 7 days after SCI in
the SOD1 Tg rats (n = 5, p < 0.05). pc, MMP-2 and MMP-9 standards; c, control. *p < 0.05.
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FIG. 2.
Representative photomicrographs of MMP-9 immunostaining after SCI. MMP-9
immunostaining was not visible in either the Wt or SOD1 Tg control (c) rats. There was
increased expression 1 day after SCI in the vascular structure in both the Wt and SOD1 Tg
rats, while there was stronger staining in the Wt rats than in the Tg rats. Three days after SCI,
expression of MMP-9 was decreased in both the Wt and Tg rats. Seven days after SCI, MMP-9
expression was the same in both the Wt and Tg rats. Scale bar = 50 μm.
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FIG. 3.
Western blot analysis of MMP-9 after SCI. MMP-9 was visualized as a 108-kDa band, while
active MMP-9 was seen as a 88-kDa band. MMP-9 was transiently increased 1 day after SCI
in the Wt rats, while there was no obvious increase in the SOD1 Tg rats. There was a significant
difference in the level of MMP-9 between the Wt and SOD1 Tg rats 1 day after SCI (n = 6,
p < 0.05). Active MMP-9 increased 1, 3, and 7 days after SCI in the Wt rats, while there was
no obvious increase in the SOD1 Tg rats. There were significant differences in the level of
active MMP-9 between the Wt and SOD1 Tg rats 1, 3, and 7 days after SCI (n = 6, p < 0.05).
β-actin was used as an internal control and no difference in loading was observed between the
samples. pc, positive control; c, control. *p < 0.05.
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FIG. 4.
Representative photomicrographs of in situ zymography after SCI. There was no fluorescence
in the control rats. In the Wt rats, some vessels and cells showed green fluorescence, which
indicates gelatinolytic activity, while in the SOD1 Tg rats, there was less fluorescence. Scale
bar = 50 μm.
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FIG. 5.
Representative photomicrographs of an Evans blue extravasation study. There was no Evans
blue extravasation in the control rats. One day after SCI, there was intense red fluorescence,
which indicates that Evans blue leaked into the tissue, while there was less red fluorescence in
the SOD1 Tg rats (Upper panel). A quantitative study showed that there was very little Evans
blue in the tissue of the Wt and SOD1 Tg control animals. It was significantly increased 1 day
after SCI in both the Wt and SOD1 Tg rats, although there was significantly less in the SOD1
Tg rats compared with the Wt rats (Lower panel) (n = 4, p < 0.05). *p < 0.05. Scale bar = 50
μm.
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FIG. 6.
Representative photomicrograph of in situ zymography and oxidized HEt staining. In situ
gelatinolytic activity was seen as a green fluorescence. Oxidized HEt was seen as a punctate
red fluorescence. Merged photos showed in situ gelatinolytic activity colocalized with the
oxidized HEt signals on the vessel wall. Scale bar = 50 μm.
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FIG. 7.
Representative photomicrographs of double fluorescent staining of in situ zymography and
different cell markers. In situ gelatinolytic activity was seen as green fluorescence. GFAP,
NeuN, MPO, and CD31 were seen as red fluorescence. Merged photos showed that GFAP
staining did not colocalize with in situ gelatinolytic activity. Some NeuN staining colocalized
with in situ gelatinolytic activity. Most of the MPO staining colocalized with in situ
gelatinolytic activity. CD31 staining colocalized with in situ gelatinolytic activity on the vessel
wall. Scale bar = 50 μm.
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FIG. 8.
Gel zymography, BBB permeability study, and apoptotic cell death assay after intrathecal
injection of SB-3CT 1 day after SCI. (A) Gel zymography showed that MMP-9 activity
decreased in the group of rats with intrathecal injection of SB-3CT 1 day after SCI. A statistical
study showed that there was a significant difference compared with the group subjected to an
intrathecal injection of DMSO (n = 4, p < 0.05). (B) BBB permeability study showed that there
was significantly less Evans blue extravasation in the group of rats injected with SB-3CT
compared with the group injected with DMSO after SCI (n = 4, P < 0.05). (C) Cell death assay
showed that the apoptotic cell death signal was significantly decreased in the rats subjected to
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intrathecal injection of SB-3CT, compared with the group injected with DMSO after SCI (n =
4, p < 0.05). *p < 0.05.
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