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Matrix metalloproteinases (MMPs) belong to a class of extracel-
lular proteinases responsible for maintaining and remodeling the
extracellular matrix. In addition to multiple functions in normal
physiology, abnormal MMP expression and activity may also
participate in the pathophysiology of cerebral disease. Here, we
show that MMP-9 (gelatinase B; EC.3.4.24.35) contributes to the
pathophysiology of traumatic brain injury. After controlled corti-
cal impact in mice, MMP-9 was increased in traumatized brain.
Total MMP-9 levels at 24 hr were significantly increased as
measured by a substrate cleavage assay. Zymograms showed
that MMP-9 was elevated as early as 3 hr after traumatic brain
injury, reaching a maximum at ;24 hr. Increased MMP-9 levels
persisted for up to 1 week. Western blot analysis indicated
increased profiles of MMP-9 expression that corresponded with

the zymographic data. Knock-out mice deficient in MMP-9 gene
expression were compared with wild-type littermates in terms of
morphological and motor outcomes after trauma. Motor out-
comes were measured at 1, 2, and 7 d after traumatic brain injury
by the use of a rotarod device. MMP-9 knock-out mice had less
motor deficits than wild-type mice. At 7 d, traumatic brain lesion
volumes on Nissl-stained histological sections were significantly
smaller in MMP-9 knock-out mice. These data demonstrate that
MMP-9 contributes to the pathophysiology of traumatic brain
injury and suggest that interruption of the MMP proteolytic cas-
cade may be a possible therapeutic approach for preventing the
secondary progression of damage after brain trauma.
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Matrix metalloproteinases (MMPs) form a family of zinc-
dependent endopeptidases that are collectively able to degrade or
modify essentially all components of the extracellular matrix (Na-
gase and Woessner, 1999). Target substrates include collagens,
gelatin, fibronectin, laminin, elastin, and proteoglycans. Because
MMPs can rapidly degrade critical protein components in the
extracellular matrix, their biological activity is strictly regulated
(Fini et al., 1998; Westermarck and Kahari, 1999). Primary modes
of regulation occur via gene transcription, proenzyme activation,
and dynamic inhibition by tissue inhibitors of metalloproteinases.
MMPs participate in a wide array of important physiological pro-
cesses including embryological remodeling, wound healing, angio-
genesis, bone remodeling, ovulation, and implantation. Consider-
ing their central involvement in normal biology, it is not surprising
that overactivity of MMPs is also involved in diverse disease
processes (Lukashev and Werb, 1998). In the CNS, MMPs have
been implicated in degenerative disorders such as multiple sclerosis
and Alzheimer’s disease (Yong et al., 1998). More recently, evi-
dence is accumulating to show that MMPs can be involved in acute
brain injury. MMP activity is upregulated after cerebral ischemia
(Rosenberg et al., 1996; Romanic et al., 1998; Gasche et al., 1999;
Heo et al., 1999) and edema (Morita-Fijimura et al., 1999).

In this study, we investigated the hypothesis that MMP-9 (gela-
tinase B; EC.3.4.24.35) may be involved in the pathophysiological
cascade of neuronal damage after traumatic brain injury. This
hypothesis was tested by performing experiments using a standard
controlled cortical impact model of traumatic brain injury in mice.
First, we documented via enzyme activity assays, zymography, and
Western blots that MMP-9 was upregulated after trauma. Then, we
demonstrated that behavioral motor deficits and cerebral lesion
volumes were significantly reduced in mutant mice with a targeted
knock-out of the MMP-9 gene.

MATERIALS AND METHODS
Controlled cortical impact model of traumatic brain injury. All experiments
were performed following an institutionally approved protocol in accor-
dance with the NIH Guide for the Care and Use of Laboratory Animals. For
initial MMP activity measurements, normal C57/B6 and CD1 mice were
used. For all other experiments, the MMP-9 knock-out strain and their
corresponding wild-type littermates (Vu et al., 1998) were used. The
standard controlled cortical impact model of traumatic brain injury (Dixon
et al., 1991; Smith et al., 1995; Whalen et al., 1999) was performed as
follows. Briefly, mice were anesthetized with 1–1.5% halothane in an
air/oxygen mixture via a face mask. An electronic thermostat-controlled
warming blanket was used to maintain the core temperature at 37.5°C.
Mice were placed into the head holder within the device, and a 5 mm
craniotomy was performed over the right cerebral hemisphere between the
bregma and lambda by the use of a trephine drill, taking care to keep the
dura intact. A 3 mm flat-tipped impactor was placed on the dural surface
at a 20° angle, and injury was induced by the use of 4 m/sec impact velocity,
1 mm impact depth, and 150 msec impact dwell time. After traumatic brain
injury, the bone flap was replaced over the craniotomy, and mice were
allowed to recover back in their cages. Because the duration of the entire
cortical impact procedure is ;10 min, it was believed that it was unneces-
sary to prolong anesthesia /surgical time to insert catheters for measuring
blood pressure, pH, and gases. However, measurements from previous
series demonstrated that all physiological parameters remained within the
normal range for this model in our laboratory.

MMP activity assay. At 24 hr after traumatic brain injury, mice were
killed with a lethal overdose of sodium pentobarbital intraperitoneally and
transcardially perfused with cold saline (4°C). MMP-9 activity present
in supernatants from brain homogenates was measured by the use of
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a colorimetric antibody-specific substrate cleavage method (Amersham
Pharmacia Biotech, Piscataway, NJ). Briefly, MMP-9 was captured in
microtiter wells coated with anti-MMP-9 antibody. Total MMP-9 activity
is measured by converting MMP-9 proforms into active forms by the use
of p-aminophenylmercuric acetate. Note that this method does not dis-
tinguish between latent zymogen versus cleaved active forms of the
enzyme; therefore this assay measures total MMP-9 that can be activated.
MMP-9 enzyme activity was then assessed by cleavage of a chromogenic
peptide substrate (S-2444) and quantified at 405 nm with a spectropho-
tometric plate reader (Bio-Tek Instruments). Traumatized brains (n 5 5)
were compared with sham-operated controls (n 5 3).

MMP zymography. At 1 hr, 3 hr, 6 hr, 1 d, 3 d, 5 d, and 7 d after trauma,
mice were killed with an overdose of sodium pentobarbital (100 mg/kg,
i.p.) and transcardially perfused with chilled (4°C) PBS, pH 7.4. The
brains were rapidly removed, and damaged brain tissue within the trau-
matized hemisphere (;100–150 mg) was homogenized in lysis buffer (50
mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 0.1% SDS, and
0.1% deoxycholic acid) including protease inhibitors (2 mg/ml leupeptin,
2 mg/ml aprotinin, and 1 mM PMSF) for 30 min on ice. The homogenate
was then centrifuged at 14,000 3 g for 10 min at 4°C. Protein concentra-
tions in the supernatants were measured with the Bradford assay (Bio-
Rad, Hercules, CA). Three brains were used per lane. Approximately 10
mg of each sample was loaded per lane into the wells of precast gels (10%
polyacrylamide minigels containing 0.1% gelatin; Novex) with SDS sam-
ple buffer (23; Novex). Electrophoresis was performed with a Tris-glycine
running buffer at 125 V constant voltage for 1.5–2 hr. The gel was removed
and incubated for 1 hr at room temperature in 100 ml of 2.7% Triton
X-100 on a rotary shaker. Each gel was incubated with 100 ml of devel-
opment buffer (50 mM Tris base, 40 mM HCl, 200 mM NaCl, 5 mM CaCl2,
and 0.2% Brij 35; Novex) at 37°C for 14–18 hr on a rotary shaker. Staining
was performed with 100 ml of 0.5% Coomassie blue G-250 in 30%
methanol and 10% acetic acid for 1 hr, and gels were then destained with
three changes of solutions. Gelatinolytic activity was demonstrated as
clear zones or bands at the appropriate molecular weights. Mouse MMP-9
and human MMP-2 (from Chemicon, Temecula, CA) were used as
standards.

Western blots. At 1 hr, 3 hr, 6 hr, 1 d, 3 d, 5 d, and 7 d after trauma, mice
were killed with an overdose of sodium pentobarbital (100 mg/kg, i.p.)
and transcardially perfused with chilled (4°C) PBS, pH 7.4. The brains
were rapidly removed, and supernatants from homogenates were prepared
as described above for Western blot analysis using a monoclonal antibody
targeted toward the catalytic subunit of mouse MMP-9 (donated by
Robert Senior, Washington University, St. Louis, MO). Three brains
were used per lane. Approximately 10 mg of each sample per lane was
loaded onto 4–20% Tris-glycine gels with equal volumes of SDS sample

buffer (Novex) and then transferred to polyvinylidene difluoride mem-
branes (Novex). Membranes were blocked for 1 hr at room temperature in
PBS and 0.1% Tween 20 with 10% low-fat dried milk and then incubated
with the primary anti-MMP-9 antibody for 1 hr at room temperature.
After the primary incubation, the membranes were washed and then
incubated again with horseradish peroxidase-linked anti-rabbit IgG and
developed by the use of enhanced chemiluminescence (ECL; Amersham).
Mouse MMP-9 (from Chemicon) was used as a standard.

Rotarod motor performance tests. To assess behavioral deficits after
traumatic brain injury, the standard rotarod test (Hamm et al., 1994) was
performed at 1, 2, and 7 d after controlled cortical impact. All mice were
initially trained on the rotarod for 2 d before the day of trauma. One hour
before traumatic brain injury, mice were assessed on the rotarod to obtain
preinjury baselines. Thereafter, all rotarod scores were expressed as a
percentage of preinjury baselines to reduce interanimal variability. Scores
were measured as the latency or time successfully spent running on the
rotating rod (35 rpm); 10–13 animals were measured for each time point.
A repeated measures ANOVA was used for multiple comparisons over

Figure 1. MMP-9 enzyme activity (mean 6 SEM) in C57/B6 mouse brain
at 24 hr after trauma or sham operation. In sham-operated controls (n 5 3),
no constitutive MMP-9 activity was detected in the contralateral hemi-
sphere. In the ipsilateral side, the craniotomy procedure alone appeared to
induce a slight elevation in enzyme activity. However, this increase was not
statistically significant ( p 5 0.16). In mice subjected to brain trauma (n 5
5), MMP-9 activity was significantly higher in the traumatized hemisphere
(*p , 0.05). Interestingly, however, MMP-9 enzyme activity was also
significantly elevated in the contralateral side compared with that in the
shams ( p , 0.05). CCI, Controlled cortical impact.

Figure 2. A, Representative zymograms of brain homogenates from wild-type CD1 mice. No constitutive MMP-9 activity was detected in normal brains
from unoperated mice. Slight induction of MMP-9 was detected in sham-operated controls at 24 hr after craniotomy alone without brain trauma. In
traumatized brain, increased activity was present by 3 hr after cortical impact. Elevated MMP-9 levels persisted until the last time point measured at 7 d
after trauma. Primarily MMP-9 zymogen (105 kDa) was detected, and only faint bands were present for the cleaved active forms (97 kDa). Controls
included normal brains from unoperated mice, brains from sham-operated mice subjected to craniotomy without cortical impact, the mouse MMP-9
standard (Chemicon), and the human MMP-2 standard (Chemicon). Samples derived from three brains were used per lane. Slight induction of gelatinolytic
activity was also observed close to the human MMP-2 standard, suggesting a possible induction of MMP-2 after trauma. Note that (1) mouse MMP-9 has
a higher molecular weight (105 kDa) than human MMP-9 (92 kDa) and (2) human and mouse MMP-2 has a molecular weight of 72 kDa but is typically
detected at 65 kDa when run with a nonreducing buffer. B, Western blots showing that protein expression of MMP-9 is increased after brain trauma in
CD1 mice. MMP-9 was not detectable in either normal brains from unoperated mice or sham-operated controls. In all cases, only MMP-9 zymogen was
detected. Samples derived from three brains were used for each lane.
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time between wild-type littermates and MMP-9 knock-out mice. Compar-
isons at each time point was performed by the use of Fisher’s PLSD test.

Traumatic lesion volume quantitation. After traumatic brain injury, mice
were allowed to survive for 7 d before being killed with a lethal overdose
of sodium pentobarbital intraperitoneally. All mice were transcardially
perfused with chilled (4°C) PBS, pH 7.4, followed by 4% paraformalde-
hyde in 0.1 M PBS. The brains were rapidly removed and fixed in fresh
paraformaldehyde solution overnight at 4°C and then stored in 30%
sucrose and 0.1 M PBS. Brains were sectioned by the use of a freezing
microtome into 25-mm-thick coronal slices. Every 20th section was
mounted onto a glass slide and stained with 0.1% cresyl violet. Histological
lesion areas were quantified with a standard computer-assisted image
analysis program, and lesion areas were then integrated to obtain total
lesion volumes in cubic millimeters. Differences between wild-type litter-
mates (n 5 11) and MMP-9 knock-out mice (n 5 9) were assessed with
two-tailed t tests.

RESULTS
MMP-9 is upregulated after traumatic brain injury
Traumatic brain injury induced via controlled cortical impact re-
sulted in significant elevations of MMP-9 protein levels. At 24 hr
after trauma, total enzyme measured by colorimetric detection of
substrate cleavage showed that MMP-9 levels were increased by
almost threefold compared with that in the contralateral cortex
(Fig. 1). Interestingly, MMP-9 was slightly elevated in contralateral
brain as well, suggesting that after trauma, perturbations in cere-
bral status was not restricted to the impacted hemisphere alone and
subtle mechanical- and biochemical-induced alterations may prop-
agate across to the opposite hemisphere (Fig. 1). In sham-operated
brains, the craniotomy procedure alone (without impact trauma)
also appeared to increase MMP-9 protein levels slightly, although
this did not reach statistical significance (Fig. 1).

Alterations in MMP-9 was assessed over the course of 1 week
after trauma by the use of zymography. MMP-9 levels in trauma-
tized brain appeared to be elevated beginning as early as 3 hr after
trauma and remained elevated for the entire 1 week period of
analysis (Fig. 2A). MMP-9 was primarily expressed as the higher
molecular weight zymogen (105 kDa). No clear evidence of the
lower molecular weight cleaved (activated) form of MMP-9 was
observed. MMP-9 was not detected in normal brains from unop-
erated mice, but sham-operated control brains subjected to crani-
otomy alone appeared to show slight elevations in MMP-9 levels
(Fig. 2A). Faint bands of zymographic digestion were also observed
at a level close to that of the human MMP-2 standard (72 kDa),
suggesting a possible presence of MMP-2 (gelatinase A) activity.

Western blot analysis showed that MMP-9 protein in the brain
was increased beginning as early as 3 hr after trauma, with a
maximum occurring at ;24 hr. However, MMP-9 levels remained
clearly elevated for the entire 1 week experimental period (Fig.
2B). Once again, only the 105 kDa zymogen was seen, although the
antibody recognizes both the zymogen and the cleaved forms of
MMP-9 (R. Senior, personal communication).

MMP-9-deficient knock-out mice are resistant to
traumatic brain injury
The motor response to traumatic brain injury in MMP-9 knock-out
mice was compared with that in wild-type littermates. Initial pre-
trauma performance on the rotarod device seemed to suggest that
the MMP-9 knock-outs had somewhat lower motor endurance
compared with that of the wild-type littermates, although the
difference did not reach statistical significance (latencies were 63 6
12 sec for knock-outs and 87 6 14 sec for wildtypes; p 5 0.21; Fig.
3A). However, to normalize for this potential difference in pre-
trauma performance, all post-trauma latencies were also calculated
as a percentage of preinjury baselines. After traumatic brain injury
induced by controlled cortical impact, rotarod performance was
significantly reduced in all mice. However, over 1, 2, and 7 d after
injury, a repeated measures ANOVA demonstrated that knock-out
mice had significantly fewer deficits compared with that of wild-
type mice ( p , 0.05; Fig. 3).

At 7 d after injury, traumatized brains showed well demarcated
lesions with cavitations comprising the cortex as well as underlying
hippocampal structures (Fig. 4A). Parenchyma immediately sur-

rounding the necrotic cavitation also showed decreased cresyl vio-
let staining. Although hippocampal structures were disrupted, neu-
ronal loss could also be discerned in CA1 and CA3 regions that
remained. Overall traumatic lesion volumes were significantly
smaller in the MMP-9 knock-outs compared with wild-type litter-
mates (7.44 6 0.5 mm3 in wildtypes vs 5.67 6 0.6 mm3 in knock-
outs; p , 0.05; Fig. 4B).

DISCUSSION
In addition to primary damage induced by the initial mechanical
impact, secondary mechanisms of cell death can significantly con-
tribute to traumatic brain injury (McIntosh et al., 1998a,b). The
progression of nervous tissue damage after trauma involves a
multifactorial cascade of secondary pathophysiology including ex-
citotoxicity (Hayes et al., 1988; Faden et al., 1989; Palmer et al.,
1993), oxidative stress (Kontos and Povlishock, 1986), inflamma-
tion (Arvin et al., 1996), and abnormal apoptosis (Rink et al., 1995;
Colicos and Dash, 1996; Pravdenkova et al., 1996; Clark et al.,
1997; Crowe et al., 1997; Liu et al., 1997; Yakovlev et al., 1997;
Conti et al., 1998; Fox et al., 1998; Kaya et al., 1999; Springer et al.,
1999). However, in this report, we demonstrate that upregulation of
MMP-9 may participate in the pathophysiology of traumatic brain
injury. In normal mouse brain, cortical impact injury induced a

Figure 3. Motor performance (mean 6 SEM) on a rotarod device after
brain trauma expressed either as the absolute time in seconds ( A) or a
percent of pretrauma latency (B) on the rotating rod. After brain injury,
latencies were significantly reduced in all mice. A repeated measures
ANOVA showed that overall rotarod performance was significantly im-
proved in knock-outs (KO) versus wild-type littermates (WT ). However,
single time point comparisons showed significantly improved performance
in the MMP-9 knock-out mice versus wild-type littermates only at 2 d after
trauma (*p , 0.05). Although the average rotarod latency was also im-
proved in knock-outs at 1 and 7 d, the difference did not reach statistical
significance ( p 5 0.09 at day 1, p 5 0.18 at day 7 for percentage compar-
isons). This may be caused by the somewhat variable rotarod response after
trauma and the need for larger numbers of mice to increase the statistical
power (n 5 10–13 per time point).
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significant upregulation of MMP-9 levels as measured by a variety
of methods including colorimetric substrate cleavage assay, zymog-
raphy, and Western blot analysis. The role for MMP-9 was further
explored by the use of knock-out mice deficient in MMP-9 gene
expression. These studies suggested that MMP-9 may play a dele-
terious role in traumatic brain injury because knock-out mice had
significantly smaller lesions compared with that in wild-type litter-
mates. Importantly, motor deficits measured by the use of a rotarod
device also showed that MMP-9 knock-out mice had less behav-
ioral injury compared with that in the wild-type mice.

As expected, no significant MMP-9 was detectable in normal
brain, consistent with the understanding that MMP-9 is not con-
stitutively expressed in mammalian brain (Rosenberg et al., 1996;
Gasche et al., 1999; Heo et al., 1999). However, after traumatic
brain injury, MMP-9 levels were observed to increase as early as 3
hr after injury, reaching an apparent maximum at ;24 hr and
remaining elevated for up to 1 week. It will be important to
document carefully the temporal profile of MMP-9 levels over
longer periods of time in future studies to understand fully its
contribution to long-term pathophysiology. Long-term changes
have been described after traumatic brain injury (Dixon et al.,
1999) so chronic MMP activity may be involved. Although the
results of our study make a mechanistic connection between in-
creased levels of MMP-9 protein and brain tissue damage, we have
not directly measured proteolytic activity. Therefore, we cannot
say whether tissue damage is caused by proteolysis by MMP-9 or
whether some undocumented activity of MMP-9 is involved. The
MMP-9 protein detected by the various methods used in this study
was the 105 kDa proenzyme form; none of the truncated forms of
the enzyme associated with proteolytic activity in vitro was detect-
able. This in vivo finding is often reported (Matsubara et al., 1991;
Fini et al., 1996; Mohan et al., 2000) and is not inconsistent with
functionality of MMP-9 as a protease. A number of studies suggest
that enzymatic activation of MMP-9 proenzyme occurs by binding
at the cell surface and that activated enzyme is then rapidly
degraded (Yu and Stamenkovic, 1999). Therefore, little active
MMP-9 may be present in tissue at any given time.

Our zymographic data showed that after traumatic brain injury,
the primary gelatinase elevated was MMP-9. Faint zones of activ-
ity were observed at a level close to that of the human MMP-2
standard (72 kDa), suggesting that small elevations in MMP-2 may
also occur in our model. This is in contrast to studies of cerebral
ischemia in which large elevations in MMP-2 activity were ob-
served (Rosenberg et al., 1996; Romanic et al., 1998; Gasche et al.,
1999; Heo et al., 1999). Although traumatic brain injury shares
many common pathways with cerebral ischemia, there are critical
differences in pathophysiology (McIntosh et al., 1998a,b), and the

present data are consistent with this idea. On the other hand, focal
regions of tissue ischemia can accompany traumatic brain injury
(Bryan et al., 1995; Dietrich et al., 1998) so common upstream
triggers of MMP upregulation may also be involved.

Although the present data suggest that MMP-9 contributes to
brain damage after trauma, the precise mechanisms involved re-
main to be defined. In cerebral ischemia, an emphasis has been
placed on the fact that MMP-9 can digest matrix proteins present
in the vascular basal lamina including collagen, fibronectin, and
laminin. Damage to vascular integrity would then lead to disrupted
blood–brain barrier function and increased vasogenic edema
(Rosenberg et al., 1996; Gasche et al., 1999; Heo et al., 1999).
Because edema can play a critical role in traumatic brain injury,
this specific pathway may be involved here as well. However, it is
important to recognize that matrix proteins such as laminin are
also widely disseminated throughout the brain parenchyma, and
loss of parenchymal laminin may affect cell–matrix interactions
and cell survival (Hagg et al., 1989; Murtomaki et al., 1995; Chen
and Strickland, 1997; Tsirka et al., 1997). Therefore, it remains
conceivable that MMP-mediated matrix protein degradation may
disrupt cell–matrix interactions beyond the vascular compartment
as well and further contribute to neuronal cell death. It must be
acknowledged, however, that laminin can be degraded by other
enzymes [e.g., plasmin (Tsirka et al., 1997)]. Cascades of extracel-
lular proteolysis after traumatic brain injury may involve other
proteases besides MMPs.

There are a few caveats associated with the present study. First,
we measured traumatic lesion volumes at a relatively early time
point (1 week) after cortical impact. We cannot exclude the possi-
bility that long-term effects may occur that overwhelm the acute
protective effects of MMP-9 gene knock-out. It has been shown
that degenerative and/or regenerative processes may extend for
periods up to a year after traumatic brain injury (Dixon et al.,
1999). During these prolonged periods, MMPs may play critical
roles in cerebral reorganization. The possibility of biphasic re-
sponses to traumatic brain injury has been demonstrated recently
in the tumor necrosis factor- (TNF-) and TNF receptor-deficient
mutant mice, in which absence of the gene appeared to protect the
brain during acute time frames but retard functional recovery
during prolonged periods after injury (Scherbel et al., 1999; Sulli-
van et al., 1999). Second, we only used a primarily motor behavioral
task (i.e., the rotarod assay). It is known that cognitive and/or
memory deficits are an important part of the controlled cortical
impact model of traumatic brain injury (Dixon et al., 1999). Indeed,
we find that lesion volumes tend to include extensive destruction of
hippocampal structures, especially in the wild-type mice. It will be
important to determine whether cognitive deficits are also im-

Figure 4. A, Representative Nissl-stained brain
sections showing that MMP-9 knock-outs (KO)
suffer less brain injury compared with that in
wild-type littermates (WT ) at 7 d after trauma.
B, Lesion volumes at 7 d after traumatic brain
injury (in cubic millimeters; mean 6 SEM).
MMP-9 KO (n 5 9) had significantly smaller
lesion volumes compared with that of WT (n 5
11; *p , 0.05).
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proved by MMP-9 gene deletion; these studies are being pursued in
our laboratory presently. Third, we do not have data on the cell
types that serve as sources for MMP-9. It is known that macro-
phages and neutrophils can be an important source for MMPs and
other deleterious proteases (Pagenstecher et al., 1998), and inflam-
matory macrophage and neutrophil infiltration is clearly an impor-
tant event after trauma (Carlos et al., 1997; Bethea et al., 1998;
Chatzipantelli et al., 2000). However, it has been shown that
resident brain cells (neurons, astrocytes, and oligodendrocytes) can
also produce MMPs (Gottschall and Deb, 1996; Zuo et al., 1998;
Oh et al., 1999). It will be important to define carefully the cellular
sources of deleterious MMP activity after traumatic brain injury.
Finally, the MMP family comprises many other members besides
MMP-9. MMPs (along with plasminogen activators) form a pro-
tease cascade that bears some similarity to the caspase cascade in
terms of amplifying cell death (Cuzner and Opdenakker, 1999).
Much like the caspase cascade in which caspase-3 may be a possible
final executioner, it has also been proposed that MMP-9 may be a
terminal member of the MMP cascade (Cuzner and Opdenakker,
1999). Nevertheless, it will be critical to assess the roles for more
upstream MMPs by the use of other specific antibodies and knock-
out mouse models.

In conclusion, the present study demonstrated that MMP-9 ac-
tivity was increased in a mouse model of traumatic brain injury,
and knock-out mice deficient in MMP-9 gene expression showed
reduced morphological damage and motor deficits compared with
that in wild-type mice. These data demonstrate that MMP-9 con-
tributes to the pathophysiology of traumatic brain injury. Interrupt-
ing the MMP cascade may be a relevant therapeutic approach for
preventing the devastating progression of secondary injury.
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