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with polymorphonuclear leukocytes1,4,9,11,14). Inflammatory and 
immune reactions have also been considered as the main com-
ponent of secondary neuronal injury3). Most pathological chang-
es after a SCI are the results of  secondary injury after the initial 
impact, including edema, neutrophil infiltration, altered blood 
flow, and alteration of microvascular permeability19). 

Proteinases, particularly matrix metalloproteinases (MMPs), 
have recently been known as mediators of early secondary neu-
ronal damage after SCI10,18,25). MMPs are a family of zinc-bind-
ing proteolytic enzymes that degrade extracellular matrix com-
ponents of the basement membrane12). Excessive proteolytic 
activity of MMPs after tissue injury can be detrimental, and 
lead to disruption of the endothelium and excessive inflamma-
tion16,24,26). MMPs have been implicated in numerous pathologi-
cal conditions including atherosclerosis, inflammation, tumor 
growth, metastasis, and cerebral ischemia. In particular, MMP-9 
has been implicated in abnormal vascular permeability associat-
ed with either hemorrhagic injury or inflammation16,24). Abnor-
mal increases of MMP-9 in both inflammatory cells and endo-
thelial cells may result in collective impairment of endothelial 
barrier function by degrading the vascular basement membrane. 

In this study, in order to clarify the role of MMPs in the patho-
physiologic cascade of neuronal tissue damage and endothelial 

INTRODUCTION

Spinal cord injury (SCI) is a devastating clinical condition 
that may result in permanent functional deficits. The patho-
physiology of spinal cord injury is very complex and two main 
mechanisms can be distinguished as primary and secondary 
damages. The primary injury is the initial mechanical damage 
to the spinal cord, which includes the kinetic impact and persis-
tent compression of the cord by bone or disc fragments7). It typ-
ically leads to necrosis of a number of neuronal cells that gener-
ally cannot be improved or regenerated20). By contrast, secondary 
injury is considered to result from a number of proposed auto-
destructive processes, such as lipid hydrolysis, free-radical in-
duced lipid peroxidation, injury caused by hydroxyl radicals, 
tumor necrosis factor production, activation of non-N-methyl-
D-aspartate ionotropic glutamate receptors, and inflammation 
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Objective : Matrix metalloproteinases (MMPs), especially MMP-2 and MMP-9 have been known to play an important role in secondary inflammato-
ry reaction after spinal cord injury (SCI). The aim of this study was to investigate the expression and activity of MMP-2 and MMP-9 and to determine 
their relationship with disruption of endothelial blood-barrier after photochemically induced SCI in rats. 
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from 6 h to 7 days. Endothelial blood-barrier integrity was assessed indirectly using spinal cord water content. 
Results : Zymography and Western blot analysis demonstrated rapid up-regulation of MMP-9 protein levels in spinal cord after ischemic onset. Ex-
pressions and activities of MMP-9 showed a significant increased at 6 h after the photothrombotic ischemic event, and reached a maximum level at 
24 h after the insult. By contrast, activated MMP-2 was not detected at any time point in either the experimental or the control groups. When com-
pared with the control group, a significant increase in spinal cord water content was detected in rats at 24 h after photothrombotic SCI. 
Conclusion : Early up-regulation of MMP-9 might be correlated with increased water content in the spinal cord at 24 h after SCI in rats. Results of 
this study suggest that MMP-9 is the key factor involved in disruption of the endothelial blood-barrier of the spinal cord and subsequent secondary 
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Western blot analysis
To further investigate the protein expression of MMP-2 and 

MMP-9 in spinal cord tissue extracts, samples containing 50 ug 
of protein were boiled for 5 minutes at 100°C with an appropri-
ate volume of 4X sample buffer [NuPAGE® LDS Sample Buffer 
(4X) NP0007; invitrogen]. Samples were then placed on ice to 
cool before being loaded onto an 8% sodium dodecyl sulfate 
(SDS)-polyacrylamide gel and separated at 120 V for 3 h. Gels 
were then transferred onto a polyvinylidene difluoride mem-
brane at 300 mA for 90 min at 4°C. Membranes were reversibly 
stained with Ponceau S to confirm the transfer of proteins, and 
destained in water. Membranes were then incubated in block-
ing buffer for 1 h at room temperature (5% non-fat dry milk in 
Tris-buffered saline with 0.2% Tween 20), probed overnight at 
4°C with primary anti-MMP-9 (rabbit anti-Rat MMP-9 poly-
clonal, dilution 1 : 2,000; Chemocon International, Temecula, 
CA, USA) and anti MMP-2 (mouse monoclonal, dilution 1 : 
2,000; Santa Cruz Biotechnology, Inc., CA, USA) antibodies, 
and finally incubated for 1 hr at room temperature with horse-
radish peroxidase-conjugated immunoglobulin (polyclonal 
Goat anti-rabbit Ig, dilution 1 : 5,000; Dako Cytomation, Glos-
trup, Denmark and Goat anti-mouse IgG, dilution 1 : 5,000; 
Zymed, California, USA respectively). β-actin (anti-β-actin, di-
lution 1 : 40,000; Sigma Aldrich Co., St Louis, Mo, USA) and 
GAPDH (rabbit monoclonal, dilution 1 : 20,000; Cell Signaling 
Technology, USA) were used as a control for loading. The reac-
tion was developed with a chemiluminiscence reagent contain-
ing luminal reagent and peroxide solution (Millipore). Optical 
densities were measured by a Luminescent Image Analyzer 
(Fujifilm LAS-3000; Fuji Photo Film Co., Tokyo, Japan).

Gelatin zymography
Gelatin zymography was used for measurement of the activi-

ties of MMP-2 and MMP-9 in spinal cord homogenates follow-
ing previously described techniques2,21). Equal amounts of pro-
tein samples (50 ug/lane) were loaded and separated by an 8% 
SDS-polyacrylamide gel containing 1 mg/mL gelatin as a sub-
strate at 4°C. After separation by electrophoresis, the gel was 
rinsed briefly with distilled water and washed three times in 
2.5% Triton X-100 solution for 30 minutes. The gel was then in-
cubated with developing buffer at 37°C overnight. After devel-
oping, the gel was stained with 0.5% Coomassie Brilliant Blue 
R-250 (Sigma Chemical) in a mixture of methanol : acetic acid : 
water (2 : 1 : 7) for 2 h and then destained. To quantify the de-
grees of MMP-9 and MMP-2 activity as detected by gelatin zy-
mography, the gels were digitized, and the area of lysis for each 
band detected was quantified using the J-Image program of the 
lytic zone area in square millimeters. 

Spinal cord water content 
Spinal cords, 10 mm rostral and 10 mm caudal to the lesion 

site (20 mm long), were removed at 24 h after SCI (n=5 for each 
group). The spinal cord was weighed immediately after removal 

disruption after SCI, we investigated the expression and  activi-
ties of MMP-2 and MMP-9, and spinal cord water content after 
photochemicaelly induced SCI. 

MATERIALS AND METHODS

Photothrombotic SCI model 
Female Sprague-Dawley rats, weighing between 250 and 300 

g were used in the present study. Female rats were used in order 
to facilitate management of posttraumatic urinary dysfunction. 
Rats were kept in 12 h light/dark cycles, and allowed free access 
to food and water. SCI was induced by photothrombosis of the 
cord microvessels according to a modified method described 
by Watson et al.28). Each rat was anesthetized with 5% isoflurane 
and maintained with 2% isoflurane in an oxygen/air mixture 
using a gas anesthesia mask in a stereotaxic frame (Stoelting, 
Wood Dale, IL, USA). After obtaining a deep level of anesthe-
sia, the rat was placed in a prone position with a warmed surgi-
cal pad in order to preserve body temperature throughout the 
procedure. Rectal temperature was controlled during surgery at 
37±0.5°C with a homeothermic blanket (Harvard Apparatus). 
After midline skin incision and paravertebral muscles dissec-
tion, laminae and spinous processes of the T8-T9 vertebrae were 
removed in order to expose the spinal cord. The photochemical 
dye, Rose Bengal (80 mg/kg, Sigma Chemical Co., St. Louis, 
MO, USA) in normal saline was then administered into the 
right femoral vein. Immediately afterward, illumination of a 
cold light source (Zeiss KL1500 LCD, Jena, Germany) with a 
4.5 mm aperture, was focused over the dorsal surface of the spi-
nal cord for three minutes. After illumination, back muscles and 
skin were sutured. Animals were then returned to their individ-
ual cages, and kept heated under an infrared lamp until full re-
covery from anesthesia. Antibiotic coverage was provided for five 
days and the bladder was emptied twice a day by manual pres-
sure until total recovery of function. Control animals, underwent 
only a laminectomy without a photochemical procedure. 

Preparation of tissue extracts 
For analysis of protein expression patterns in spinal cord tis-

sue after injury, protein extracts of tissues were prepared for gela-
tin zymography and western blot analysis. Animals were deeply 
anesthetized with isoflurane and the injured spinal cord was 
then rapidly removed at 6 and 24 hours and 2, 3, and 7 days af-
ter injury. The spinal cord was homogenized in a protein ex-
traction buffer consisting of 10 mM Tris-HCl (pH 7.6), 250 mM 
sucrose, 1 mM ethylenediaminetetraacetate and 0.1 mM phenyl-
methylsulfonyl fluoride, and then minced into small pieces. Af-
ter the extraction was complete, samples were centrifuged at 
3,000 rpm for 20 minutes at 4°C, and the supernatants were 
collected, and stored at -75°C. Bicinchoninic acid assays kit 
(Pierce, USA) were used routinely for determination of protein 
concentrations. 
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MMP-9 was rapidly increased at 6 h after the photothrombotic 
ischemic event, and reached a peak level at 24 h after the event 
(Fig. 1). However, MMP-9 expression was very low in the con-
trol group at each time point analyzed. 

In MMP-2 expression, MMP-2 was observed in both the ex-
perimental and the control groups. However, there were no sig-
nificant differences at each time point after SCI (Fig. 2). 

Activities of MMP-2 and MMP-9
MMP-2 and MMP-9 protein activities were evaluated by gelatin 

zymography. Rapid increase of MMP-9 activity was observed at 6 
h after the photothrombotic ischemic event, and reached a maxi-
mum level at 24 h after the insult. And then elevated MMP-9 activ-
ity showed a slow decrease (Fig. 3). By contrast, when compared 
with the control groups, elevation of MMP-2 activity was not ob-
served at any time points in the experimental groups (Fig. 4). 

Spinal cord water content 
We determined spinal cord edema at 24 hours after the insult. 

When compared with the control group, a significant increase 
in spinal cord water content was detected at 24 h after photo-
thrombotic SCI (p<0.05) (Fig. 5). 

DISCUSSION

MMPs are important for extracellular matrix remodeling and 

(wet weight) and again while drying in an oven at 105°C for 24 h 
(dry weight). The percent water content was calculated as [(wet 
weight-dry weight)/wet weight]×100%.

Statistical analysis
The SPSS software program (version 17.0 for windows; SPSS 

INC., Chicago, IL, USA) was used for statistical analysis. Values 
are presented as the mean±standard error of the mean. Statistical 
analysis was performed using one-way ANOVA or the Student’s 
t-test. Differences were considered significantly at a p<0.05.

RESULTS

Expressions of MMP-2 and MMP-9
MMP-2 and MMP-9 protein expression were evaluated by 

Western blot analysis. Results demonstrated that expression of 

Fig. 1. Western blots of MMP-9 demonstrated up-regulation of protein 
expression at 6, 24, 48, and 72 h after photothrombotic SCI (mean± 
SEM, n=5 per time point). *p<0.05 compared with the control group; the 
Mann-Whitney U test. MMP : matrix metalloproteinases, SCI : spinal cord 
injury, SEM : standard error of the mean.

Fig. 3. Zymographic analysis of MMP-9 activity in injured spinal cord ex-
tracts. Up-regulation of MMP-9 is observed at 6, 24, 48, and 72 h after 
injury, and reached a maximum level at 24 h after the insult (mean± 
SEM, n=5 per time point). *p<0.05 compared with the control group; the 
Mann-Whitney U test. MMP : matrix metalloproteinases, SEM : standard 
error of the mean.

Fig. 2. Western blots of MMP-2. The statistically significant differences 
aree not observed at each time point after photothrombotic SCI (mean± 
SEM, n=5 per time point). *p<0.05 compared with the control group; the 
Mann-Whitney U test. MMP : matrix metalloproteinases.

Fig. 4. Zymographic finding of MMP-2 activity in injured spinal cord ex-
tracts. Elevation of MMP-2 activity is not observed at any time points in 
the experimental group (mean±SEM, n=5 per time point). *p<0.05 com-
pared with the control group; the Mann-Whitney U test. MMP : matrix 
metalloproteinases, SEM : standard error of the mean.
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blood-barrier of the spinal cord and aggravation of SCI with 
edema formation caused by change of vascular permeability af-
ter photothrombotic insult. Elevation of MMP-2 expression 
and activity was not observed until 72 h after photothrombotic 
insult, therefore, MMP-2 might not be involved in early dam-
age to the blood-barrier of the spinal cord after photothrom-
botic insults in our study, and additional study with a prolonged 
time interval would be required the demonstration of the role 
of MMP-2. 

Among a variety of SCI models, the weight drop technique 
has been the most widely used method for experimental induc-
tion of SCI. The rat model of contusive SCI has been shown to 
provide a reliable, reproducible, graded injury, and offers an easi-
er method for establishment of large-scale screening of poten-
tial therapeutic agents. However, in order to produce a consistent 
and reliable injury, sufficient experience with strict adherence to 
control of variability of the injury is necessary. Nonetheless, le-
sions tend to be variable in size and have the potential for diffi-
culty in reproducing a consistent injury. Photothrombosis has 
mainly been used for development a stroke model6,13,27). We ad-
opted the photothrombotic ischemia model in order to estab-
lish an SCI model in rats19). Photochemical damage to the spi-
nal cord has histopathological similarities with experimental 
contusion and compression lesions. A prolonged secondary in-
jury phase associated with photochemical lesions has been 
demonstrated in photochemical models in rats. Photothrombosis 
can induce a relatively constant lesion in the target spinal cord. 
Therefore, the photothrombotic SCI model could be a suitable 
model for study of MMPs in association with a breakdown of 
blood-cord barrier disruption.   

The limitation of this study is that the observation period for 
expression and activation of MMP-2 and MMP-9 was 3 days 
and spinal cord water content was only measured at 24 hr after 
photothrombotic insults, even although initiation of spinal cord 
edema and secondary injury have been known to occur several 
hours after SCI. In the future, studies with a longer experimen-

are integral to inflammation, morphogenesis, and wound heal-
ing29). However, MMPs have the ability to degrade gelatin, col-
lagens, elastin, vitronectin, and the major components of the 
basal lamina comprising the vascular endothelial blood-barrier. 
MMP-2 and MMP-9 have been implicated in degradation of 
constituents of basal lamina, and are the key enzymes associated 
with secondary damage after spinal cord or brain injuries, includ-
ing ischemia and traumatic accidents2,15). MMP-2 is constitutively 
expressed in certain populations of astrocytes and is up-regulated 
in these cells after central nervous system (CNS) injury23). MMP-
9 is expressed at low levels in neural cells, including anterior 
horn motor neurons, and is markedly up-regulated in blood 
vessels, macrophages, and glia after CNS injury18,22,23). There-
fore, up-regulation of MMPs can be a critical event for disrup-
tion of endothelial blood-barrier with changes of vascular per-
meability after SCI2,5,10,18). Esposito et al.8) established strong 
induction of pro-MMP-2 and pro-MMP-9 activity in cord tis-
sue extracts from an SCI mice model using an aneurysm clip. 
When compared with sham mice, significant up-regulation of 
MMP-2 and MMP-9 expression was also observed in the cord 
tissues from SCI operated mice. However, several studies have 
reported that central nervous tissue after a SCI or a stroke re-
vealed delayed expression of MMP-2 compared with MMP-
95,30). MMP-9 is elevated within several hours, whereas MMP-2 
is elevated at several days or weeks after infarction or SCI. There-
fore, some researchers have advocated that the later increase of 
MMP-2 expression and activity would correlate with better out-
come with the post-traumatic time course of capillary remodel-
ing, and might contribute to wound healing and functional re-
covery after SCI10). 

Expressions and activities of MMP-2 and MMP-9 only were 
investigated in this study due to their established association 
with early neuronal damage, including inflammation, angio-
genesis, endothelial blood-barrier disruption, and scar forma-
tion in the spinal cord17,23). Expressions and activities of MMP-9 
showed a significant increase within 24 h after photochemical 
induction of SCI, and the level of MMP-9 expression and activ-
ity reached a peak at 24 h after the event. By contrast, Western 
blot did not show a significant increase in elevation of MMP-2 
expression until 72 h. Neither change nor elevation of MMP-2 
activity was observed until 72 h after photothrombotic insult in 
gelatin zymography. Spinal cord water content was measured 
for evaluation of endothelial blood-barrier disruption and ede-
ma formation of the spinal cord after photothrombotic insults. 
When compared with the control groups, a significant increase 
in spinal cord water content was detected in rats at 24 h after 
photothrombotic SCI. These findings indicate that activation 
and increased expression of MMP-9 may be associated with 
disruption of the endothelial blood-barrier of the spinal cord 
after photothrombotic insults. Consequently, MMP-9 might be 
involved in early tissue damage and contributes to initial devel-
opment of spinal cord edema after photothrombotic SCI. There-
fore, MMP-9 may play a significant role in disruption of the 

Fig. 5. Spinal cord water content. When compared with the control 
group, a significant increase in water content is detected in rats at 24 h 
after photothrombotic SCI (mean±SEM, n=5 per time point). *p<0.05 
compared with the control group; the Mann-Whitney U test. SCI : spinal 
cord injury.
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12.	Lee JE, Yoon YJ, Moseley ME, Yenari MA : Reduction in levels of matrix 
metalloproteinases and increased expression of tissue inhibitor of me-
talloproteinase-2 in response to mild hypothermia therapy in experi-
mental stroke. J Neurosurg 103 : 289-297, 2005

13.	Lee JK, Park MS, Kim YS, Moon KS, Joo SP, Kim TS, et al. : Photo-
chemically induced cerebral ischemia in a mouse model. Surg Neurol 
67 : 620-625; discussion 625, 2007

14.	Liu D, Yang R, Yan X, McAdoo DJ : Hydroxyl radicals generated in vivo 
kill neurons in the rat spinal cord : electrophysiological, histological, and 
neurochemical results. J Neurochem 62 : 37-44, 1994

15.	Maegele M, Riess P, Sauerland S, Bouillon B, Hess S, McIntosh TK, et al. : 
Characterization of a new rat model of experimental combined neu-
rotrauma. Shock 23 : 476-481, 2005

16.	Mun-Bryce S, Rosenberg GA : Gelatinase B modulates selective open-
ing of the blood-brain barrier during inflammation. Am J Physiol 274 : 
R1203-R1211, 1998

17.	Nguyen M, Arkell J, Jackson CJ : Human endothelial gelatinases and 
angiogenesis. Int J Biochem Cell Biol 33 : 960-970, 2001

18.	Noble LJ, Donovan F, Igarashi T, Goussev S, Werb Z : Matrix metallo-
proteinases limit functional recovery after spinal cord injury by modu-
lation of early vascular events. J Neurosci 22 : 7526-7535, 2002

19.	Piao MS, Lee JK, Jang JW, Kim SH, Kim HS : A mouse model of photo-
chemically induced spinal cord injury. J Korean Neurosurg Soc 46 : 
479-483, 2009

20.	Profyris C, Cheema SS, Zang D, Azari MF, Boyle K, Petratos S : Degen-
erative and regenerative mechanisms governing spinal cord injury. 
Neurobiol Dis 15 : 415-436, 2004

21.	Romanic AM, White RF, Arleth AJ, Ohlstein EH, Barone FC : Matrix 
metalloproteinase expression increases after cerebral focal ischemia in 
rats : inhibition of matrix metalloproteinase-9 reduces infarct size. 
Stroke 29 : 1020-1030, 1998

22.	Rosenberg GA : Matrix metalloproteinases in brain injury. J Neurotrau-
ma 12 : 833-842, 1995

23.	Rosenberg GA : Matrix metalloproteinases in neuroinflammation. Glia 
39 : 279-291, 2002

24.	Rosenberg GA, Dencoff JE, McGuire PG, Liotta LA, Stetler-Stevenson 
WG : Injury-induced 92-kilodalton gelatinase and urokinase expression 
in rat brain. Lab Invest 71 : 417-422, 1994

25.	Rosenberg GA, Estrada EY, Dencoff JE : Matrix metalloproteinases and 
TIMPs are associated with blood-brain barrier opening after reperfu-
sion in rat brain. Stroke 29 : 2189-2195, 1998

26.	Rosenberg GA, Estrada EY, Dencoff JE, Stetler-Stevenson WG : Tumor 
necrosis factor-alpha-induced gelatinase B causes delayed opening of 
the blood-brain barrier : an expanded therapeutic window. Brain Res 
703 : 151-155, 1995

27.	Schroeter M, Jander S, Stoll G : Non-invasive induction of focal cerebral 
ischemia in mice by photothrombosis of cortical microvessels : charac-
terization of inflammatory responses. J Neurosci Methods 117 : 43-49, 
2002

28.	Watson BD, Holets VR, Prado R, Bunge MB : Laser-driven photochem-
ical induction of spinal cord injury in the rat : Methodology, histopa-
thology, and applications. Neurorotocols 3 : 3-15, 1993

29.	Werb Z : ECM and cell surface proteolysis : regulating cellular ecology. 
Cell 91 : 439-442, 1997

30.	Yu F, Kamada H, Niizuma K, Endo H, Chan PH : Induction of mmp-9 
expression and endothelial injury by oxidative stress after spinal cord 
injury. J Neurotrauma 25 : 184-195, 2008

tal period and pharmacological trials with neuroprotective ef-
fects will be required for investigationg of the relationship be-
tween MMPs and secondary damage to the spinal cord with 
blood-barrier disruption.  

CONCLUSION

Early up-regulation of MMP-9 might be correlated with in-
creased water content in the spinal cord at 24 h after SCI in rats. 
Results of this study suggest that MMP-9 may play an impor-
tant role in disruption of the blood-barrier of the spinal cord 
and aggravation of SCI with edema formation caused by altera-
tion of vascular permeability after photothrombotic insult. 
Therefore, MMP-9 inhibition could result in reduced alteration 
and destruction of the blood-barrier of the spinal cord and sec-
ondary injury after an ischemic insult. 
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