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Summary

Matrix metalloproteinases (MMPs) are associated with blood-

brain opening and may be involved in the pathophysiology of acute

brain injury. Previous research demonstrated that knockout mice de-

ficient in MMP-9 subjected to transient focal cerebral ischemia had

reduced blood-brain barrier (BBB) disruption and attenuated cere-

bral infarction.

In this study, we examined MMP-9 up-regulation, BBB disrup-

tion, and brain edema formation after cortical impact injury in rats.

Cortical contusion was induced by controlled cortical impact. Ani-

mals were sacrificed at intervals after injury. MMP up-regulation

was assessed by gelatin zymography, and BBB integrity was eval-

uated using Evans blue dye with a spectrophotometric assay. Brain

water content was measured by comparing wet and dry weights of

each hemisphere as an indicator of brain edema.

Zymograms showed elevated MMP-9 as early as at 3 hours after

injury, reaching a maximum at 18 hours. Peak levels of BBB dis-

ruption occurred 6 hours after injury. Brain edema became pro-

gressively more severe, peaking 24 hours after injury. Compared

to control group, treatment with MMP-inhibitor GM6001 signifi-

cantly reduced BBB disruption 6 hours and brain water content

(85.9G 0.5% vs. 82.6G 0.3%; p < 0.05) 24 hours after injury. These

findings suggest that MMP-9 may contribute to BBB disturbance

and subsequent brain edema after traumatic brain injury.
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Introduction

Recent studies have suggested that matrix metallo-

proteinases (MMPs) increase after brain injury such

as in ischemia, trauma, and neurodegenerative disor-

ders. These proteins might play a critical role in degra-

dation of the extracellular matrix, disruption of the

blood-brain barrier (BBB), facilitation of leukocyte in-

filtration, and inflammatory responses following brain

injury. The MMP family comprises endopeptidases

with zinc-binding catalytic regions [11]. Asahi et al.

have demonstrated that knockout mice deficient in

MMP-9 subjected to transient focal cerebral ischemia

had reduced BBB disruption, and attenuated edema

and infarction [2].

In the present study, we examined the time course

of MMP-9 up-regulation, BBB disruption, and brain

edema formation after cortical impact injury in rats.

Materials and methods

Animal model

Male Wistar rats (200–250 g) were anesthetized with a gas mix-

ture of 66% nitrous oxide, 33% oxygen, and 1% halothane. The

head of each animal was secured in a stereotaxic apparatus, and the

rectal temperature maintained at 37.0–38.0 �C using a heat pad and

lamp. An 8 mm diameter craniotomy, centered 3 mm caudal to

the bregma and 3 mm lateral to the midline, was performed on the

left side of the parietal cranium. Cortical contusion was induced

with a controlled cortical impact device, as described in detail else-

where [8]. A 5 mm diameter injury tip, 6 m/sec impact velocity, and

3 mm penetration depth were employed for the injury induction.

These parameters were chosen to provide a moderate level of cortical

contusion.

Gelatin zymography

Gelatin zymography was used to assess the MMP-9 levels, as de-

scribed previously [10]. At 1 hour, 3 hours, 6 hours, 18 hours, and 24

hours after trauma, animals were killed with an overdose of pento-

barbital sodium (100 mg/kg, i.p.) and perfused transcardially with

chilled (4 �C) phosphate-bu¤ered saline (PBS), pH 7.4. The brains

were rapidly removed, and damaged brain tissue within the trauma-

tized hemisphere was homogenized in lysis bu¤er, which contained

protease inhibitors on ice. Following centrifugation, the supernatant

was collected, and the total protein concentrations were determined

using the Bradford assay (Bio-Rad Laboratories, Hercules, CA).

Equal amounts (50 mg) of total protein extracts were prepared. Pro-

tein samples were loaded and separated on 10%Tris-Glycine gel with

0.1% gelatin as substrate. After the separation by electrophoresis, the

gel was re-natured and then incubated with developing bu¤er at

37 �C for 24 hours. Following development, the gel was stained

with 0.5% Coomassie Blue R-250 for 30 minutes and then de-stained



appropriately. Purified proteins of murine MMP-9 were purchased

from Chemicon International, Inc. (Temecula, CA). The zymogram

gels were quantified by standard densitometry techniques.

Assessment of BBB permeability

The degree of BBB disruption was evaluated quantitatively by flu-

orescent detection of extravasated Evans blue dye [9, 14]. After trau-

ma, 2% Evans blue in PBS was injected intravenously (4 ml/kg) and

allowed to circulate for at least 1 hour. The animals were anesthe-

tized deeply, and perfused transcardially with PBS through the left

ventricle until a colorless perfusion fluid was obtained from the right

atrium. The brains were removed and separated into hemispheres.

The materials were stored at �70 �C until use. The sample weight of

each hemisphere was measured. Following homogenization of the

materials with 1.2 ml of 50% trichloroacetic acid in distilled water

for 40 seconds, centrifugation was carried out for 20 minutes at

10,000 rpm. The supernatant was extracted and diluted 1 :4 in

100% ethanol. A fluorescent plate reader (KC4) was used at an

excitation wavelength of 620 nm and an emission wavelength of

680 nm.

Assessment of brain edema

Brain edema was evaluated on the basis of brain water content.

The brain water content was quantitated by the wet-dry weight

method, as described previously [8]. Briefly, animals were killed by

decapitation under deep pentobarbital anesthesia, the brain was

removed, and each hemisphere was gently blotted with tissue paper

to remove the small quantities of adsorbent cerebrospinal fluid. The

tissue samples were rapidly weighed with a basic precision scale, and

then dried to constant weight in a vacuum oven at 105 �C for 24

hours to obtain the dry weight. The percent water content of each tis-

sue sample was calculated according to the following equation:

%H2O ¼ [(Wet Weight�Dry Weight)/Wet Weight]� 100.

Statistical analysis

Data are expressed as the meanG SEM. The data were analyzed

statistically among the groups, employing the unpaired Student t-test

or repeated measures analysis of variance. P values of less than 0.05

were considered significant.

Results

MMP up-regulation

Traumatic brain injury (TBI) induced via controlled

cortical impact resulted in a significant elevation of

MMP-9 protein levels (Fig. 1). 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 noted.

MMP-9 was not detected in sham-operated control

brains subjected to craniotomy alone. At 3 hours after

injury, the MMP-9 level was elevated and reached a

maximum at 18 hours after injury. Elevated MMP-9

levels persisted until 24 hours after trauma. The con-

trol lane was loaded with murine MMP-9 standards.

BBB permeability

Extravasated Evans blue dye was observed in the

injured cortex and ipsilateral hippocampus. Fluores-

cence measurements confirmed that BBB disruption

increased within 3 hours after injury induction. The

peak level of BBB disruption was observed in the trau-

matized hemisphere 6 hours after injury and then grad-

ually decreased (Fig. 2).

Brain edema

Increased brain edema corresponds to increased

brain water content. Brain edema was first noted at 6

hours after injury, became progressively more severe

over time, and peaked 24 hours after injury (Fig. 3).

Fig. 1. Representative gelatin zymogram showing elevation of MMP-9 as early as 3 hours after injury, reaching a maximum at 18 hours after

injury. The control lane was loaded with murine MMP-9 standards
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The contralateral hemisphere did not exhibit signifi-

cant changes in brain water content (data not shown).

MMP inhibitor reduced BBB disruption and edema

after TBI

Compared to the untreated control group, treatment

with GM6001, an MMP inhibitor, significantly re-

duced the BBB disruption at 6 hours and the brain wa-

ter content at 24 hours after injury (85.9G 0.5% vs.

82.6G 0.3%; p < 0.05) (Fig. 4). GM6001 (100 mg/

kg) was injected intraperitoneally immediately after in-

jury, as described previously [7].

Discussion

The progression of secondary brain damage follow-

ing trauma involves a multifactorial cascade of patho-

physiology including excitotoxicity [5], oxidative stress

[6], inflammation [1], and abnormal apoptosis [3]. Re-

cent studies have suggested that MMPs increase after

cerebral ischemia [2], TBI [16], and neurodegenerative

disorders [4]. These proteins might play a critical role

in degradation of the extracellular matrix, disruption

of the BBB [13], and a facilitation of leukocyte infiltra-

tion [12]. MMPs are also induced by cytokines which

are produced in association with inflammation [15].

In cerebral ischemia, emphasis has been placed on the

fact that MMP-9 can digest matrix proteins present in

the vascular basal lamina including collagen, fibronec-

tin, and laminin. Damage to the vascular integrity

would then lead to a disrupted BBB function and in-

creased vasogenic edema [13]. Since edema can play a

critical role in TBI, this specific pathway may be in-

volved as well. Inhibition of such cascades could thus

exert a therapeutic e¤ect on TBI.

In the present study, we focused on MMP-9 up-

regulation in cerebral contusion, which leads to BBB

disruption and subsequent edema formation. The level

of MMP-9 increased and BBB disruption and subse-

quent edema formation after TBI became progres-

sively more severe over time. GM6001, an MMP in-

hibitor, significantly reduced BBB disruption at 6

hours and the brain water content at 24 hours after

injury. The results of our study imply a mechanistic

connection between increased levels ofMMP-9 protein

and brain tissue damage. We acknowledge that the

time lag for each individual result reflects regulatory

mechanisms. Our findings indicate that MMP-9 con-

tributes to BBB disturbance and subsequent brain

edema after TBI, although the precise mechanisms in-

volved remain to be elucidated.

In conclusion, the present study demonstrates that

MMP-9 contributes to BBB disturbance and subse-

quent brain edema after TBI. Further investigations

into the deleterious activities of MMP-9 could reveal

new therapeutic targets in TBI.

Fig. 2. Time course of BBB disruption after cortical contusion ex-

amined on the basis of Evans blue extravasation. Peak level of BBB

disruption was observed 6 hours after injury. (BBB blood-brain

barrier)

Fig. 3. Time course of brain edema after cortical contusion eval-

uated from measurements of water content by the wet-dry weight

method. Brain edema became progressively more severe over time

and peaked 24 hours after injury
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Fig. 4. E¤ects of treatment with GM6001, an MMP inhibitor. Compared to untreated control group, treatment with GM6001 significantly

reduced BBB disruption at 6 hours and the brain water content at 24 hours after injury. GM6001 (100 mg/kg) was injected intraperitoneally

immediately after injury
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