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Mortality after serious systemic thermal injury may be linked to significant increases in
cerebral vascular permeability and edema due to blood–brain barrier (BBB) breakdown. This
BBB disruption is thought to be mediated by a family of proteolytic enzymes known as
matrix metalloproteinases (MMPs). The gelatinases, MMP-2 and MMP-9, digest the
endothelial basal lamina of the BBB, which is essential for maintaining BBB integrity. The
current study investigated whether disruption of microvascular integrity in a rat thermal
injury model is associated with gelatinase expression and activity. Seventy-two adult
Sprague-Dawley rats were anesthetized and submerged horizontally, in the supine position,
in 100 °C (37 °C for controls) water for 6 s producing a third-degree burn affecting 60–70% of
the total body surface area. Brain edema was detected by calculating water content. Real
time PCR, Western blot, and zymography were used to quantify MMP mRNA, protein, and
enzyme activity levels. Each group was quantified at 3, 7, 24, and 72 h post thermal injury.
Brain water content was significantly increased 7 through 72 h after burn. Expression of
brain MMP-9 mRNA was significantly increased as early as 3 h after thermal injury
compared to controls, remained at 7 h (p<0.01), and returned to control levels by 24 h. MMP-
9 protein levels and enzyme activity began to increase at 7 h and reached significant levels
between 7 and 24 h after thermal injury. While MMP-9 protein levels continued to increase
significantly through 72 h, enzyme activity returned to control level. The increase in MMP-9
expression and activity, associated with increased BBB permeability following thermal
injury, indicates that MMP-9 may contribute to observed cerebral edema in peripheral
thermal injury.
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Fig. 1 – Edema quantification in thermally injured rats at 7,
24, and 72 h post thermal injury. Percentage of brain water
content was significantly (*p<0.05) higher in thermal injury
groups at 7 and 24 h following burn, as compared to the
control group. Values shown as mean%±SE.
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1. Introduction

Thermal injury is characterized by increased microvascular
permeability, which causes massive fluid volume require-
ments during resuscitation. Thermal injury to peripheral
tissue often causes systemic reactions, such as fever,
hyperalgesia, anorexia, and increased permeability of the
blood–brain barrier (BBB); and it remains one of the leading
causes of childhood death in the United States (Barone et
al., 1997a,b, 2000). About 1 million children are injured and
3000 children die each year as a result of burn trauma,
according to the Children's Burn Awareness Program,
Chicago. Generalized encephalopathy is the most common
neurological complication of thermal injury in children,
occurring with a 14% incidence. Past research has shown
that cerebral complications associated with burn victims are
highly correlated with mortality (Asahi et al., 2000, 2001). In
addition, there is reason to believe that the high incidence
of mortality is linked to a significant increase in cerebral
permeability following serious systemic thermal injury,
which ultimately leads to cerebral edema (Barone et al.,
1997a,b, 2000). The specific mechanisms underlying this
increase in cerebral permeability after thermal injury have
yet to be illuminated. Thus, research on the effect of peri-
pheral thermal injury on cerebrovascular integrity remains
essential.

BBB exists between the systemic circulatory system and
the cerebral parenchyma to regulate which substances can
enter the brain tissue. The extracellular matrix (ECM) of the
BBB forms a basal lamina which surrounds the endothelial
cells and provides a physical barrier to obstruct diffusion of
most molecules (Mun-Bryce and Rosenberg, 1998; Rosenberg,
2002; Tayebjee et al., 2005). However, when highly toxic
proteases, such as metalloproteinases (MMPs), become upre-
gulated due to traumatic conditions, maintenance of the ECM
becomes overwhelmed by the degradation of the basal lamina.
When this barrier is compromised, previously blocked vas-
cular exudates leak into the surrounding tissues causing
detrimental swelling in the cranial cavity, often leading to
hemorrhage and death (Hamann et al, 1995).

A variety of traumatic stimuli such as physical stretch,
arterial pressure, inflammation, ischemia and the local effects
of growth factors and cytokines can affect the ECM via
activation of matrix MMPs (Lukes et al., 1999). Previous
research has demonstrated a correlation between increased
MMPs after cerebral ischemic stroke and BBB breakdown
leading to cerebral edema (Cunningham et al., 2005). MMPs are
divided into five classes including gelatinases (MMP-2 and -9),
collagenases (MMP-1, -8 and -13), stromelysins (MMP-3, -10
and -11), membrane-type MMPs (MMP-14 to -17) and others
(MMP-7 and -12) (Lo et al., 2003). Increasing evidence has
indicated that MMP-2 and -9 are up-regulated after the onset
of stroke or other brain damage (Romanic et al., 1998;
Rosenberg et al., 1998; Wagner et al., 2003; Pfefferkorn and
Rosenberg, 2003; Lee et al., 2005; Wang et al., 2000). Other
research has also shown significant elevation of MMP-2 and
MMP-9mRNAduring peripheral burnwound healing (Ulrich et
al., 2002). However, the effects of MMPs on cerebral integrity
after thermal injury remain unknown. In the present study,
we address whether BBB dysfunction caused by peripheral
thermal injury is associated with MMP overexpression and
activity.
2. Results

Brain edema was assessed by the percentage change of water
content in the brain after thermal injury at 7, 24, and 72 h
(Fig. 1). A one-way ANOVA revealed a significant difference
[F(3,25)=6.72, p<0.01] in the percentage of brain water content
between thermally injured and control rats. Duncan's New
Multiple Range Test further indicated that the injured rats had
higher percentage of water content in the brain compared to
the control rats. No difference was detected in brain water
content at the three different time points.

Real-time PCR studies demonstrated significant differences
in relative mRNA levels of the brain MMP-9 [F(3,20)=6.35,
p<0.01], and MMP-2 [F(3,20)=4.23, p<0.05] (Fig. 2). A significant
increase inMMP-9mRNAexpressionswas observed as early as
3 h after thermal injury as indicated by Duncan's NewMultiple
Range Test. This increase in MMP-9 mRNA level remained at a
significant level after 7 h but dropped to control level after 24 h.
The same tendency was observed in relative mRNA levels of
the brainMMP-2, but the overall increase of MMP-9mRNAwas
significantly greater than the increase of MMP-2 mRNA
(p<0.01).

MMP protein levels in control and thermally injured rats
were measured using Western blot. ANOVA analysis revealed
significant increase [F(3,17)=37.19, p<0.01] in brain MMP-9 in
the thermally injured groups versus the control group, and an
almost significant difference [F(3,12)=5.34, p<0.06] in MMP-2
protein levels (Fig. 3). MMP-9 protein began to increase at 7 h,
reached significantly increased levels between 7 and 24 h, and
continued to increase at 72 h after thermal injury (Duncan's



Fig. 2 – Relative mRNA levels of MMP-2 (A) and MMP-9 (B) in
thermally injured rats and control rats at 3, 7, and 24 h post
thermal injury. (A) Real-time PCR revealed a significant
increase (*p<0.05) in relative mRNA levels of brain MMP-2 at
3 and 7 h following injury. (B) PCR also demonstrated a
significant increase in relative MMP-9 (*p<0.01) as early as
3 h after thermal injury, remained significant at 7 h, and
returned to control levels after 24 h. The mRNA levels of
MMP-9 were significantly (p<0.01) higher than those of
MMP-2 at both 3 and 7 h after injury.

Fig. 3 – Relative MMP-2 (A) and MMP-9 (B) protein levels in
thermally injured and control rats as quantified with
Western blot. Quantitative Western blot analysis showed
protein levels in control and thermal injury groups at 7, 24,
and 72 h. Representative immunoblots are presented. Optical
density demonstrated a significant increase in MMP-9
(92–83 kDa) at 24 and 72 h post thermal injury compared to
controls (*p<0.01).
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New Multiple Range Test). Protein expression of MMP-2
revealed a barely significant increase only at 24 h after
thermal injury. Overall increase of MMP-9 protein was much
greater than MMP-2 following thermal injury (p<0.01).

ANOVA analysis of MMP-2 and MMP-9 enzyme activity,
quantified by zymography, revealed significant increases in
the brain MMP-9 activity [F(3,18)=9.24, p<0.01], but not in MMP-
2 activity in thermally injured rats, as compared to controls
(Fig. 4). Duncan's New Multiple Range Test further indicated
that the significant increase in theMMP-9 enzyme activitywas
observed at 7 h and 24 h after thermal injury, without
significant difference between the two time points. The
MMP-9 activity returned to control level at 72 h after thermal
injury. MMP-2 activity was not as increased as MMP-9 activity,
with only a slight difference observed at 7 h after thermal
injury.

Serum levels for both MMP-2 and MMP-9, measured at 7 h
post injury with ELISA, were not increased compared to



Fig. 4 – Relative MMP-2 (A) and MMP-9 (B) enzyme activity of
thermally injured rats at 7, 24, and 72 h as compared to
controls. Zymography gelatin of MMP-2 (72 kDa) and MMP-9
(92 kDa, 83 kDa) for control and thermally injured rats
revealed MMP-2 expression was slightly higher (*p<0.05)
than control at 7 h after thermal injury. MMP-9 was
expressed in significantly raised quantities (*p<0.05) at 7 and
24 h after injury, while activity returned to control levels by
72 h. MMP-9 activity level is significantly superior to MMP-2
activity. Representative zymograms are shown.

Fig. 5 – Relative MMP-2 (A) and MMP-9 (B) serum enzyme
activity of thermally injured rats at 3, 7, 12, and 24 h as
compared to controls. Zymography gelatin of serum MMP-2
(72 kDa) andMMP-9 (92 kDa, 83 kDa) for control and thermally
injured rats revealed that expression of MMP-2 was slightly
higher (*p<0.05) than controls at 7 h. Serum MMP-9
expression was significantly increased (*p<0.05) for a short
time 7 h after thermal injury and returned to control levels
between 7 and 12 h. Relative zymograms are shown.
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controls (p>0.05) (Fig. 5). However, zymography on serum
MMP enzyme activity at 3, 7, 12, and 24 h post thermal injury
revealed that MMP-9 activity remained low at 3 h, increased at
7 h (p<0.01), but quickly returned to control levels between 7
and 12 h and remained low through 24 h. (ANOVA: main effect
on time [F(4,10) =26.97, p<0.01]). ANOVA analysis and a
Duncan's New Multiple Range Test of serum MMP-2 enzyme
activity indicated that serum MMP-2 activity was slightly
increased at 7 h following thermal injury compared to
measurements at 3, 12, and 24 h (ANOVA: main effect on
time F(4,10)=5.12, p<0.05).
3. Discussion

MMPs are directly involved in tissue remodeling during
development and homeostasis, but are also produced by
endothelial cells, microglia and astrocytes in response to
pathological conditions such as atherosclerosis, arthritis,
cancer, and neurodegeneration (Cunningham et al., 2005).
MMPs degrade proteins and polysaccharides that compose the
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neurovascular matrix, including basement membrane com-
ponents (i.e. type IV collagen, heparin sulphate proteoglycan,
laminin and fibronectin). Recently, studies have emphasized
the role of MMPs in regulating the integrity of the BBB
following injury (Romanic et al., 1998; Lo et al., 2003). Our
previous study showed, using Evans blue analysis, that BBB
function is significantly diminished by 7 h following thermal
injury (Berger et al., in press). The present study confirms the
results of previous work and further demonstrates a temporal
association between BBB breakdown and cerebral expression
of MMP at the level of transcription (mRNA), translation
(protein–Western blot), and enzyme activity (zymography) in
thermally injured rats.

In the central nervous system, the early appearance of
MMP-2 or -9 is associated with an alteration of BBB perme-
ability through destruction of the endothelial basal lamina of
the BBB which often results in vasogenic edema (Gasche et al.,
1999; Fujimura et al., 1999; Rosenberg et al., 1998; Heo et al.,
1999; Yong et al., 2001; Lo et al., 2002). In addition, pharma-
cologic inhibition of MMPs can ameliorate brain-injury-
associated edema (Rosenberg et al., 1998; Romanic et al.,
1998). It was reported thatMMP-9-deficient knockoutmice had
reduced BBB disruption and edema after transient focal
cerebral ischemia (Asahi et al., 2000, 2001) and traumatic
brain injury (Wang et al., 2000). The present study demon-
strates for the first time that BBB dysfunction, as indicated by
the severe edema as early as 7 h after thermal injury, is also
associated with cerebral temporal overexpression of MMPs,
especially MMP-9.

In addition, while brain MMP-9 mRNA is greatly increased
by 3 h post thermal injury followed by rising MMP-9 protein
levels and enzyme activity through 72 h, serumMMP-9 protein
and enzyme activity levels remain low with only a short
increase in activity at 7 h. The finding that serum protein
levels and enzyme activity of MMP-2 and MMP-9 were not
increased compared to controls suggests that early cerebral
expression of MMP mRNA up to 7 h after injury has not led to
systemic protein expression of MMPs. These results further
suggest that other traumatic mediators, such as cytokines,
may act as triggers to induce cerebral MMP expressions and
associated BBB dysfunction. Interestingly, our preliminary
study has demonstrated a significant increase of tumor
necrosis factor-alpha (TNF-α) and interleukin-1 beta (IL-
1β) as well as intercellular adhesion molecule-1 (ICAM-1) in
brain after peripheral thermal injury (Reyes et al., 2006).

An association between increased expression of MMPs and
neuroinflammation has been shown (Leib et al., 2001). MMP
expression can result in tissue injury and inflammation
(Lukashev and Werb, 1998), facilitating leukocyte infiltration
(Romanic et al., 1998). In addition, in vitro activation of brain
microvascular endothelium with proinflammatory cytokines,
such as TNF-α and IL-1β, has been shown to result in a
selective up-regulation of MMP-9 expression (Harkness et al.,
2000). Also, the addition of dexamethasone, a chemotherapy
drug, partially inhibited the cytokine-induced up-regulation of
MMP-9.

We also found that while MMP-9 protein levels remain
increased at 72 h following thermal injury, MMP-9 enzymatic
activity has returned to control levels at this time. Although
the pathway of activation and inhibition of MMPs is complex,
the inverse relationship between MMP-9 protein and activity
levels could be explained by the presence of endogenous MMP
inhibitors known as tissue inhibitors of metalloproteinases
(TIMPs) (Cunningham et al., 2005; Dzwonek et al., 2004). TIMPs
inhibit MMP activity through high-affinity, non-covalent
binding. Therefore, as MMP-9 levels and activity rise following
thermal injury, it is possible that TIMPs bind to MMP-9 and
inhibit its activity.

Our studies demonstrate a temporal correlation between
disruption of BBB integrity andMMP expression.Moreover, our
data indicate that MMP-9 (vs. MMP-2) dominates in the
response to thermal injury, suggesting that this gelatinase
plays a key role in the skin-burn-induced BBB disruption.
Previous research examining levels of MMP-2 and MMP-9 in
stroke induced rats found an increase inMMP-2 between 1 and
3 h after ischemia and a more marked increase in MMP-2 at 5
to 21 days following ischemic injury (Lukes et al., 1999). They
suggest that early rise of MMP-2 may be involved in MMP-9
activation, while later, higher levels may be involved in the
repair processes of angiogenesis and scar formation. These
findings may explain our results that show only a very small
increase in MMP-2 between 3 and 72 h following injury.

Further studies examining the effect of an MMP inhibitor
on edema and BBB damage following thermal injury may
directly link MMP-9 with degradation of the BBB. Studies
including Evans blue analysis at later time points may more
specifically indicate the temporal destruction of the BBB
related to the temporal activity of MMP-9. Understanding the
mechanisms of theMMP pathway underlying BBB dysfunction
may lead to the development of a therapeutic intervention for
burn victims with cerebral complications that are highly
correlated with mortality.
4. Experimental procedures

A total of 72 adult male (260 to 280 g) Sprague-Dawley rats
(Charles River, Wilmington, MA) were used. Throughout the
experiment, animals were housed in the same care facility
with food and water available ad libitum during a 12-h light/
dark cycle. Animal care was carried out in accordance with
guidelines approved by the NIH and the University of Texas
Health Science Center Animal Investigation Committee.
Animals were divided into control and thermal injury groups.
Groups were created for analysis of brain edema and MMPs.
MMP analysis included quantification of mRNA levels, protein
levels, and enzyme activity. Each group of animals was tested
at 7, 24, and 72 h post thermal injury (mRNA levels were
measured at 3, 7, and 24 h). All groups contained six rats for
each time point with an additional six for sham procedure.

In thermal injury groups, animals were anesthetizedwith a
face mask using 2% halothane in 30% O2 and then submerged
horizontally, in the supine position, in 100 °C water for 6 s
producing a third-degree burn affecting 60–70% of the animals
body surface area (Jimenez et al., 1994; Barone et al., 1997a,b;
Barone et al., 2000). A heating pad and heating lampwere used
to helpmaintain the animal's body temperature at 37.5 °C. The
control group underwent a sham procedure in which they
were submerged in 37 °C water. Animals were anesthetized or
given analgesic relief throughout the entire procedure. Blood
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was drawn from each animal for ELISA analysis to determine
serum levels of MMPs in order to study molecular changes in
serum and rule out the possibility that the increased MMP
level in brain was derived from blood.

Edema was measured directly. Brains were harvested after
thermal injury or sham procedure. Tissue samples were
immediately weighed to obtain wet weight (WW). The tissue
then was dried in an oven at 70 °C for 72 h and weighed again
to obtain the dry weight (DW). The formula, [(WW−DW)/
WW]×100%, was used to calculate the water content and
expressed as a percentage of wet weight (Masada et al., 2001;
Kawai et al., 2001).

mRNA levels of MMP-2 and MMP-9 were measured using
an RNA STAT-60 kit (Tel-Test Co., tel-test.com) to extract the
total RNA from each brain sample according to the
manufacturer's instructions. Next, the sample was purified
using the RNeasy kit (RNeasy Mini Kit, Qiagen). Random
primers from Promega were used to create First-strand DNA
synthesis using SuperScript RNase H Reverse Transcriptase
kit (Invitrogen). The cDNA was then amplified using an ABI
Prism 7900HT sequencing detection system for real-time PCR
with SYBR Green PCR Master Mix from Applied Biosystems.
The MMP-2 and MMP-9 gene-specific rat primers were
designed from previous studies (Kelly et al., 2003; Chavey
et al., 2003; Ding et al., 2004) (Table 1). For internal PCR
control, the rat ribosomal protein L32 (rpL32) was used for
each sample. The relative mRNA levels of gene expression
were determined using the threshold cycle (CT) and arith-
metic formulas. Subtracting the CT of the housekeeping gene
from the CT of target gene yields the ΔCT in each group
(control and experimental groups), which was entered into
the equation 2−ΔCT and calculated for the exponential ampli-
fication of PCR. The mean amount of gene from control group
was arbitrarily assigned to 1 to serve as reference. The
expression of the target gene from experimental groups
therefore represents the fold-difference expression relative to
the reference gene.

To investigate protein synthesis of MMP-2 and MMP-9,
Western blot analysis was used to quantitatively detect
protein expression patterns (Ding et al., 2002; Lindsey et al.,
2005). A sample containing one hemispherewas homogenized
in lysis buffer including protease inhibitors on ice. Equal
volumes (10 μl) of tissue extracts normalized by protein
concentration were mixed with SDS sample buffer without
reducing agent and without boiling the sample. The samples
were separated by electrophoresis through 10% polyacryla-
mide gel and then transferred to a nitrocellulose membrane.
Primary polyclonal anti-rat MMP-9 antibody (M 5427, 1:2000,
Sigma) and monoclonal anti-rat MMP-2 antibody (AB808,
Table 1 – Sequence of primers

Gene Primer/Probe Sequence

MMP-2 Primer (forward): 5′-ATC TGG TGT CTC CCT TAC CGP-3′
Primer (reverse): 5′-GTG CAG TGA TGT CCG ACA AC-3′

MMP-9 Primer (forward): 5′-AAA TGT GGG TGT ACA CAG GC-3′
Primer (reverse): 5′-TTC ACC CGG TTG TGG AAA CT-3′

rpL32 Primer (forward): 5′-TGTCCTCTAAGAACCGAAAAGCC-3′
Primer (reverse): 5′-CGTTGGGATTGGTGACTCTGA-3′
1:500, Chemicon) was incubated with the membrane for 1 h
at 25 °C. After 3 wash cycles, the membrane was then
incubated with secondary antibody conjugated to horseradish
peroxidase (Sigma) for 30 min. Finally, the targeted antigens
was visualized by using the standard chemical luminescence
methods (ECL, Amersham Parmacia Biotech) (Romanic et al.,
1998; Lo et al., 2003; Li et al., 2005; Lindsey et al., 2005). To
quantify the relative levels of MMP protein expression, images
were analyzed using an image analysis program (ChemiGen-
iusQ System), and the intensity of MMP expression from
different groups were statistically compared with a signifi-
cance level of p<0.05.

MMP-2 and MMP-9, known as gelatinase A and B, have
intrinsic gelatinase activity. This property allows the zymo-
graphic analysis by electrophoresis in polyacrylamide gels
containing gelatin. Zymography has been used for qualitative
separation of the distinct MMP forms and for quantitative
assessment of gelatinase activity (Kleiner and Stetler, 1994;
Zhang and Gottschall, 1997). Based on methods described
previously (Romanic et al., 1998; Wielockx et al., 2001; Sironi et
al., 2003; Asahi et al., 2001;Wagner et al., 2003; Rosenberg et al.,
2001), gelatin zymography was used to determine the activity
levels of MMP-2 and MMP-9. Phenylmethylsulphonylfluoride
(PMSF) was added to protein samples to block endogenous
serine protease activity. The protein samples were then
subjected to electrophoresis through 10% polyacrylamide gel
containing 1mg/l gelatin (Sigma) at 4 °C. After electrophoresis,
the gel was incubated in a 2.5% Triton X-100 solution at 25 °C
for 1 h, and then incubated in a 0.05 mol/l Tris–HCl buffer,
pH 8.0, containing 10 mmol/l CaCl2 at 37 °C overnight.
Duplicate samples loaded onto another gel were incubated
in the buffer containing 10 mmol/l EDTA as a control for the
nature of the gelatinolytic activity. The gels were fixed with
40% methanol and 7% acetic acid, stained with 0.25%
Coomassie blue R-250, and then destained with 10%methanol
and 7% acetic acid. Enzyme activity attributed to MMP-2 and
MMP-9 were visualized based on the molecular weight in the
gelatin-containing zymograms as clear bands against a blue
background. As a positive control, purified preparations of
latent and active recombinant MMP-2 (72 kDa) and MMP-9
(latent 92 kDa, active 83 kDa) were run in parallel. To quantify
the relative levels of MMP expression, the zymogram images
were analyzed using an image analysis program (ChemiGen-
iusQ System). The intensity of MMP expression from different
animal groups was statistically compared with a significance
level of p<0.05.

Additional enzyme-linked immunosorbent assay (ELISA)
studies were performed on these animals to determine levels
ofMMP-2 andMMP-9 in serum. Serum samples from 6 thermal
injury and 6 control rats were tested by using an ELISA kit
(R&D Systems) at 7 h post injury and sham procedure. Further
zymography experiments were carried out to determine
serum MMP enzyme activity. Serum activity of MMP-2 and
MMP-9weremeasured at 3, 7, 12, and 24 h post thermal injury.
Acknowledgments

We are thankful for the technical support from William
Davis, BS. We are grateful to Lisa NeSmith, MA for her help in

http://tel-est.com


32 B R A I N R E S E A R C H 1 1 2 9 ( 2 0 0 7 ) 2 6 – 3 3
the preparation of the manuscript, and proof reading. This
work was supported partially by American Heart Association
Midwest Affiliate Grant in Aid and The University of Texas
Health Science Center Neurosurgery Research Fund to
Yuchuan Ding.
R E F E R E N C E S

Asahi, M., Asahi, K., Jung, J.C., del Zoppo, G.J., Fini, M.E., Lo, E.H.,
2000. Role for matrix metalloproteinase 9 after focal
cerebral ischemia: effects of gene knockout and enzyme
inhibition with BB-94. J. Cereb. Blood Flow Metab. 20,
1681–1689.

Asahi, M., Wang, X., Mori, T., Sumii, T., Jung, J.C., Moskowitz, M.A.,
Fini, M.E., Lo, E.H., 2001. Effects of matrix metalloproteinase-9
gene knock-out on the proteolysis of blood–brain barrier and
white matter components after cerebral ischemia. J. Neurosci.
21, 7724–7732.

Barone, C.M., Jimenez, D.F., Huxley, V.H., Yang, X.F., 1997a.
Cerebral vascular response to hypertonic fluid resuscitation in
thermal injury. Acta Neurochir., Suppl. 70, 265–266.

Barone, C.M., Jimenez, F., Huxley, V.H., Yang, X.F., 1997b.
Morphologic analysis of the cerebral microcirculation after
thermal injury and the response to fluid resuscitation. Acta
Neurochir., Suppl. 70, 267–268.

Barone, C.M., Jimenez, D.F., Huxley, V.H., Yang, X.F., 2000. In vivo
visualization of cerebral microcirculation in systemic thermal
injury. J. Burn Care Rehabil. 21, 20–25.

Berger, J., Sprague, S.M.,Wu, Y., Davis,W.W., Jimenez, D.F., Barone,
C.M., Ding, Y., in press. Peripheral thermal injury causes early
blood brain barrier dysfunction associated with expression of
matrix metalloproteinases (MMP) in rat. Neurol. Res.

Chavey, C., Mari, B., Monthouel, M.N., Bonnafous, S., Anglard, P.,
Van, O., Tartare, D., 2003. Matrix metalloproteinases are
differentially expressed in adipose tissue during obesity and
modulate adipocyte differentiation. J. Biol. Chem. 278,
11888–11896.

Cunningham, L.A., Wetzel, M., Rosenberg, G.A., 2005. Multiple
roles for MMPs and TIMPs in cerebral ischemia. Glia 50,
329–339.

Ding, Y., Azam, S., DeGracia, D.J., Li, J., 2002. Focal brain ischemia
and reperfusion associated with modifications in eukaryotic
initiation factor 2-a. Stroke 33, 400–401.

Ding, Y.H., Li, J., Rafols, J.A., Ding, Y., 2004. Reduced brain edema
and matrix metalloproteinase (MMP) expression by
pre-reperfusion infusion into ischemic territory in rat.
Neurosci. Lett. 372, 35–39.

Dzwonek, J., Rylski, M., Kaczmarek, L., 2004. Matrix
metalloproteinases and their endogenous inhibitors in
neuronal physiology of the adult brain. FEBS Lett. 567,
129–135.

Fujimura, M., Gasche, Y., Morita, F., Massengale, J., Kawase, M.,
Chan, P.H., 1999. Early appearance of activated matrix
metalloproteinase-9 and blood–brain barrier disruption in
mice after focal cerebral ischemia and reperfusion. Brain Res.
842, 92–100.

Gasche, Y., Fujimura, M., Morita, F., Copin, J.C., Kawase, M.,
Massengale, J., Chan, P.H., 1999. Early appearance of activated
matrix metalloproteinase-9 after focal cerebral ischemia in
mice: a possible role in blood–brain barrier dysfunction.
J. Cereb. Blood Flow Metab. 19, 1020–1028.

Hamann, G.F., Okada, Y., Fitridge, R., del Zoppo, G.J., 1995.
Microvascular basal lamina antigens disappear during cerebral
ischemia and reperfusion. Stroke 26, 2120–2126.

Harkness, K.A., Adamson, P., Sussman, J.D., Davies, J., Greenwood,
J., Woodroofe, M.N., 2000. Dexamethasone regulation of matrix
metalloproteinase expression in CNS vascular endothelium.
Brain 123 (Pt. 4), 698–709.

Heo, J.H., Lucero, J., Abumiya, T., Koziol, J.A., Copeland, B.R., del
Zoppo, G.J., 1999. Matrixmetalloproteinases increase very early
during experimental focal cerebral ischemia. J. Cereb. Blood
Flow Metab. 19, 624–633.

Jimenez, J., Alvarez, A., Chafai, M., Bonnafe, J., 1994. Temperature
dependence of the EL2 metastability in semi-insulating GaAs:
thermal hysteresis between the metastable and reverse
transitions. Phys. Rev., B Condens. Matter 50, 14112–14118.

Kawai, N., Kawanishi, M., Okauchi, M., Nagao, S., 2001. Effects of
hypothermia on thrombin-induced brain edema formation.
Brain Res. 895, 50–58.

Kelly, B.A., Bond, B.C., Poston, L., 2003. Gestational profile ofmatrix
metalloproteinases in rat uterine artery. Mol. Hum. Reprod. 9,
351–358.

Kleiner, D.E., Stetler, S., 1994. Quantitative zymography: detection
of picogram quantities of gelatinases. Anal. Biochem. 218,
325–329.

Lee, J.E., Yoon, Y.J., Moseley, M.E., Yenari, M.A., 2005. Reduction in
levels of matrix metalloproteinases and increased expression
of tissue inhibitor of metalloproteinase-2 in response to mild
hypothermia therapy in experimental stroke. J. Neurosurg. 103,
289–297.

Leib, S.L., Clements, J.M., Lindberg, R.L., Heimgartner, C., Loeffler,
J.M., Pfister, L.A., Tauber, M.G., Leppert, D., 2001. Inhibition of
matrix metalloproteinases and tumour necrosis factor alpha
converting enzyme as adjuvant therapy in pneumococcal
meningitis. Brain 124, 1734–1742.

Li, J., Ding, Y.H., Rafols, J.A., Lai, Q., McAllister II, J.P., Ding, Y., 2005.
Increased astrocyte proliferation in rats after running exercise.
Neurosci. Lett. 386, 160–164.

Lindsey, M.L., Goshorn, D.K., Squires, C.E., Escobar, G.P., Hendrick,
J.W., Mingoia, J.T., Sweterlitsch, S.E., Spinale, F.G., 2005.
Age-dependent changes in myocardial matrix
metalloproteinase/tissue inhibitor of metalloproteinase
profiles and fibroblast function. Cardiovasc. Res. 66, 410–419.

Lo, E.H., Wang, X., Cuzner, M.L., 2002. Extracellular proteolysis in
brain injury and inflammation: role for plasminogen activators
and matrix metalloproteinases. J. Neurosci. Res. 69, 1–9.

Lo, E.H., Dalkara, T., Moskowitz, M.A., 2003. Mechanisms,
challenges and opportunities in stroke. Nat. Rev., Neurosci. 4,
399–415.

Lukashev, M.E., Werb, Z., 1998. ECM signalling: orchestrating cell
behaviour and misbehaviour. Trends Cell Biol. 8, 437–441.

Lukes, A., Mun-Bryce, S., Lukes, M., Rosenberg, G.A., 1999.
Extracellular matrix degradation by metalloproteinases and
central nervous system diseases. Mol. Neurobiol. 19,
267–284.

Masada, T., Hua, Y., Xi, G., Ennis, S.R., Keep, R.F., 2001. Attenuation
of ischemic brain edema and cerebrovascular injury after
ischemic preconditioning in the rat. J. Cereb. Blood FlowMetab.
21, 22–33.

Mun-Bryce, S., Rosenberg, G.A., 1998. Matrix metalloproteinases in
cerebrovascular disease. J. Cereb. Blood Flow Metab. 18,
1163–1172.

Pfefferkorn, T., Rosenberg, G.A., 2003. Closure of the blood–brain
barrier by matrix metalloproteinase inhibition reduces rtPA-
mediated mortality in cerebral ischemia with delayed
reperfusion. Stroke 34, 2025–2030.

Reyes Jr., R., Wu, Y., Lai, Q., Mrizek, M., Berger, J., Jimenez, D.F.,
Barone, C.M., Ding, Y., 2006. Early inflammatory response in rat
brain after peripheral thermal injury. Neurosci. Lett. 407 (1),
11–15 (We are grateful to Lisa NeSmith, MA for her help in the
preparation of this manuscript, and proof reading).

Romanic, A.M., White, R.F., Arleth, A.J., Ohlstein, E.H., Barone, F.C.,
1998. Matrix metalloproteinase expression increases after
cerebral focal ischemia in rats: inhibition of matrix
metalloproteinase-9 reduces infarct size. Stroke 29, 1020–1030.



33B R A I N R E S E A R C H 1 1 2 9 ( 2 0 0 7 ) 2 6 – 3 3
Rosenberg, G.A., 2002. Matrix metalloproteinases in
neuroinflammation. Glia 39, 279–291.

Rosenberg, G.A., Estrada, E.Y., Dencoff, J.E., 1998. Matrix
metalloproteinases and TIMPs are associated with blood–brain
barrier opening after reperfusion in rat brain. Stroke 29,
2189–2195.

Rosenberg, G.A., Cunningham, L.A., Wallace, J., Alexander, S.,
Estrada, E.Y., Grossetete, M., Razhagi, A., Miller, K., Gearing, A.,
2001. Immunohistochemistry of matrix metalloproteinases in
reperfusion injury to rat brain: activation of MMP-9 linked to
stromelysin-1 and microglia in cell cultures. Brain Res. 893,
104–112.

Sironi, L., Maria, C., Bellosta, S., Lodetti, B., Guerrini, U., Monetti,
M., Tremoli, E., Mussoni, L., 2003. Endogenous proteolytic
activity in a rat model of spontaneous cerebral stroke. Brain
Res. 974, 184–192.

Tayebjee, M.H., Lip, G.Y., Macfadyen, R.J., 2005. Matrix
metalloproteinases in coronary artery disease: clinical and
therapeutic implications and pathological significance. Curr.
Med. Chem. 12, 917–925.

Ulrich, D., Noah, E.M., Burchardt, E.R., Atkins, D., Pallua, N., 2002.
Serum concentration of amino-terminal propeptide of
type III procollagen (PIIINP) as a prognostic marker for skin
fibrosis after scar correction in burned patients. Burns 28,
766–771.

Wagner, S., Nagel, S., Kluge, B., Schwab, S., Heiland, S., Koziol, J.,
Gardner, H., Hacke, W., 2003. Topographically graded
postischemic presence of metalloproteinases is inhibited by
hypothermia. Brain Res. 984, 63–75.

Wang, X., Jung, J., Asahi, M., Chwang, W., Russo, L., Moskowitz,
M.A., Dixon, C.E., Fini, M.E., Lo, E.H., 2000. Effects of matrix
metalloproteinase-9 gene knock-out on morphological and
motor outcomes after traumatic brain injury. J. Neurosci. 20,
7037–7042.

Wielockx, B., Lannoy, K., Shapiro, S.D., Itoh, T., Itohara, S.,
Vandekerckhove, J., Libert, C., 2001. Inhibition of matrix
metalloproteinases blocks lethal hepatitis apoptosis induced
by tumor necrosis factor and allows safe antitumor therapy.
Nat. Med. 7, 1202–1208.

Yong, V.W., Power, C., Forsyth, P., Edwards, D.R., 2001.
Metalloproteinases in biology and pathology of the nervous
system. Nat. Rev., Neurosci. 2, 502–511.

Zhang, J.W., Gottschall, P.E., 1997. Zymographic measurement of
gelatinase activity in brain tissue after detergent extraction
and affinity-support purification. J. Neurosci. Methods 76,
15–20.


	Peripheral thermal injury causes blood–brain barrier dysfunction and matrix metalloproteinase (.....
	Introduction
	Results
	Discussion
	Experimental procedures
	Acknowledgments
	References


