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Abstract
Purpose—Blood-brain barrier (BBB) disruption is one of major consequences of radiation-
induced normal tissue injury in the central nervous system. In the present study, we examined the
effects of whole brain irradiation on matrix metalloproteinases (MMPs)/tissue inhibitors of
metalloproteinases (TIMPs) and extracellular matrix (ECM) degradation in the brain.

Methods and Materials—Animals received either whole brain irradiation (a single dose of 10
Gy γ-rays or a fractionated dose of 40 Gy γ-rays total) or sham-irradiation, and were maintained
for 4, 8, and 24 h following irradiation. The mRNA expression levels of MMPs and TIMPs in the
brain were analyzed by real-time reverse transcriptase-polymerase chain reaction (RT-PCR). The
functional activity of MMPs was measured by in situ zymography and degradation of ECM was
visualized by collagen type IV immunofluorescence staining.

Results—A significant increase in mRNA expression levels of MMP-2, MMP-9, and TIMP-1
was observed in irradiated brains compared to sham-irradiated controls. In situ zymography
revealed a strong gelatinolytic activity in the brain 24 h post-irradiation and the enhanced
gelatinolytic activity mediated by irradiation was significantly attenuated in the presence of anti-
MMP-2 antibody. A significant reduction in collagen type IV immunoreactivity was also detected
in the brain at 24 h after irradiation. In contrast, the levels of collagen type IV were not
significantly changed at 4 and 8 h after irradiation compared with the sham-irradiated controls.

Conclusions—The present study demonstrates for the first time that radiation induces an
imbalance between MMP-2 and TIMP-2 levels and suggests that degradation of collagen type IV,
a major ECM component of BBB basement membrane, may have a role in the pathogenesis of
brain injury.
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INTRODUCTION
Radiation therapy continues to be a main treatment modality in the therapeutic management
of brain tumors (1). About 200,000 individuals are treated with either partial large field or
whole brain irradiation every year in the United States (2). The use of radiotherapy for
treatment of brain tumors, however, is limited by the risk of radiation-induced injury to
normal brain tissue that can subsequently lead to devastating functional deficits several
months to years after treatment (3). Recent randomized, prospective trials also provide
evidence that the addition of whole brain radiation therapy to stereotactic radiosurgery may
cause a significant reduction in learning and memory in patients with brain metastasis (4).
At present, there is sparse information on the etiology of radiation-induced damage to
normal tissue in brain.

The extracellular matrix (ECM) is a complex of various proteins and proteoglycans,
including collagens, laminin, fibronectin, and tenascin, which constitute the basal lamina of
the blood-brain barrier (BBB) (5). Besides acting as a physical barrier to the passage of
macromolecules and cells, ECM separates adjacent tissues, provides mechanical support for
cell attachment, and serves as a substratum for cell migration and a medium of
communication between cells (5). A number of studies have demonstrated that degradation
and consequent rearrangement of ECM are critically involved in the breakdown of the BBB
(6,7). Despite a crucial role for ECM degradation in the BBB breakdown, the involvement
of ECM remodeling in the pathophysiology of radiation-induced brain injury has not yet
been investigated.

Matrix metalloproteinases (MMPs), a large family of ECM-degrading enzymes, have been
implicated in the pathophysiological processes of neurodegenerative diseases by causing
BBB disruption (8). The potential role of MMPs in brain injury in response to irradiation,
however, remains largely unknown while evidence demonstrates that MMPs are associated
with radiation-induced damage to various other tissues (8–11).

In the present study, we examined the critical role of MMPs in radiation-induced ECM
degradation in brain to define the molecular mechanisms of BBB disruption and subsequent
brain injury by whole brain irradiation. Our results provide the first novel evidence to
demonstrate that MMP-2 plays a pivotal role in radiation-induced ECM degradation in
brain.

METHODS AND MATERIALS
Animals

Fisher 344-Brown Norway (F344×BN) male rats and C57BL/6 male mice were purchased
from Harlan Laboratories (Indianapolis, IN) and Jackson Laboratory (Bar Harbor, ME),
respectively. Animals were housed on a 12/12 light-dark cycle with food and water provided
ad libitum. Animal care was conducted in accordance with the NIH Guide for the Care and
Use of Laboratory Animals and this study was approved by the Institutional Animal Care
and Use Committee.
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Whole brain irradiation and tissue sample preparation
A single dose of whole brain irradiation procedure was carried out as described previously
(12). Briefly, rats were anesthetized by ketamine/xylazine (i.p., 80/12 mg/kg) and received a
single dose of 10 Gy (dose rate of 4.23 Gy/min) using a 137Cs γ-irradiator. Control rats were
anesthetized but not irradiated. The animals were maintained for 4, 8, and 24 h post-
irradiation. For real-time reverse transcriptase-polymerase chain reaction (RT-PCR), the rat
brains were rapidly removed and two different brain regions (hippocampus and cortex) were
dissected and immediately frozen in liquid nitrogen. For immunofluorescence staining and
in situ zymography, the whole brains were rapidly removed after perfusion and immediately
frozen in liquid nitrogen.

Fractionated whole brain irradiation was performed in mice as described previously (13).
Briefly, mice were anesthetized by ketamine/xylazine (i.p., 100/15 mg/kg) and received a
clinical fractionated dose of whole brain irradiation (total cumulative dose of 40 Gy in eight
fractions of 5 Gy, twice a week for four weeks) using a 137Cs γ-irradiator. Mice in the
control group were only anesthetized. The mice were maintained for 4, 8, and 24 h after the
last fractionated dose of whole brain irradiation. The mouse brains were rapidly removed
after perfusion and hemisected at the midline. Brains were then immediately frozen in liquid
nitrogen.

Real-time RT-PCR
Quantitative real-time RT-PCR using TaqMan® probes and primers (Applied Biosystems,
Foster City, CA) were employed for gene expression analyses as described previously (12).
Amplification of individual genes was performed on the Applied Biosystems 7300 Real-
Time PCR System using TaqMan® Universal PCR Master Mix and a standard thermal
cycler protocol. TaqMan® Gene Expression Assay Reagents for rat MMP-2, rat MMP-3, rat
MMP-7, rat MMP-9, rat MMP-10, rat MMP-12, rat TIMP-1, rat TIMP-2, rat
glyceraldehydes-3-phosphate dehydrogenase (GAPDH), mouse MMP-2, mouse TIMP-2,
and mouse GAPDH were used for specific probes and primers of PCR amplifications. The
threshold cycle (CT) was determined and relative quantification was calculated by the
comparative CT method as described previously (12).

In situ zymography
To detect and localize net gelatinolytic activity of MMPs in brain sections, in situ
zymography was carried out as described previously (14). Briefly, 100 µg/ml fluorescein-
conjugated DQ gelatin (Molecular Probes, Eugene, OR) was mixed with 0.2% agarose
melted in reaction buffer at pH 7.6 (50 mM Tris-HCl, pH 7.5, 0.15M NaCl, 5 mM CaCl2
and 0.2 mM sodium azide). The brain sections (20-µm) were incubated with the reaction
mixture prepared above for 24 h at 37°C in a moist dark chamber. The sections were then
briefly washed with ice cold PBS and distilled water. Slides were mounted in Vectashield
mounting medium (Vector Laboratories, Burlingame, CA) and examined using a Zeiss
AXIO Imager A1m fluorescence microscope (Carl Zeiss MicroImaging, Thornwood, NY).
Negative controls were prepared by incubation of tissue sections with non-immune rabbit
serum (normal rabbit-IgG, Santa Cruz Biotechnology, Santa Cruz, CA) instead of the
primary antibody, and rabbit anti-MMP-2 and rabbit anti-MMP-9 polyclonal antibodies
(Santa Cruz Biotechnology) were added to the reaction to inhibit metalloproteinase
activities. Images were acquired with 200× objective by AxioCam MRc5 Digital Imaging
System. The MMP activity of acquired digital images was quantified with ImageJ software
(NIH, Bethesda, MD).

Lee et al. Page 3

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Immunofluorescence staining
The brain sections (20-µm) were fixed in 4% paraformaldehyde for 15 min at room
temperature, rinsed with PBS, and incubated in 0.5% Triton X-100 for 15 min. After
washing with PBS, the non-specific binding sites were blocked with 3% bovine serum
albumin (BSA) in PBS for 1 h at room temperature, followed by incubation with the primary
antibody, goat anti-collagen type IV antibody (Southern Biotechnology, Birmingham, AL)
diluted 1/500 in 1.5% BSA, overnight at 4°C. Sections were washed with PBS and
incubated with secondary antibody, bovine anti-goat IgG conjugated with Texas Red (Santa
Cruz Biotechnology), diluted 1/100 in PBS in the dark for 1 h. After washing with PBS, the
sections were mounted in Vectashield mounting medium and examined using a Zeiss AXIO
Imager A1m fluorescence microscope. Images were acquired with 100× objective by
AxioCam MRc5 Digital Imaging System. The fluorescence intensity of acquired digital
images was quantified by ImageJ software.

Statistical analysis
The statistical analysis of data was completed using SigmaStat 3.5 (SPSS, Chicago, IL).
One-way analysis of variance (ANOVA) was used to compare mean responses among the
treatments. For each endpoint, the treatment means were compared using the Bonferroni
least significant difference procedure. Statistical probability of p<0.05 was considered
significant.

RESULTS
A single dose of whole brain irradiation up-regulates mRNA expression of MMP-2, MMP-9,
and TIMP-1 in rat brain

To examine whether a single dose of whole brain irradiation affects the MMPs/TIMPs
system in brain, the mRNA expression levels of MMP-2, MMP-3, MMP-7, MMP-9,
MMP-10, MMP-12, TIMP-1, and TIMP-2 were determined by quantitative real-time RT-
PCR. As indicated in Fig.1A, a significant up-regulation of MMP-2 mRNA expression was
observed at 24 h post-irradiation in hippocampus (3.1-fold induction) and 8 and 24 h post-
irradiation in cortex (3.0-fold and 6.4-fold) collected from irradiated rats compared to the
sham-irradiated controls. In addition, a single dose of whole brain irradiation significantly
increased mRNA expression levels of MMP-9 in hippocampus (1.6-fold at 4 h, 2.8-fold at 8
h, and 1.7-fold at 24 h post-irradiation) and cortex (1.9-fold at 8 h post-irradiation) (Fig.1B).
In contrast, irradiation did not alter mRNA expression levels of MMPs-3, -7, -10, and -12
(data not shown). Furthermore, irradiation significantly up-regulated mRNA expression of
TIMP-1 (Fig. 1C), a specific endogenous inhibitor of MMP-9, in hippocampus and cortex at
4 h (9.2-fold and 5.5-fold), 8 h (16-fold and 7.9-fold), and 24 h (15-fold and 6.1-fold) post-
irradiation, while the mRNA expression of TIMP-2, a specific endogenous inhibitor of
MMP-2, was not affected by irradiation (Fig. 1D). These results suggest that irradiation
differentially regulates MMPs/TIMPs system in brain.

A single dose of whole brain irradiation enhances the gelatinase activity of MMPs in rat
brain

To determine whether irradiation-mediated increases in MMP-2 and MMP-9 mRNA levels
translate to elevated protein expression and functional activity, the histological distribution
of the gelatinase activity was determined by in situ zymography using FITC-labeled DQ-
gelatin. As illustrated in Fig. 2, a strong gelatinolytic activity was observed in rat brains 24 h
after irradiation, whereas very little activity was detected in sham-irradiated control rat
brains as well as in brains 4 and 8 h post-irradiation (Fig. 2A–2D). Quantitative analysis also
demonstrated a significant increase in gelatinase activity in brains 24 h after irradiation
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compared to the sham-irradiated control rat brains (Fig. 2E). In addition, anti-rat MMP-2
and MMP-9 neutralizing antibodies were employed to further elucidate the critical role of
either MMP-2 or MMP-9 in radiation-induced gelatinase activity. These antibodies were
selected for their abilities to neutralize the biological activity of MMP-2 and MMP-9,
respectively. As shown in Fig. 3, enhanced gelatinase activity in irradiated brain was
significantly attenuated in the presence of MMP-2 neutralizing antibody (Fig. 3B and 3E).
Interestingly, incubation with MMP-9 neutralizing antibody (Fig. 3C and 3E) and normal
non-immune IgG (negative control, Fig. 3D) did not exert any significant effects on
radiation-induced gelatinolytic activity. These data demonstrate that irradiation-induced
MMP-2 expression is critically involved in enhanced gelatinase activity in brain.

A single dose of whole brain irradiation degrades ECM in rat brain
To investigate whether a single dose of whole brain irradiation mediates degradation of
ECM, the expression levels of collagen type IV, one of the major ECM components of BBB
basement membrane, in brains were visualized by immunofluorescence staining. As
illustrated in Fig. 4, a significant reduction in collagen type IV immunoreactivity was
detected in brains 24 h after irradiation compared with sham-irradiated control brains. In
contrast, the expression levels of collagen type IV were not significantly changed in rat
brains 4 and 8 h after irradiation.

Fractionated whole brain irradiation mediates induction of MMP-2 mRNA expression,
increase in gelatinase activity, and degradation of ECM in mouse brain

In addition to a single dose of whole brain irradiation, the present study also examined the
effect of a clinically relevant regimen of fractionated whole brain irradiation on MMP-2
expression and ECM degradation in brains from mice. Quantitative real-time RT-PCR
showed that irradiation resulted in a significant up-regulation of MMP-2 mRNA expression
in mouse brains at 4, 8, and 24 h after the completion of a fractionated dose of whole brain
irradiation. Specifically, the mRNA expression levels of MMP-2 in mouse brains were
increased by 2.1-fold at 4 h, 2.2-fold at 8 h, and 2.1-fold at 24 h after irradiation (Fig. 5A).
In contrast, fractionated whole brain irradiation did not affect mRNA expression levels of
TIMP-2 (Fig. 5B). Fractionated whole brain irradiation also significantly increased
gelatinase activity by 16.5-fold at 24 h post-irradiation compared to the sham-irradiated
control brains (Fig. 6A, 6B and 6E). In contrast, radiation-mediated increase in gelatinase
activity in the brain was significantly attenuated in the presence of a neutralizing antibody
against MMP-2 (Fig. 6C and 6E). The negative control experiment with normal non-
immune IgG did not show any significant effect on gelatinolytic activity in irradiated brain
(Fig. 6D). We further examined the effect of fractionated whole brain irradiation on ECM
degradation in mouse brain. As depicted in Fig. 7, a significantly reduced collagen type IV
immunoreactivity was observed in mouse brain at 24 h after fractionated whole brain
irradiation compared with those determined in sham-irradiated controls.

DISCUSSION
The present study provides compelling evidence that whole brain irradiation induces an
imbalance between MMPs and TIMPs expression, increases gelatinase activity, and
degrades collagen type IV in the brain. Initially, an animal model of whole brain irradiation
with a single dose of 10 Gy was selected because it is the lowest dose to have a clear
radiation effect and is under the threshold for vascular changes, demyelination, or
radionecrosis (12). Studies were also conducted after a fractionated dose of whole brain
irradiation to assess a clinical relevance (12,15). A significant and marked decrease in
collagen type IV immunoreactivity as well as a strong gelatinase activity was detected in the
brain 24 h after irradiation. In addition, an enhanced gelatinolytic activity mediated by
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irradiation was significantly attenuated in the presence of anti-MMP-2 antibody,
highlighting the contribution of MMP-2 to the radiation-induced alterations of ECM
components in the brain. To our knowledge, these results demonstrated for the first time that
a radiation-induced imbalance between MMP-2 and TIMP-2 expression may have an
important role in the pathogenesis of brain injury by degrading ECM components of the
BBB basement membrane.

In a variety of physiological and pathophysiological conditions, MMPs become activated
and play a key role in degradation of the ECM proteins (16). Recent evidence from in vivo
and in vitro studies has identified that ionizing irradiation up-regulates MMPs expression in
various tissues. For example, enhanced activity of MMP-2 and MMP-9 was observed in
lung after thoracic irradiation (9). Araya et al. (10) have reported a significant elevation of
MMP-2 production in human airway epithelial cells after irradiation. Additionally, previous
clinical studies showed that use of pelvic radiation therapy for prostate cancer patients
resulted in significant increases in MMP-2 and MMP-9 activity in rectal mucosa (11). It was
also found that abdominal irradiation led to a significant elevation in MMP-2 and MMP-14
levels in rat ileum (8). These findings are also supported by in vitro study from Nirmala et
al. (17) demonstrating that radiation-induced increased expression levels of MMP-2 and
MMP-9 may be involved in the alteration of the CNS microvasculature by regulating glial-
endothelial cells interaction. Furthermore, our previous study showed that whole brain
irradiation significantly up-regulated MMP-9 mRNA expression for all age groups in rat
brain (18). Alterations in the levels of other MMPs after irradiation in normal brain,
however, remain to be further investigated. In the present study, we examined effects of
whole brain irradiation on various MMPs in brain. MMP-2, MMP-3, MMP-7, MMP-9,
MMP-10, and MMP-12 were chosen because previous studies have demonstrated the pivotal
role of these MMPs in ECM degradation of the BBB basement membrane including
collagen type IV, laminin, and fibronectin (16).

The enzymatic activity of MMPs is inactivated by TIMPs, the endogenous inhibitors with a
higher affinity for specific MMPs (19). For example, TIMP-1 forms a specific complex with
MMP-9, whereas MMP-2 is bound by TIMP-2. Therefore, the balance between MMPs and
TIMPs is considered necessary for normal homeostasis during periods of development and
plasticity in the CNS (7). Since our data demonstrated the selective induction of MMP-2 and
MMP-9 in irradiated brains, we further examined the effects of whole brain irradiation on
TIMP-1 and TIMP-2 expression in the brain. TIMP-1 mRNA expression was found to be
up-regulated in the irradiated rat colon while the mRNA level of TIMP-2 was unchanged
(20). In lung epithelial cells, radiation increased MMP-2 mRNA but had no effect on
TIMP-2 indicating that the balance between the MMP-2 and TIMP-2 was in favor of
MMP-2 promoting proteolysis (10). Our own data indicate that whole brain irradiation
resulted in a significant increase in TIMP-1 mRNA expression in the brain at 4, 8, and 24 h
after irradiation. We could speculate that radiation-mediated up-regulation of TIMP-1
expression was counterbalanced by overexpression of MMP-9 in irradiated brain suggesting
that the balance of MMP-9/TIMP-1 levels remains unchanged. In contrast, mRNA
expression of TIMP-2 was not affected by either a single dose or fractionated whole brain
irradiation in the brain. It is possible that the balance in the relative ratio of MMP-2 to
TIMP-2 levels was altered in favor of a persistent enzymatic activity of MMP-2. Our data
from neutralizing antibody experiment further supports the critical role of MMP-2 in
radiation-mediated increase in gelatinase activity.

Radiation-induced vascular damage, in the form of subintimal fibrosis, hyalinization of
vessels, increased vascular permeability, and edema may be responsible for tissue injury.
For example, irradiation mediates disruption of the BBB by altering the structural and
functional integrity of the microvasculature in brain (21). In addition, damage to the ECM is
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one of the important components of radiation-induced tissue injury (22,23). In fact,
irradiation induces immediate damage to ECM in connective tissue through
depolymerization of hyaluronic acid in synovial fluid (24). Brinkman et al. (25) also
demonstrated that radiation-induced degradation of hyaluronic acid is mediated by hydroxyl
radicals from water hydrolysis. Furthermore, several studies showed that irradiation causes
loss of proteoglycans of the vascular basement membrane, resulting in edema and
transudation of proteins into the parenchyma (21,23,26).

In addition, previous studies have demonstrated an essential role for collagen type IV
degradation in BBB disruption and brain injury. Collagen type IV is the major ECM
constituent of the BBB basement membrane and a known substrate of MMP-2 and MMP-9
(10). Scholler et al. (27) have shown that a significant decrease in microvascular collagen
type IV immunoreactivity following subarachnoid hemorrhage is correlated with increased
BBB permeability and may be, at least in part, responsible for ischemic brain edema.
Additionally, acute loss of basal lamina antigens including collagen type IV during cerebral
ischemia/reperfusion injury may offer an explanation for understanding decreased
microvascular integrity as well as development of hemorrhagic complications of acute
stroke (28). Even though the importance of collagen type IV degradation in BBB disruption
and brain injury was suggested previously, the mechanism by which proteases are involved
in compromising the integrity of the BBB has not yet been fully understood. Studies from
Rosenberg et al. (6) provide evidence suggesting the potential role of MMP-2 and collagen
type IV in BBB breakdown. These investigators showed that direct intracerebral
administration of MMP-2 resulted in an increase in collagen type IV degradation and BBB
permeability, and inhibition of MMP-2 (by injection of TIMP-2) prevented BBB disruption.
These results support our observations that collagen type IV degradation in the irradiated
brain may be mediated through enhanced MMP-2 expression and activity. However, the
causal relationship between MMP-2 activity and ECM degradation remains unclear and
needs to be further investigated. Selective MMP-2 inhibitors (29) and MMP-2 knockout
mice (30) could be employed as in-depth pharmacological and genetic approaches to
elucidate a mechanistic link among MMP-2 expression, collagen type IV degradation, and
BBB disruption in brain after irradiation.

In conclusion, we provide the first direct evidence indicating that whole brain irradiation
mediates degradation of collagen type IV, a major ECM component of the BBB basement
membrane, by altering the balance of MMP-2 and TIMP-2 levels in the brain. These
findings may contribute to defining a new cellular and molecular basis for radiation-
mediated BBB disruption and subsequent brain injury that will lead to new opportunities for
preventive and therapeutic interventions for brain tumor patients who are undergoing
radiotherapy.
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Fig. 1.
Effect of a single dose of whole brain irradiation on mRNA expression of MMPs and TIMPs
in rat brain. Compared with sham-irradiated controls, a single dose of whole brain
irradiation up-regulated mRNA expression of MMP-2 (A), MMP-9 (B), and TIMP-1 (C) in
hippocampus and cortex, while the mRNA expression of TIMP-2 (D) was not affected by
irradiation. Data shown are mean ± SEM for each group (n=4). *Statistically significant
from control (p<0.05).
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Fig. 2.
Effect of a single dose of whole brain irradiation on gelatinase activity in rat brain. The
localization of green fluorescence indicates gelatinolytic activity of MMPs in rat brain (A–
D). Quantitative analysis indicated a significant increase in gelatinase activity in brain 24 h
after whole brain irradiation compared to sham-irradiated controls (E). Images (A–D) are as
viewed under microscope at 200×. Data shown are mean ± SEM for each group (n=4).
*Statistically significant from control (p<0.05). A: sham-irradiation (Control); B: 4 h post-
irradiation; C: 8 h post-irradiation; D: 24 h post- irradiation; E: quantitative analysis of
fluorescence intensity.
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Fig. 3.
Effect of MMP-2 and MMP-9 neutralizing antibodies on radiation-induced gelatinase
activity in rat brain. The localization of green fluorescence indicates gelatinolytic activity of
MMPs in rat brain (A–D). Enhanced gelatinase activity in brains 24 h after a single dose of
whole brain irradiation (IR) was significantly attenuated in the presence of MMP-2
neutralizing antibody (Anti-MMP-2) (E). Images (A–D) are as viewed under microscope at
200×. Data shown are mean ± SEM for each group (n=4). *Statistically significant from
irradiated brain (p<0.05). A: 24 h post-irradiation; B: 24 h post-irradiation with anti-MMP-2
antibody; C: 24 h post-irradiation with anti-MMP-9 antibody; D: 24 h post-irradiation with
normal non-immune IgG; E: quantitative analysis of fluorescence intensity.
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Fig. 4.
Effect of a single dose of whole brain irradiation on collagen type IV expression in rat brain.
Immunoreactivity of collagen type IV was visualized in rat brain (A–D). A single dose of
whole brain irradiation markedly and significantly reduced the protein expression levels of
collagen type IV in rat brains 24 h after irradiation (E). Images (A–D) are as viewed under
microscope at 100×. Data shown are mean ± SEM for each group (n=4). *Statistically
significant from control (p<0.05). A: sham-irradiation (Control); B: 4 h post-irradiation; C: 8
h post-irradiation; D: 24 h post-irradiation; E: quantitative analysis of fluorescence intensity.
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Fig. 5.
Effect of fractionated whole brain irradiation on mRNA expression of MMP-2 and TIMP-2
in mouse brain. Compared with sham-irradiated controls, fractionated whole brain
irradiation up-regulated mRNA expression of MMP-2 (A) in mouse brain, while the
expression of TIMP-2 was not affected by irradiation (B). Data shown are mean ± SEM for
each group (n=4). *Statistically significant from control (p<0.05).
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Fig. 6.
Effect of MMP-2 neutralizing antibody on radiation-induced gelatinase activity in mouse
brain. The localization of green fluorescence demonstrates the gelatinolytic activities of
MMPs in mouse brain (A–D). A significant increase in gelatinase activity in brains 24 h
after fractionated whole brain irradiation (FIR) was markedly and significantly attenuated in
the presence of MMP-2 neutralizing antibody (Anti-MMP-2) (E). Images (A–D) are as
viewed under microscope at 200×. Data shown are mean ± SEM for each group (n=4).
*Statistically significant from control (p<0.05). #Statistically significant from the irradiated
brain (p<0.05). A: sham-irradiation (Control); B: 24 h post-irradiation; C: 24 h post-
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irradiation with anti-MMP-2 antibody; D: 24 h post-irradiation with normal non-immune
IgG; E: quantitative analysis of fluorescence intensity.
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Fig. 7.
Effect of fractionated whole brain irradiation on collagen type IV expression in mouse brain.
Immunoreactivity of collagen type IV was visualized in mouse brain (A and B).
Fractionated whole brain irradiation significantly reduced the protein expression levels of
collagen type IV in brains 24 h after irradiation (FIR) (C). Images (A and B) are as viewed
under microscope at 100×. Data shown are mean ± SEM for each group (n=4). *Statistically
significant from control (p<0.05). A: sham-irradiation (Control); B: 24 h post-irradiation; C:
quantitative analysis of fluorescence intensity.
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