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ABSTRACT 
 

Radiation therapy has been most commonly used modality in the treatment of brain tumors. 

About 200,000 patients with brain tumors are treated with either partial large field or whole brain 

irradiation every year in the United States.  The use of radiation therapy for treatment of brain 

tumor, however, can subsequently lead to devastating functional deficits several months to years 

after treatment. Unfortunately, there are no known successful treatments and effective strategies 

for mitigating radiation-induced brain injury. In addition, the specific mechanisms by which 

irradiation causes brain injury in normal tissues are not fully understood. A deeper understanding 

of the molecular mechanisms underlying these phenomena could enable the development of 

more effective therapies to contribute to long-term disease suppression or even cure. Therefore, 

the primary goal of this research project was to determine the molecular mechanisms responsible 

for radiation-induced brain injury in normal tissues. In the first study, the effects of whole brain 

irradiation on pro-inflammatory pathways in the brain were examined. Results demonstrated that 

brain irradiation induces regionally specific alterations in pro-inflammatory environments 

through activation of pro-inflammatory transcription factors (e.g., activator protein-1 (AP-1), 

nuclear factor-κB (NF-κB), and cAMP response element-binding protein (CREB)) and 

overexpression of pro-inflammatory mediators (e.g., tumor necrosis factor-α (TNF-α), 

interleukin-1β (IL-1β), and monocyte chemoattractant protein-1 (MCP-1)) in brain.  This study 

provides evidence for a differential induction of pro-inflammatory mediators in specific brain 

regions that have importance for the neurological/neuropathological consequences of irradiation.  

In the second study, a mathematical model describing radiation-induced mRNA and protein 

expression kinetics of TNF-α in hippocampus was reconstructed. This study demonstrated that 

the reaction kinetic model could predict protein expression levels of TNF-α in cortex, suggesting 

that this model could be used to predict protein expression levels of pro-inflammatory mediators 

in other parts of the brain.  
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In the third study, the effects of aging on radiation-mediated impairment of immune 

responses in brain were examined. Results showed that radiation-induced acute inflammatory 

responses, such as overexpression of pro-inflammatory cytokines (e.g., TNF-α, IL-1β, and IL-6), 

adhesion molecules (e.g., intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion 

molecule-1 (VCAM-1), and E-selectin), chemokine MCP-1, and matrix metalloproteinase-9 

(MMP-9), are significantly impaired in aged brain.  This study suggests that reduced production 

of pro-inflammatory mediators in response to irradiation compromises the normal host defense 

mechanisms in damaged brain tissue and subsequently leads to impaired repair/remodeling 

responses in old individuals.  

In the fourth study, the effects of irradiation on MMPs/tissue inhibitor of metalloproteinases 

(TIMPs) and extracellular matrix (ECM) degradation in brain were examined. Results 

demonstrated that whole brain irradiation induces an imbalance between MMPs and TIMPs 

expression, increases gelatinase activity, and degrades collagen type IV in the brain. This study 

suggests 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 

blood-brain barrier (BBB) basement membrane. 

 In the fifth study, the effects of irradiation on angiogenic factors and vessel rarefaction in 

brain were examined. Results demonstrated that whole brain irradiation decreases endothelial 

cell (EC) proliferation, increases EC apoptosis, and differentially regulates the expression of 

angiogenic factors such as angiopoietin-1 (Ang-1), Ang-2, Tie-2, and vascular endothelial 

growth factor (VEGF) in  brain.  This study suggests that radiation-induced differential 

regulation of angiogenic factors may be responsible for vessel rarefaction.  

 In summary, the results from these studies demonstrated that whole brain irradiation induces 

brain injury by triggering pro-inflammatory pathways, degrading extracellular matrix, and 

altering physiologic angiogenesis. Therefore, this work may be beneficial in defining a new 

cellular and molecular basis responsible for radiation-induced brain injury. Furthermore, it may 

provide new opportunities for prevention and treatment of brain tumor patients who are 

undergoing radiotherapy.  
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1.1 Significance and Hypothesis 
 

 Radiation therapy has been shown to be of major significance in tumor control and survival 

rate of brain tumor patients (1).  According to the Central Brain Tumor Registry of the United 

States (CBTRUS), about 200,000 patients with brain tumors 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 (1-3).  Recent randomized, prospective clinical trials also provide evidence that 

the addition of whole brain irradiation to stereotactic radiosurgery may cause a significant 

reduction in learning and memory in patients with brain tumors (4). However, very limited 

information on the etiology of radiation-induced damage to normal brain tissue is currently 

available. At present, there are no successful treatments or effective preventive strategies for 

radiation-induced brain injury. Additionally, the specific mechanisms by which radiation causes 

brain injury in normal tissues have not yet been fully understood.     

 

The main hypothesis tested by this doctoral study was that whole brain irradiation induces 

brain injury in normal tissues by triggering pro-inflammatory pathways, degrading 

extracellular matrix, and altering physiologic angiogenesis (Figure 1.1).   To fully address 

our hypothesis, we pursued the following five specific aims: (1) to determine the effect of 

irradiation on pro-inflammatory environments in the brain, (2) to construct a mathematical model 

of radiation-induced brain inflammation, (3) to determine the effect of aging on radiation-

mediated  impairment of immune response  in the brain, (4) to determine the effect of irradiation 

on matrix metalloproteinases (MMPs)/tissue inhibitor of metalloproteinases (TIMPs) and 

extracellular matrix (ECM) degradation in the brain, and (5) to determine the effect of irradiation 

on angiogenic factors and vessel rarefaction in the brain. 
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In the present study, we determined mechanisms of radiation-induced brain injury at the 

cellular and molecular level by investigating five specific aims. In addition, we have made a 

collaborative arrangement with Dr. William E. Sonntag at University of Oklahoma Health 

Sciences Center (OUHSC) to address the effect of whole brain irradiation on cognitive 

dysfunction in animal models.    
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1.2 Specific Aims and Justification 

 
1.2.1 Specific Aim 1: To determine the effect of irradiation on pro-inflammatory environments 

in the brain. 

 

Recent evidence has identified inflammation as one of the most important pathways leading 

to radiation-induced brain injury (5-9). These studies raise the possibility that a pro-

inflammatory environment resulting from overexpression of pro-inflammatory mediators may be 

responsible for the risk of life-threatening complications occurring in brain after irradiation. 

Effects of irradiation on pro-inflammatory pathways in the brain, however, have not yet been 

fully elucidated. Therefore, we examined the effects of whole brain irradiation on pro-

inflammatory pathways in the brain. 

 

1.2.2 Specific Aim 2: To construct mathematical model of radiation-induced brain 

inflammation. 

 

Multiple interactions of gene products are involved in molecular pathways of a variety of 

human diseases. Therefore, understanding of the factors responsible for  the gene regulation is 

critical to understand general biological systems and to develop new strategies for prevention 

and treatment of diseases. Various mathematical models have been proposed to describe the 

behavior of the networks being modeled and make predictions corresponding with experimental 

observations (10, 11).   Dynamic system approach using ordinary differential equations (ODEs) 

is the most prominent method to analyze genetic regulatory system. In the present study, we 

constructed a mathematical model describing radiation-induced mRNA and protein expression 

kinetics of tumor necrosis factor-α (TNF-α) in the hippocampus by modifying a nonlinear model 

based on reaction kinetics (12).   

 

1.2.3 Specific Aim 3: To determine the effect of aging on radiation-mediated impairment of 

immune response in the brain. 
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It has been suggested that acute inflammatory responses in cancer patients undergoing 

radiation therapy may have beneficial effects. A number of previous studies have demonstrated 

that an enhanced production of pro-inflammatory cytokines in response to radiation is a 

necessary component of normal tissue repair processes (13, 14). Although it is generally 

accepted that the immune responses and the effectiveness of radiation therapy decline with age, 

the association among aging, inflammation, and radiation therapy remains to be further 

investigated.  Therefore, the present study was designed to examine the effect of aging on 

radiation-induced expression of pro-inflammatory mediators, such as cytokines, adhesion 

molecules, chemokine, and MMP-9 in rat brain.   

 

1.2.4 Specific Aim 4: To determine the effect of irradiation on MMPs/TIMPs and ECM 

degradation in the brain.  

 

The blood-brain barrier (BBB) exists primarily as a selective barrier between the systemic 

circulation and the brain. The ECM, forming a basal laminar underlying vasculature, is critical to 

maintaining the integrity of the BBB. The gelatinases MMP-2 and MMP-9, the most commonly 

investigated MMPs in the central nervous system (CNS), are able to degrade ECM components 

including collage type IV which is essential for maintaining BBB integrity. The activity of 

MMP-2 and MMP-9 is prone to be blocked by TIMPs. Therefore, the balance between MMPs 

and TIMPs is considered as an important homeostatic regulation in the development and 

plasticity of the CNS. Previous reports have demonstrated that BBB breakdown is one of major 

consequences of irradiation and may be responsible for the radiation-induced brain injury in 

normal tissues (15, 16). The cellular and molecular mechanisms of radiation-induced BBB 

disruption, however, remain to be further investigated. In the present study, we examined the 

critical role of MMPs/TIMPs system in radiation-induced ECM degradation in rat brain to define 

the molecular mechanisms of the BBB disruption and subsequent brain injury by whole brain 

irradiation. 

 

1.2.5 Specific Aim 5: To determine the effect of irradiation on angiogenic factors and vessel 

rarefaction in the brain. 
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Vessel rarefaction has been implicated in the onset and progression of various pathological 

processes (17-19).  Previous studies have shown that irradiation induces both acute and late 

changes in the vasculature (20-22). It has been also hypothesized that radiation-induced early and 

persistent damages to the microvasculature may be responsible for vessel rarefaction leading to 

the late delayed brain injury. The molecular mechanisms of radiation-induced vessel rarefaction 

in brain, however, remain to be further investigated.  In the present study, we determined the 

critical role of radiation-induced differential regulation of angiogenic factors in vessel rarefaction 

in rat brain.  

 

The significance of the present study is that this work may provide a foundation for 

defining a new cellular and molecular basis related to the etiology of cognitive impairment 

that occurs in response to whole brain irradiation. Additionally, it may lead to new 

opportunities for preventive and therapeutic interventions for brain tumor patients who 

are undergoing radiotherapy. 
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1.3 Experimental Design and Methods 
 

The present study was designed to test our main hypothesis that whole brain irradiation 

induces brain injury in normal tissues by triggering pro-inflammatory pathways, degrading 

extracellular matrix, and altering physiologic angiogenesis.  

 

1.3.1 Experimental Design 

 

1.3.1.1 Effect of Irradiation on Pro-Inflammatory Environments in the Brain  

 

Four month old F344×BN rats received either whole brain irradiation with a single dose of 

10Gy γ-rays or sham-irradiation, and were maintained for 4, 8, and 24 h following irradiation. 

The mRNA and protein expression levels of pro-inflammatory mediators (e.g., TNF-α, 

interleukin-6 (IL-6), IL-1β, and monocyte chemoattractant protein-1 (MCP-1)) in both 

hippocampus and cortex were examined by real-time reverse transcriptase-polymerase chain 

reaction (RT-PCR), enzyme-linked immunosorbent assay  (ELISA), and immunofluorescence 

staining. TNF-α mRNA and protein expression were also determined in vitro. Additionally, the 

DNA binding activity of pro-inflammatory transcription factors, such as activator protein-1 (AP-

1), nuclear factor-κB (NF-κB), and cAMP response element-binding protein (CREB), was 

assessed by electrophoretic mobility shift assays (EMSA) to define the molecular mechanisms of 

radiation-induced brain inflammation.  

 

1.3.1.2 Construction of Mathematical Model of Radiation-Induced Brain Inflammation 

 

A mathematical model describing radiation-induced mRNA and protein expression kinetics 

of TNF-α in the hippocampus was constructed by modifying a nonlinear model consisting of 

ordinary differential equations (ODEs) based on reaction kinetics.  As a regulation function, a 

positive Hill curve function was used. To estimate four unknown model parameters, 

experimental data measured in rat hippocampus and Matlab’s “fminsearch” command were 

employed. The model was simulated using the command “ODE113” in Matlab. Additionally, 
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values between model predictions and measured protein expression levels of TNF- α were 

compared to confirm the accuracy of the model.   

 
1.3.1.3 Effect of Aging on Radiation-Mediated Impairment of Immune Response in the Brain 

 

Male F344×BN rats (4, 16, and 24 months of age) received either whole brain irradiation 

with a single dose of 10Gy γ-rays or sham-irradiation, and were maintained for 4, 8, and 24 h 

post-irradiation. The mRNA expression levels of various pro-inflammatory mediators, including 

cytokines (e.g., TNF-α, IL-1β, and IL-6), adhesion molecules (e.g., intercellular adhesion 

molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and E-selectin), 

chemokine MCP-1, and MMP-9, were analyzed by quantitative real-time RT-PCR.  

 

1.3.1.4 Effect of Irradiation on MMPs/TIMPs and ECM Degradation in the Brain  

 

Rats received either a single dose of 10Gy γ-rays or sham-irradiation, and mice received a 

fractionated dose of 40Gy γ-rays total or sham-irradiation. Animals were then maintained for 4, 

8, and 24 h following irradiation. The mRNA expression levels of MMPs (e.g., MMP-2, -3, -7, -

9, -10, and -12) and TIMPs (e.g., TIMP-1, and TIMP-2) in the brain were analyzed by real-time 

RT-PCR. In addition, the functional activity of MMPs was measured by in situ zymography and 

degradation of ECM was visualized by collagen type IV immunofluorescence staining. 

 

1.3.1.5 Effect of Irradiation on Angiogenic Factors and Vessel Rarefaction in the Brain 

 

Rats received either whole brain irradiation with a single dose of 10Gy γ-rays or sham-

irradiation, and were maintained for 4, 8, and 24 h following irradiation. To determine vessel 

rarefaction, endothelial cell proliferation and apoptosis were visualized by double 

immunofluorescence staining. The mRNA and protein expression levels of various angiogenic 

factors (e.g., vascular endothelial growth factor (VEGF), angiopoietin (Ang-1), Ang-2, and Tie-

2) were analyzed by real-time RT-PCR, ELISA, and immunofluorescence staining.  
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1.3.2 Experimental Methods 

 

This section provides the general description of common experimental methods used 

throughout this dissertation. A more detailed, project-specific materials and methods are 

included in chapters 3-7.    

 

1.3.2.1   Animals 

 

Fisher 344-Brown Norway (F344×BN) male rats (4, 16, and 24 months old) and C57BL/6 

male mice were purchased from Harlan Laboratories (Indianapolis, IN) and Jackson Laboratory 

(Bar Harbor, ME), respectively. The F344×BN rat is a recommended strain by the National 

Institutes on Aging in studying aging-associated pathophysiological changes. It appears to have a 

longer life span (average life span is 137 weeks), a lower level of aging-related pathological 

conditions, and less biological variability than inbred rats (23). Therefore, the F344×BN rat has 

been a common and useful model to examine age-related cognitive and behavioral deficits in the 

presence of maintained physical function (24).  In addition, C57BL/6 is the most widely used 

inbred strain as models of human diseases because of the easy breeding, the availability of 

congenic strains, and robustness. Furthermore, these two types of animals have been most 

commonly used as models for studying radiation response (25-29). Rats were used for single 

dose irradiation studies and mice were used when fractionated doses of irradiation were given. 

 

In this study, 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. 

 

1.3.2.2 Whole Brain Irradiation 

 

Following an acclimatization period of one week, the animals received either whole brain 

irradiation (a single dose of 10Gy γ-rays for rats or a fractionated dose of 40Gy γ-rays total for 

mice) or sham-irradiation (Figure 1.2).  
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In the present study, a rat model of whole brain irradiation with a single dose of 10Gy was 

chosen for three reasons: (1) it is known as the lowest dose to have a radiation effect (30, 31), (2) 

it is well below the threshold for vascular changes, demyelination or radionecrosis (32-34), and 

(3) it is close to a clinically relevant dose in humans because rat brain is more resistant to 

radiation injury than human brain (32, 35). Whole brain irradiation procedures were carried out 

as described previously (26, 36) with minor modifications. The photographs of irradiation 

procedures (Figure 1.3) and sample preparation for immunofluorescence staining (Figure 1.5) 

were provided by OUHSC. Rats were anesthetized using a 350 μl mixture of ketamine/xylazine 

(80/12 mg/kg body weight). Whole brain irradiation was performed in a 12,000 Ci self-shielded 
137Cs irradiator (Gammacell 40 Exactor, Nordion International Inc; Kanata, Ontario, Canada) 

using lead and Cerrobend shielding devices to collimate the beam so that the whole rat brain, 

including the brain stem, was irradiated. Dosimetry was performed using thermoluminescent 

dosimeters placed in the skull of dead rats, and confirmed with ionization chambers in tissue 

equivalent phantoms. The average dose rate to the midline of the brain for the two positions was 
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~ 4Gy/min with an 8 % difference between the two positions. To ensure that each rat received 

the same midline brain dose, each lightly anesthetized animal had 5Gy delivered to alternate 

sides of the head. A total dose of 10Gy γ-rays is at an average dose rate of 4.23Gy/min. The eyes 

received about 15 % of the brain dose, and the body received 1-3 % of the brain dose. Control 

rats were anesthetized but not irradiated. The animals were maintained for 4, 8, and 24 h post-

irradiation.  
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In vitro irradiation was performed to provide results reported in Chapter 3. The murine 

microglial cell line, BV-2 cells, were grown to 80-90 % confluence and irradiated with a single 

dose of 10Gy γ-rays using a 137Cs irradiator (Figure 1.4). All irradiations were performed at 

room temperature and control cells received sham-irradiation. After irradiation, the cells were 

returned to the CO2 incubator and maintained at 37 °C in 5 % CO2/95 % air for 4 and 24 h post-

irradiation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition, a fractionated dose of whole brain irradiation was employed to provide a clinical 

relevance. The calculated biologically effective dose (BED) of the fractionated whole brain 

irradiation in this study was close to the corresponding BED for conventional whole brain 

irradiation regimen used clinically for the treatment of brain tumor patients (37, 38). Fractionated 

whole brain irradiation was performed in mice as described previously (Figure 1.2B) (39).  

Briefly, mice were anesthetized using intraperitoneal injections of 100 μl of a ketamine/xylazine 

mixture (20/3 mg/kg body weight). Mice received a clinical fractionated dose of whole brain 

irradiation (total cumulative dose of 40Gy in eight fractions of 5Gy, twice a week for four 

weeks) using a 137Cs γ-irradiator. The bodies of the mice were shielded by Cerrobend so that 

only the head received the full irradiation dose. Mice in the control group were only 
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anesthetized. The mice were maintained for 4, 8, and 24 h after the last fractionated dose of 

whole brain irradiation.  

 

1.3.2.3 Tissue Sample Preparation 

 

For real-time RT-PCR, the rat brains were rapidly removed and two different rat brain 

regions (hippocampus and cortex) were dissected, immediately frozen in liquid nitrogen, and 

stored at -80 °C until analysis. For immunofluorescence staining and in situ zymography, rats 

were given ketamine/xylazine (80/12 mg/kg body weight) immediately prior to perfusion. Rats 

were then transcardially perfused with ice-cold phosphate buffered saline (PBS) containing 

6unit/ml heparin and the whole brains were rapidly removed, immediately frozen in liquid 

nitrogen, and stored at -80 °C until analysis (Figure 1.5). 

 

Mice were given ketamine/xylazine (20/3 mg/kg body weight) and perfused transcardially 

using heparinized PBS. The mouse brains were rapidly removed after perfusion and hemisected 

at the midline. Brains were then immediately frozen in liquid nitrogen and stored at -80 °C until 

analysis. 

 
1.3.2.4 Statistical Analysis 

 

The statistical analysis of data was completed using SigmaStat 3.5 (SPSS Inc., 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. 
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CHAPTER 2: BACKGROUND   
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2.1 Treatment Options for Brain Tumors 
 

Brain tumors are categorized as two types: glial and non-glial tumors. Astrocytomas, 

oligodendrogliomas, and ependymomas are the most common gliomas that develop from glial 

tissues such as astrocytes and oligodendrocytes. The majority of gliomas are characterized by 

their tendency to diffusely infiltrate into white matter tracts. It is almost impossible to extirpate  

nearly all gliomas, partly because of their growth pattern (40). Non-glial brain tumors, such as 

meningioma, germ cell tumor, and pituitary adenoma, develop in areas other than glial tissues 

including glands, blood vessels and nerves. Both glial and non-glial brain tumors can be either 

malignant or benign (non-malignant). Although the exact cause of brain tumors is still unknown, 

several risk factors have been identified such as certain genetic disorders, environmental factors, 

and electromagnetic fields (41).  Treatment options for brain tumors are selected based on factors 

including tumor type, location and size of tumor, tumor grade, age, and general health of the 

patient. The most widely used treatments include surgery, chemotherapy, and radiation therapy.  

 

2.1.1 Surgery 

 

Surgical procedure is usually the first line of therapy for patients with primary brain tumors. 

It is necessary to perform a biopsy for diagnosis or eliminate accessible brain tumors at the 

primary site. Clinical data have shown that a near-total resection is important in improving 

survival in patients with high-grade gliomas (42, 43).  Even though surgery serves as an initial 

therapy and can often be curative for intracranial tumors that occur on the outer portion of the 

brain, it may not be efficient for all malignant brain tumors. Deeply-seated tumors within the 

brain or near critical regions such as the brain stem cannot be removed surgically because of the 

risk of severe nervous system damage during the operation (44-46). Depending greatly on the 

extent of the procedure, surgery poses various risks and side effects such as infection, blood 

clots, temporary or permanent neurological deficits, unstable blood pressure and bleeding.  

Although these are relatively uncommon, additional risks, associated with the location of the 

tumor, are also possible. These include seizures, muscle weakness, balance/coordination 

difficulties, stroke, and hydrocephalus (excessive fluid in the brain). Furthermore, deep venous 
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thrombosis (DVT), a significant cause of morbidity and mortality, was observed in 29 % to 43 % 

of brain tumor patients who underwent surgery (47). It is  also reported the perioperative 

morbidity and mortality in patients with supratentorial gliomas exceeded the potential benefit of 

the surgical procedure  (48).    

 

2.1.2 Chemotherapy 

 

Chemotherapy uses drugs to kill the cancer cells by interrupting cell division. Even though 

chemotherapy alone gives mild advantage to treat brain tumors, it provides an adjuvant outcome 

in treating with surgery and radiation therapy. In fact, survival benefit in the patients with high-

grade gliomas has been observed when they were treated with a combination of chemotherapy 

and radiation therapy (49, 50). However, chemotherapeutic drugs can also affect normal cells 

leading to significant side effects, especially in fast growing cells, including cells in the hair, 

digestive system, and blood (51). In addition, the presence of the BBB has been proved to be a 

major obstacle for chemotherapeutic treatment of brain tumors. Many efforts have been made to 

administer chemotherapy to central nervous system tumors using methods that circumvent the 

BBB in order to improve delivery of drugs. Intrathecal chemotherapy, direct injection of drugs 

into cerebrospinal fluid (CSF), and interstitial chemotherapy, addition of drugs to tissue involved 

with tumor, appear to be efficient methods for patients with CNS tumors (40). Intrathecal 

chemotherapy, however, still needs the added effect of radiation therapy to control tumor 

nodules (52).  

 

2.1.3 Radiation Therapy 

 

Radiation therapy continues to be a major treatment modality in the therapeutic management 

of brain tumors (40). In radiation therapy, controlled high energy rays, such as X-ray and γ-ray, 

are delivered to damage the DNA found inside cells making them unable to divide and 

reproduce. Radiation can be given either by external or internal means; external therapy is a 

critical component to treat brain tumors in many patients (40). Stereotactic radiosurgery delivers 

a high dose of radiation during a single session from an external source, such as a gamma knife 
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and linear accelerator (LINAC), to treat brain tumors. Whole brain radiotherapy is another way 

of providing external therapy and is often used to treat multiple brain tumors by administering a 

dose of radiation to the entire brain.  

 

Based on tumor type and normal tissue limitations, the appropriate total dose of radiation is 

typically delivered in fractionated protocols over a period of several weeks. The radiation 

quantity and the relationships between the old and the International System of units (SI) units are 

listed in Table 2.1.  The dose at any given point is the energy deposited in a small fixed weight 

of the material surrounding that point (medium).   Radiation doses are measured in a unit called 

the gray (Gy), which is defined as 1 J/kg (transferred or absorbed radiation energy/mass). The 

unit in which the dose is calculated is traditionally the rad, which is defined as energy deposition 

of 0.01 J/kg or 100 erg/g (1 erg = 10-7 J). Biological dose is specified using the linear-quadratic 

(LQ) model in terms of BED to quantify biological effects for radiotherapy (53). BED is the dose 

which is required for a certain effect at an infinitesimally small dose rate. This parameter is 

useful to compare the biological effects of different fractionation schedules and different types of 

radiotherapy.  

 

 

Radiation therapy can be applied to shrink tumors before surgery or target residual tumors 

which cannot be removed safely by surgery.  As the primary treatment modality, it is often used 

for patients with metastatic brain tumors.  It is also beneficial for tumors that have recurred, 

tumors that are inoperable, or infiltrative tumors. Some benign gliomas that are life-threatening 

because of uncontrolled growth conditions may also be treated. Walker et al. (54) suggested 

dose-dependent effects of radiation on malignant gliomas by demonstrating the relationship 
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between increased radiotherapy dose and increased survival. Other trials have demonstrated that 

post-operative radiotherapy provides significant survival benefits compared with surgery alone 

or chemotherapy (55, 56). In addition, advances in neuroimaging sophisticated three-dimensional 

computerized treatment planning system, and three-dimensional conformal radiation therapy 

(3D-CRT) have markedly enhanced efficacy and safety of radiotherapy (57).  Therefore, 

radiation therapy plays a central role in the management of most brain tumors, whether benign or 

malignant.   

 

2.2 Radiation-Induced Brain Injury 
 

The use of radiotherapy for treatment of brain tumors 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 irradiation (1, 2, 58).   Radiation-induced brain injury is classified 

as acute, early delayed (subacute), and late delayed reactions based on the timing of onset of 

symptoms in response to whole brain irradiation (1, 59). Acute injury, occurring within 48 hours 

or weeks after irradiation, is fairly mild to moderate in severity and characterized by fatigue, hair 

loss, skin erythema, headache, and emesis.  Early delayed injury is observed 1-6 months after 

irradiation and is associated with the clinical symptoms of fatigue and somnolence.  Even though 

acute and early delayed injuries can lead to severe conditions, it is generally believed that most 

of the symptoms and signs of these injuries are reversible. In contrast, late delayed injury, 

occurring from 6 months to several years post-irradiation, is considered irreversible and 

progressive, and is characterized by demyelination, vascular abnormalities, and ultimately white 

matter necrosis (60). Recent studies have demonstrated that late delayed injury is largely 

responsible for cognitive impairment, focal neurological signs, seizures, and increased cranial 

pressure. For example, significant side effects including progressive impairments in learning and 

memory were observed in 20-50 % of brain tumor patients as long-term consequences of 

radiotherapy.  Progressive deterioration of memory function was observed in aged rats over a 7-

month period post-radiation therapy (61). Yoneoka et al. (62) employed the Morris water maze 

and passive avoidance tasks to show a similar, late onset of cognitive impairment in adult rats at 

12 months following cranial irradiation. Structural modifications, occlusion, alterations in 
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vascular permeability, loss of microvasculature, and increased inter-capillary distance have all 

been reported in response to a single exposure to 10Gy radiation (22).  Furthermore, some 

studies showed that diminished blood flow in response to radiation decreases microvascular 

density (63). However, the specific mechanisms by which radiation cause brain injury in normal 

tissues have not yet been fully understood.  

 

2.3 Radiation, Inflammation, and Brain Injury 
 

2.3.1 Inflammation and Brain Injury 

 

Inflammatory reactions are generally considered a self-defense mechanism in response to 

extracellular stimuli. In some cases inflammatory responses can lead to severe tissue damages if 

the immune system reacts improperly. It is widely accepted that a pro-inflammatory environment 

is critically associated with the pathophysiological process of brain injury and subsequent 

progression of neurological disorders (64, 65). For example, amyloid β (Aβ) peptides contribute 

to pathogenesis in Alzheimer’s disease (AD) through an inflammatory cascade in the brain via 

secretion of interferon-γ (IFN-γ), IL-1β, and CD40 (66, 67). Aβ also increases the ability of 

blood monocytes/macrophages to infiltrate into brain tissue across the BBB (68, 69). 

Furthermore, brain inflammation has been suggested to actively participate in the 

neurodegenerative process of Parkinson’s disease (PD) (70, 71). Degeneration of nigral 

dopaminergic neurons was observed in both an inflammation-mediated rat model and an in vitro 

cell culture model of PD (72). It was also found that cyclooxygenase (COX-2) expression is 

induced specifically within the substantia nigra pars compacta (SNpc) dopaminergic neurons in 

human postmortem PD specimens and in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP) mouse model of PD during the destruction of the nigrostriatal pathway (73). In addition, 

increasing evidence has suggested that anti-inflammatory therapy, such as treatment with non-

steroidal anti-inflammatory drugs (NSAIDs), may be beneficial in delaying the onset or slowing 

the progression of neurodegenerative diseases including AD and PD (64, 66). These findings 

provide robust evidence that an inflammatory process in the brain plays a significant role in the 

pathogenesis of CNS diseases.  
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In general, a cascade of inflammatory events occurs in response to external stimuli and this 

cascade is mediated through the production of pro-inflammatory mediators. Pro-inflammatory 

cytokines, chemokines, and adhesion molecules facilitate pro-inflammatory pathways by 

recruiting and transmigrating inflammatory cells from blood to tissues (74-76). A number of 

previous in vivo and in vitro studies have demonstrated that TNF-α and IL-1β are the most 

important pro-inflammatory cytokines and they play a central role in acute and chronic 

inflammation. It is well known that TNF-α and IL-1β strongly promote inflammatory responses 

in a wide spectrum of cell types, and overproduction of these cytokines has been implicated in a 

variety of human diseases (77, 78). IL-6 is another multifunctional pro-inflammatory cytokine 

that plays a major role in the mediation of the inflammatory and immune responses initiated by 

infection or injury (79). In addition to pro-inflammatory cytokines, chemokines are known to 

directly promote inflammatory responses.  MCP-1 is a member of the CC chemokine family and 

plays a critical role in monocyte chemotaxis and transmigration (80). 

 

It is generally accepted that the expression of inflammatory mediators is regulated at the 

transcriptional level through activation of pro-inflammatory transcription factors, including AP-

1, NF-κB, and CREB (74, 81-84). Activation of AP-1 and NF-κB is considered part of the 

general regulation of a number of pro-inflammatory gene expressions in response to various 

extracellular stimuli (85-89). 

 

2.3.2 Radiation, Inflammation, and Tissue Injury 

 

It has been proposed that the acute inflammatory responses triggered by overexpression of 

pro-inflammatory mediators may be responsible for the radiation-induced tissue injury (3). For 

example, a marked elevation of COX-1 and COX-2 activity and prostaglandin E2 (PGE2) 

synthesis in the mouse brain following ionizing radiation augments brain inflammation through 

up-regulation of gene expression of a variety of pro-inflammatory molecules (90, 91). Evidence 

from previous in vitro and in vivo studies has demonstrated that radiation-induced 

overexpression of adhesion molecules, such as ICAM-1 and vascular cell adhesion molecule-1 

VCAM-1, exerts a crucial role in leukocyte recruitment and infiltration which leads to 
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subsequent inflammatory injuries of a variety of tissues including intestine and lung, as well as to 

various cell types such as vascular endothelial cells (8, 92-96). Enhanced expression of adhesion 

molecules was also observed in irradiated brains (5, 7-9) and may contribute to either brain 

damage or subsequent cognitive impairment.   

 

In addition to up-regulating adhesion molecules, irradiation has also been reported to up-

regulate expression of pro-inflammatory cytokines and chemokines. For example, a rapid 

induction of gene expression of the pro-inflammatory cytokines TNF-α and IL-1β in response to 

radiation has been implicated in radiotherapy-associated damages to the lung and brain (5, 7, 97, 

98). It was also found that both total-body irradiation and localized irradiation of the right hind 

leg lead to a significant increase in IL-6 levels in serum of rats (99). Furthermore, Johnston et al. 

(100) suggested potential mechanisms of radiation-induced pulmonary fibrosis based on their 

findings that the mRNA levels of chemokines, including MCP-1, and chemokine receptor 

families were elevated in fibrosis-sensitive C57BL/6 mice by thoracic irradiation.   

 

2.4 Radiation, Inflammation, and Aging 
 

It is commonly accepted that chronic overexpression of pro-inflammatory mediators has 

detrimental effects on the brain (7). However, evidence also suggests that acute overexpression 

of pro-inflammatory mediators may exert beneficial effects on tissue injury (101, 102). For 

example, neuroprotective effects of pro-inflammatory cytokines, such as promotion of neuronal 

differentiation and survival, induction of neurotropic factors, and induction of anti-inflammatory 

mediators, have been observed after acute traumatic brain injury (TBI) (103). The beneficial role 

of cytokines in the pathophysiology of TBI is also supported by animal studies indicating that 

cytokine knockout mice and cytokinereceptor knockout mice exhibited higher mortality and 

enhanced tissue damage after experimental TBI (103, 104). In addition, the protective role of 

pro-inflammatory mediators in the early stages of wound healing has been extensively reported. 

For example, enhanced production of cytokines (e.g., IL-6, TNF-α, and IL-1β) (105), adhesion 

molecules (e.g., ICAM-1 and VCAM-1) (106), chemokines (e.g., MCP-1) (107), and matrix 

metalloproteinases (e.g., MMP-9) (108) at the wound site promotes healing processes of injured 
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brain tissues. These studies provide compelling evidence that the acute induction of pro-

inflammatory mediators in the brain is an essential part of a pathway that induces a protective 

response to brain injury.    

 

It is well documented that basal expression levels of pro-inflammatory mediators including 

TNF-α, IL-1β, and IL-6 are significantly elevated in the aged brain compared with younger 

subjects (109). In contrast, advancing age results in a marked decrease in inflammatory 

responses induced by extracellular stimuli. Gon et al. (110) demonstrated that the serum 

concentrations of pro-inflammatory cytokines including TNF-α and IL-1β were significantly 

lower in elderly patients with pneumonia compared with those in young patients. They also 

found that peripheral blood monocytes from healthy normal elderly subjects produce less 

amounts of these cytokines than those from healthy normal young subjects in response to 

lipopolysaccharide (LPS) stimulation (110). In addition, IL-1 production by LPS-stimulated co-

cultures of peritoneal macrophages and splenic T cells from old mice was markedly reduced 

when compared with  cells of young mice (111) and TNF-α-induced MMP-9 expression was 

decreased in  aortic smooth muscle cells derived from old mice (112).  It was also found that 

LPS administration resulted in a significant attenuation of TNF-α and IL-6 mRNA expression in 

brains of old mice compared with those of young mice (109). Finally, mononuclear cells from 

elderly patients displayed a marked decrease in mitogen-stimulated production of IFN- γ and IL-

2 (113). These studies provide evidence that an age-dependent impairment of immune response 

results in diminished inflammatory responses to extracellular stimuli. 

 

The prevailing evidence suggests that aging is an important prognostic factor in determining 

the response of brain tumors to radiation therapy (114).  Previous clinical studies have shown 

that the use of high dose radiation therapy for brain tumors resulted in significantly lower 

survival rates for patients older than 70 years of age compared with those for patients aged 70 

and younger (115, 116). In addition, Rosenblum et al. (117) reported that stem cells obtained 

from patients over the age of 50 with brain tumors were less sensitive to radiation than those 

from patients 50 years old or younger. Although the mechanisms for this effect have not been 
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established, these studies clearly demonstrate that aging exerts a profound effect on the efficacy 

of radiation therapy for treatment of brain tumors.   

 

2.5 Radiation, Extracellular Matrix, and Brain Injury 
 

2.5.1 Radiation, BBB Disruption, and Brain Injury  

 

 The BBB is a complex neuroprotective system consisting of brain microvascular endothelial 

cells, astrocytes, pericytes, and basement membrane (118).  It provides a highly selective barrier 

that regulates the exchange of materials and cells between the circulation and brain tissue (119). 

Under physiological conditions, the BBB restricts and controls the movement of various 

chemical substances and macromolecules to maintain the brain homeostasis that is essential for 

the normal operation of the nervous system (120, 121).  In some cases, however, the BBB 

becomes disrupted or modified not only in response to different stresses such as irradiation but 

also as a consequence of the pathological insult (122).  Indeed, dysfunction of the BBB is a key 

feature in common neurological disorders including stroke, trauma, and Alzheimer’s disease 

(120). Previous studies have shown that alterations in the BBB may be responsible for tissue 

injury in brain after irradiation. For example, irradiation mediates disruption of the BBB by 

damaging the structural and functional integrity of the microvasculature in brain (15, 16). In 

addition, Delattre et al. (123) demonstrated that cranial irradiation (CRT) markedly increased 

regional capillary permeability and capillaries of normal brain tissue are more sensitive to the 

acute effects of CRT than capillaries found in brain tumors. It was also found that BBB 

permeability was significantly increased in rat brain after whole brain and whole body irradiation 

(122, 124). Furthermore, other in vivo studies have demonstrated a rapid increase in BBB 

breakdown in response to interstitial brachytherapy (125-127).  The cellular and molecular 

mechanisms by which irradiation induces BBB disruption, however, are not fully understood. 
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2.5.2 ECM Degradation, BBB Disruption, and Brain Injury  

 

The ECM forms a basal lamina underlying vasculature and is critical to maintaining the 

integrity of the BBB (128). Besides performing as a barrier to macromolecules and cells, it also 

provides structural framework for the tissue and serves as an anchor for the endothelium via cell-

matrix interactions, stimulating a number of intracellular signaling pathways (129). The ECM is 

a complex of various proteins and proteoglycans, including collagens, laminin, fibronectin, and 

tenascin which constitute the basal lamina of the BBB (129-131). Compelling evidence indicates 

that degradation and consequent rearrangement of ECM are critically involved in the breakdown 

of the BBB. For example, the injection of bacterial collagenase to rat brain resulted in 

degradation of ECM, disruption of basal lamina, and an increase in BBB permeability (132).   In 

addition, the increased gelatinolytic activity and collagen type IV degradation were found to be 

significantly associated with BBB disruption in a rat model of bacterial meningitis (133) and a 

mouse model of herpes simplex virus (HSV) encephalitis (134), respectively. Tilling et al. (135) 

also reported that ECM constituents such as collagen type IV, fibronectin, and laminin 

significantly increased the transcellular electrical resistance of primary brain microvascular 

endothelial cells in an in vitro model of BBB, indicating that these proteins play an important 

role in enhancing barrier properties.  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.  

 

2.5.3 Radiation, MMPs, and TIMPs 

 

MMPs are a large family of ECM-degrading enzymes. Depending on substrate specificity 

and structural differences, MMPs are subdivided into gelatinase (MMP-2 and -9), collagenases 

(MMP-1, -8, -13, and -18), stromelysins (MMP-3, -10, and -11), matrilysins (MMP-7 and -26), 

elastases (MMP-12), and MT-MMPs (MMP-14, -15, -16, and -17) (136-138).  

 

In a variety of physiologic and pathophysiologic conditions, MMPs become activated and 

play a key role in degradation of the ECM proteins (139). Recent evidence from in vivo and in 

vitro studies has identified that ionizing irradiation up-regulates MMPs expression in various 
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tissues. For example, enhanced activity of MMP-2 and MMP-9 was observed in lung after 

thoracic irradiation (140).  Araya et al. (141) have reported a significant elevation of MMP-2 

production in human airway epithelial cells after irradiation. Additionally, previous clinical 

studies have shown that use of pelvic radiation therapy for prostate cancer patients resulted in 

significant increases in MMP-2 and MMP-9 activity in rectal mucosa (142). It was also found 

that abdominal irradiation led to a significant elevation in MMP-2 and MMP-14 levels in rat 

ileum (138). These findings are supported by an in vitro study from Nirmala et al. (143)  

demonstrating that radiation-induced expression of MMP-2 and MMP-9 may be involved in the 

alteration of the CNS microvasculature by regulating glial-endothelial cell interaction.  

 

The enzymatic activity of MMPs is inactivated by TIMPs, the endogenous inhibitors with a 

higher affinity for specific MMPs (144, 145). For example, TIMP-1 forms a specific complex 

with MMP-9, whereas MMP-2 is bound by TIMP-2 (144, 146). Therefore, the balance between 

MMPs and TIMPs is considered necessary for normal homeostasis during periods of 

development and plasticity in the CNS (133, 134). TIMP-1 mRNA expression was found to be 

up-regulated in the irradiated rat colon while the mRNA level of TIMP-2 was unchanged (147). 

In lung epithelial cells, radiation increased MMP-2 mRNA but had no effect on TIMP-2 

indicating the balance between the MMP-2 and TIMP-2 was in favor of MMP-2 promoting 

proteolysis (141). 

 

2.6 Radiation, Physiologic Angiogenesis, and Brain Injury 
 

2.6.1 Angiogenic Factors and Vessel Rarefaction 

 

Angiogenesis plays critical roles not only in many physiological processes such as embryonic 

development and wound healing, but also in the development of a number of pathological 

conditions including inflammation and progression of tumors. These events are characterized by 

dynamic temporally and spatially coordinated interactions among endothelial cells, angiogenic  

factors, and surrounding ECM proteins (148). One of the most important angiogenic factors is 

VEGF which has a potent and specific activity for the vascular endothelium (149). VEGF and its 
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receptors serve to initiate endothelial cell proliferation, migration, and production of new 

capillary sprouts, which promote vasculogenesis and angiogenesis (150, 151). Angiopoietins are 

a second family of vascular regulatory molecules that are also specific for the vascular 

endothelium involving in both physiological and pathological blood vessel generation (152). 

There are four identified angiopoietin families: Ang-1, Ang-2, Ang-3, and Ang-4. Although 

Davis et al. (152) reported that Ang-1 does not directly affect proliferation of cultured 

endothelial cells, it has a great effect in mediating interactions between the endothelium and the 

surrounding matrix, stimulating endothelial migration (153), sprouting (154), and tubule 

formation (155). Indeed, Ang-1 is necessary for subsequent vascular remodeling as well as 

vessel maturation and stabilization, while VEGF plays an active role during the early stages of 

vessel development (156). All angiopoietin families bind to the endothelial receptor Tie-2 which 

is typically expressed by vascular endothelial cells (157). The balance of Ang-1/Tie-2 system has 

been known to be necessary for vessel maturation and stabilization (156). Ang-2 serves as a 

functional antagonist of Ang-1. By blocking Tie-2 signaling, Ang-2 leads to a loosening of tight 

vascular structure (158, 159). This loosening of cell-matrix and cell-cell interactions allows the 

endothelial cells to be more sensitive and responsible toward the other angiogenic factors such as 

VEGF. For example, in the absence of the activating signal from VEGF, Ang-2 promotes 

endothelial cell death and finally rarefaction of vessels (159).   In the presence of high levels of 

VEGF, however, new capillary sprouting is facilitated by Ang-2. The dynamic interaction among 

VEGF, Ang-1, and Ang-2 in angiogenesis is shown in Figure 2.1. An intimate and coordinated 

relationship of Ang-1, Ang-2, Tie-2, and VEGF plays a key role in regulating various aspects of 

physiological angiogenesis.   
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2.6.2 Radiation and Vessel Rarefaction 

 

Vessel rarefaction, defined as a decrease in vascular density, has been implicated in the onset 

and progression of various pathological processes (17-19).  Previous studies have shown that 

irradiation induces both acute and late changes in the vasculature (20-22). For example, 

Ljubimova et al. (20) found a decrease in endothelial cell density in rat brain within 24 h after 

large single doses of irradiation. In addition, an initial marked decline and a subsequent slow loss 

of endothelial cell number were observed after 24 h and between 26 and 52 weeks after a single 

dose of X-rays to the rat brains, respectively (160).  Irradiation also has been shown to enhance 

acute vascular responses including vascular permeability, endothelial cell apoptosis, and 

endothelial swelling within 24 h (15, 161). Furthermore, 10 weeks after fractionated whole brain 

irradiation, a substantial decrease in vessel density and length was detected in irradiated rat 

brains (38). These studies provide evidence indicating that radiation-induced early and persistent 
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damages to the microvasculature may be responsible for vessel rarefaction leading to late 

delayed brain injury. The molecular mechanisms of radiation-induced vessel rarefaction in brain, 

however, remain to be further investigated.   

 

2.7 Mathematical Models of Genetic Regulatory System  
 

Gene expression refers to the process by which cells synthesize proteins from the information 

encoded in a gene (Figure 2.2). Several stages are involved in regulating the gene expression 

process, including  transcription, translation, and post-translational modification of proteins (162, 

163). During these stages, gene expression is controlled by regulatory molecules such as any of 

the intermediate products (RNA, polypeptides, or proteins), suggesting a network of gene 

regulation. Genetic regulatory networks (GRNs) consist of regulatory interactions among DNA, 

RNA, protein, and other molecules. Their function is to specify identity as well as control mRNA 

expression levels in a group of targeted genes (164). However, numerous challenges have been 

reported in the area of a reconstruction of a GRN. For example, there are limited amounts of 

experimental data due to high levels of noise, limited data size from the cost of experiments and 

the complexity of gene regulatory process (165). Despite many difficulties to reconstruct GRNs, 

various mathematical models have been proposed to understand the behavior of the networks 

being modeled and make predictions corresponding with experimental observations (10, 11).                             
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In general, mathematical models can be categorized into two types: Boolean network based 

models (166, 167) and dynamic system using differential equations (168, 169).  The Boolean 

method simply describes the state of a gene as binary on/off switches and use Boolean logical 

rules to approximate the regulatory control of gene expression, functioning in discrete time steps. 

This method, however, shows a disadvantage in expressing continuous aspects of gene regulation 

occurring in the cell environment.  The dynamic system approach using ODEs is the most 

prominent method to analyze genetic regulatory system. In ODEs, each state describes the 

concentrations of protein or mRNA. And changes of each state are assumed to be continuous and 

deterministic. Therefore, this method provides more intensive mathematical interpretations and 

greater physical accuracy for biological pathways than the Boolean approach (170).   
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CHAPTER 3: 

 

IRRADIATION INDUCES REGIONALLY SPECIFIC 

ALTERATIONS IN PRO-INFLAMMATORY ENVIRONMENTS 

IN RAT BRAIN 

 

 

 

 

 
 
 
 
 
 
 
 
 
*Reprinted from Lee WH, Sonntag WE, Mitschelen M, Yan H, Lee YW. International Journal 
of Radiation Biology, 86(2):132-144 (2010), with permission from Informa Healthcare 
Communications publishers (171).  
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IRRADIATION INDUCES REGIONALLY SPECIFIC ALTERATIONS IN 

PRO-INFLAMMATORY ENVIRONMENTS IN RAT BRAIN 

 

3.1 Abstract 
 

Purpose: Pro-inflammatory environments in the brain have been implicated in the onset and 

progression of neurological disorders. In the present study, we investigate the hypothesis that 

brain irradiation induces regionally specific alterations in cytokine gene and protein expression. 

 

Materials and methods: Four month old F344×BN rats received either whole brain irradiation 

with a single dose of 10Gy γ-rays or sham-irradiation, and were maintained for 4, 8, and 24 h 

following irradiation. The mRNA and protein expression levels of pro-inflammatory mediators 

were analyzed by real-time reverse transcriptase-polymerase chain reaction (RT-PCR), enzyme-

linked immunosorbent assay (ELISA), and immunofluorescence staining. To elucidate the 

molecular mechanisms of irradiation-induced brain inflammation, effects of irradiation on the 

DNA-binding activity of pro-inflammatory transcription factors were also examined.  

 

Results: A significant and marked up-regulation of mRNA and protein expression of pro-

inflammatory mediators, including tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and 

monocyte chemoattractant protein-1 (MCP-1), was observed in hippocampal and cortical regions 

isolated from irradiated brain. Cytokine expression was regionally specific since TNF-α levels 

were significantly elevated in cortex compared to hippocampus (57% greater) and IL-1β levels 

were elevated in hippocampus compared to cortical samples (126% greater). Increases in 

cytokine levels also were observed after irradiation of mouse BV-2 microglial cells. A series of 

electrophoretic mobility shift assays (EMSA) demonstrated that irradiation significantly 

increased activation of activator protein-1 (AP-1), nuclear factor-κB (NF-κB), and cAMP 

response element-binding protein (CREB).  

 

Conclusion: The present study demonstrated that whole brain irradiation induces regionally 

specific pro-inflammatory environments through activation of AP-1, NF-κB, and CREB and 
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overexpression of TNF-α, IL-1β, and MCP-1 in rat brain and may contribute to unique pathways 

for the radiation-induced impairments in tissue function.  

 

Key words: Radiation; brain inflammation; cytokines; AP-1; NF-κB; CREB   

 

3.2 Introduction 
 

It has been proposed that the acute inflammatory responses triggered by overexpression of 

pro-inflammatory mediators may be responsible for radiation-induced tissue injury (3).  For 

example, a marked elevation of cyclooxygenase (COX-1 and COX-2) activity and prostaglandin 

E2 (PGE2) synthesis in the mouse brain following ionizing radiation augments brain 

inflammation through up-regulation of gene expression of a variety of pro-inflammatory 

molecules  (90, 91). Evidence from previous in vitro and in vivo studies has demonstrated that 

radiation-induced overexpression of adhesion molecules, including intercellular adhesion 

molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), exerts a crucial role in 

leukocyte recruitment and infiltration that lead to subsequent inflammatory injuries to a variety 

of tissues including intestine and lung, as well as various cell types such as vascular endothelial 

cells (8, 92-96). Enhanced expression of adhesion molecules was also observed in irradiated 

brain (5, 7-9) and may contribute to brain damage and/or subsequent cognitive impairment.   

 

Irradiation also has been reported to up-regulate expression of pro-inflammatory cytokines 

and chemokines. For example, a rapid induction of gene expression of the pro-inflammatory 

cytokines tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) in response to radiation 

has been implicated in radiotherapy-associated damage to both lung and brain (5, 7, 97, 98). It 

was also found that both total-body irradiation and localized irradiation of the right hind leg led 

to a significant increase in interleukin-6 (IL-6) levels in serum of rats (99). Furthermore, 

Johnston et al. (100) suggested potential mechanisms of radiation-induced pulmonary fibrosis 

based on their findings that the mRNA levels of chemokines, including monocyte 

chemoattractant protein-1 (MCP-1), and chemokine receptor families were elevated in fibrosis-

sensitive C57BL/6 mice by thoracic irradiation.   
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These data provide robust but only partial evidence indicating that inflammation is one of the 

major consequences of irradiation and has a pivotal role in subsequent radiation-induced tissue 

injury.  Unfortunately, in the majority of the aforementioned studies, the cytokine analyses are 

limited to gene expression (mRNA levels) without analysis of the corresponding protein levels, 

the time-course for the effects of irradiation are limited or differential changes in expression of 

cytokines in specific brain regions are not considered. Importantly, radiation has been shown to 

impair performance on spatial memory tasks that are hippocampally-dependent and analysis of 

the potential specific effects of irradiation on this tissue requires a clear understanding of the 

consequences of radiation on this important brain region.  

 

In the present study, we examined the effects of whole brain irradiation on mRNA and 

protein expression of several pro-inflammatory mediators, (e.g., TNF-α, IL−6, IL-1β, and MCP-

1) in both hippocampus and cortex. The potential contribution of microglia to radiation-induced 

TNF-α expression was also determined in vitro. Additionally, the DNA-binding activity of pro-

inflammatory transcription factors, such as activator protein-1 (AP-1), nuclear factor-κB (NF-

κB), and cAMP response element-binding protein (CREB), was assessed to define the molecular 

mechanisms of radiation-induced brain inflammation. Our results provide a clear time course for 

the acute effects of radiation on both cytokine and chemokine gene and protein expression in 

hippocampus and cortex. In addition, our results provide evidence for a differential induction of 

cytokines in specific brain regions that have importance for the neurological/neuropathological 

consequences of irradiation.  

 

3.3 Materials and Methods 
 

3.3.1 Animals  

 

Four month old Fisher 344-Brown Norway (F344×BN) male rats were purchased from 

Harlan Laboratories, Inc. (Indianapolis, IN). 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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For real-time reverse transcriptase-polymerase chain reaction (RT-PCR) and enzyme-linked 

immunosorbent assay (ELISA), the brains were rapidly removed and two different brain regions 

(hippocampus and cortex) were dissected, immediately frozen in liquid nitrogen, and stored at -

80°C until analysis. For immunofluorescence staining, animals were given 350 μl of 

ketamine/xylazine (80/12 mg/ml, respectively) immediately prior to perfusion. Animals were 

then transcardially perfused with ice-cold phosphate buffered saline (PBS) and 6 unit/ml heparin 

(a total of 700 μl per animal), and the whole brains were rapidly removed, immediately frozen in 

liquid nitrogen, and stored at -80 °C until analysis. 

 

3.3.2 Cell Cultures 

 

The murine microglial cell line, BV-2 cells, was a generous gift from Dr. Michael E. Robbins 

(Wake Forest University Medical Center, Winston-Salem, NC). BV-2 cells are an immortalized 

cell line obtained by infecting mouse primary microglial cells with a v-raf/v-myc oncogene-

carrying retrovirus (172). BV-2 cells were cultured in Dulbecco’s modified eagle medium 

(DMEM) with 5 % fetal bovine serum (FBS), 100 unit/ml of penicillin, and 100 μg/ml of 

streptomycin at 37 °C in a humid atmosphere of 5 % CO2 and 95 % air. 

 

3.3.3 Irradiation  

 

Following an acclimatization period of one week, the animals received either whole brain 

irradiation with a single dose of 10Gy γ-rays or sham-irradiation. In the present study, a rat 

model of whole brain irradiation with a single dose of 10Gy was chosen for three reasons: (1) it 

is known as the lowest dose to have a radiation effect (31, 173), (2) it is well below the threshold 

for vascular changes, demyelination or radionecrosis (32-34) and (3) it is close to a clinically 

relevant dose in humans because rat brain is more resistant to radiation injury than human brain 

(32, 35). Whole brain irradiation procedures were carried out as described previously (26, 36) 

with minor modifications. Rats were anesthetized using a 350 μl mixture of ketamine/xylazine 

(80/12 mg/kg body weight). Whole brain irradiation was performed in a 12,000 Ci self-shielded 
137Cs irradiator (Gammacell 40 Exactor, Nordion International Inc; Kanata, Ontario) using lead 

and Cerrobend shielding devices to collimate the beam so that the whole rat brain, including the 
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brain stem, was irradiated. Dosimetry was performed using thermoluminescent dosimeters 

placed in the skull of dead rats, and confirmed with ionization chambers in tissue equivalent 

phantoms. The average dose rate to the midline of the brain for the two positions was ~ 4Gy/min 

with an 8% difference between the two positions. To ensure that each rat received the same 

midline brain dose, each lightly anesthetized (ketamine/xylazine) animal had 5Gy delivered to 

alternate sides of the head. A total dose of 10Gy γ-rays was at an average dose rate of 

4.23Gy/min. The eyes received about 15 % of the brain dose, and the body received 1-3 % of the 

brain dose. Control rats were anesthetized but not irradiated. The animals were maintained for 4, 

8, and 24 h post-irradiation.  

 

BV-2 cells were grown to 80-90 % confluence and irradiated with a single dose of 10Gy γ-

rays using a 137Cs irradiator. All irradiations were performed at room temperature and control 

cells received sham-irradiation. After irradiation, the cells were returned to the CO2 incubator 

and maintained at 37 °C in 5 % CO2/95 % air for 4 and 24 h post-irradiation.  

  

3.3.4 Real-time Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 

 

Quantitative real-time RT-PCR using fluorogenic 5’nuclease assay technology with 

TaqMan® probes and primers (Applied Biosystems, Foster City, CA) were employed for gene 

expression analyses. Rat brains were homogenized with 1 ml of TRI Reagent (Sigma-Aldrich, St. 

Louis, MO) in a tissue homogenizer and total RNA was isolated from tissue homogenates as 

described previously (84). In addition, total RNA was isolated from BV-2 using RNeasy Mini 

Kit (Qiagen, Valencia, CA) according to the protocol of the manufacturer. 1 μg of total RNA 

was reverse transcribed at 25 °C for 15 min, 4 2°C for 45 min, and 99 °C for 5 min in 20 μl of 5 

mM MgCl2, 10 mM Tris-HCl, pH 9.0, 50 mM KCl, 0.1 % Triton X-100, 1 mM dNTP, 1 unit/μl 

of recombinant RNasin, 15 unit/μg of Avian Myeloblastosis Virus (AMV) reverse transcriptase, 

and 0.5 μg of random hexamers. 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 (50 °C for 2 min before the first cycle, 95 °C for 15 sec 

and 60 °C for 1 min, repeated 45 times). TaqMan® Gene Expression Assay Reagents for rat 

TNF-α, rat IL-1β, rat IL-6, rat MCP-1, rat glyceraldehydes-3-phosphate dehydrogenase 



37 
 

(GAPDH), mouse TNF-α, and mouse GAPDH were used for specific probes and primers of 

PCR amplifications. The threshold cycle (CT), which indicates the fractional cycle number at 

which the amount of amplified target gene reaches a fixed threshold, was determined from each 

well using the Applied Biosystems Sequence Detection Software v1.2.3 and relative 

quantification was calculated by the comparative CT method as described previously (74, 174, 

175). The data were analyzed using the equation 2–ΔΔCT, where ΔΔCT = [CT of target gene - CT of 

housekeeping gene] treated group – [CT of target gene - CT of housekeeping gene] untreated control group. 

For the treated samples, evaluation of 2–ΔΔCT indicates the fold change in gene expression, 

normalized to a housekeeping gene (GAPDH), and relative to the untreated control. 

 

3.3.5 Enzyme-Linked Immunosorbent Assay (ELISA) 

 

Tissue homogenates from rat brain were prepared using the method recommended by R&D 

Systems (Minneapolis, MN). Both hippocampus and cortex were homogenized in 1 ml of ice-

cold PBS and stored overnight at -80 °C. After three freeze-thaw cycles were performed, the 

homogenates were centrifuged for 5 min at 5,000 × g at 4 °C. Supernatants were frozen 

immediately on dry ice and stored at -80 °C until analysis. Protein concentrations of brain tissue 

homogenates were determined as described by Bradford (176). The protein expression levels of 

pro-inflammatory mediators in brain tissue homogenates were determined by using Quantikine® 

Rat Immunoassay Kits for TNF-α, IL-1β, and IL-6 (R&D Systems) and Rat MCP-1 

Immunoassay Kit (Biosource International, Camarillo, CA) following to the manufacturer’s 

protocols. TNF-α concentrations in cell culture supernatants were measured by using a Mouse 

TNF-α Quantikine® Immunoassay Kit (R&D Systems).  

 

3.3.6 Immunofluorescence Staining 

 

Frozen tissues were cut into 20-μm sections using a Microm HM 550 cryostat (MICROM 

International GmbH, Walldorf) and mounted on Superfrost/Plus microscope slides (Fisher 

Scientific, Pittsburgh, PA). Sections were fixed in 4% paraformaldehyde for 15 min at room 

temperature, rinsed with PBS three times for 5 min each, and incubated in 0.5 % Triton X-100 

for 15 min to permeabilize tissues for optimal staining. After washing with PBS three times, the 
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sections were then incubated with 3 % bovine serum albumin (BSA) in PBS for 1 h at room 

temperature to block non-specific binding of the antibodies, followed by incubation with the 

primary antibody, goat anti-TNF-α polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, 

CA) diluted 1/40 in 1.5 % BSA, overnight at 4 °C. Negative controls were prepared by 

incubation of tissue sections with non-immune goat serum (normal goat-IgG, Santa Cruz 

Biotechnology) instead of the primary antibody. Sections were washed three times 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.  Vectashield mounting medium (Vector 

Laboratories Inc, Burlingame, CA) was added to prevent fading, and the slides were sealed with 

a cover slip. The slides were examined on a Zeiss AXIO Imager A1m fluorescence microscope 

(Carl Zeiss MicroImaging, Inc., Thornwood, NY). Images were acquired with 10× objective by 

AxioCam MRc5 Digital Imaging System. Texas Red was assigned to the red channel of the 

generated RGB image. 

 

3.3.7 Electrophoretic Mobility Shift Assay (EMSA) 

 

Nuclear extracts from hippocampus of each rat brain were prepared according to the method 

of Beg et al. (177) with minor modification as described earlier (84). The tissues were 

homogenized in 1 ml of lysis buffer (10 mM Tris-HCl, pH 8.0, 60 mM KCl, 1 mM 

ethylenediaminetetraacetic acid (EDTA), 1 mM dithiothreitol, 100 μM phenylmethylsulfonyl 

fluoride, 0.1% NP-40), lysed for 5 min on ice, and centrifuged at 600 × g  for 4 min at 4°C to 

collect nuclei.  Then, the nuclear pellets were washed with 1 ml of lysis buffer without NP-40, 

lysed in 75 μl of nuclear extract buffer (20 mM Tris-HCl, pH 8.0, 420 mM NaCl, 1.5 mM 

MgCl2, 0.2 mM EDTA, 25 % glycerol) for 10 min on ice, and centrifuged at 18,300 × g for 15 

min at 4 °C.  Supernatants, which contain nuclear extracts, were frozen immediately on dry ice 

and transferred to -80 °C until analysis. Protein concentrations of isolated nuclear extracts were 

determined as described by Bradford (176). 

 

Double-stranded oligonucleotides containing the consensus sequences of the binding sites for 

pro-inflammatory transcription factors AP-1, NF-κB, or CREB were purchased from Promega 

(Madison, WI, USA) and labeled with [γ-32P]-ATP using bacteriophage T4 polynucleotide 
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kinase.  The reaction mixture consisted of 70 mM Tris-HCl, pH 7.6, 10 mM MgCl2, 5 mM 

dithiothreitol (DTT), 1.75 pmoles of double-stranded oligonucleotides, 30μCi of [γ-32P]-ATP 

(GE Healthcare Bio-Sciences, Piscataway, NJ, USA), and 20 units of T4 polynucleotide kinase 

(Promega) in a total volume of 20 μl.  The reaction was incubated for 1 h at 37 °C.  Following 

incubation, T4 polynucleotide kinase was inactivated by placing the tube for 10 min at 68 °C. 

Unlabeled nucleotides were removed by gel filtration chromatography using mini Quick Spin 

Oligo Columns (Roche Applied Science, Indianapolis, IN).   

 

Binding reactions were performed in a 20 μl volume containing 6-10 μg of nuclear protein 

extracts, 10 mM Tris-Cl, pH 7.5, 50 mM NaCl, 1 mM EDTA, 0.1 mM dithiothreitol, 10 % 

glycerol, and 2 μg of poly[dI-dC].  After adding the reagents, the mixture was incubated for 25 

min at room temperature.  Then, 40,000 cpm of 32P-labeled specific oligonucleotide probe was 

added, and the binding mixture was incubated for 25 min at room temperature.  Competition 

studies were performed by the addition of a molar excess of unlabeled oligonucleotide to the 

binding reaction.  Resultant protein-DNA complexes were electrophoresed on a non-denaturing 5 

% polyacrylamide gel using 0.25 × TBE buffer (50 mM Tris-Cl, 45 mM boric acid, 0.5 mM 

EDTA, pH 8.4) for 3 h at 150 V.   The gel was transferred to Whatman® 3MM paper, dried on a 

gel dryer, and exposed to a X-ray film overnight at -80 °C with an intensifying screen. All 

experiments were repeated using nuclear extracts from 4 rat hippocampi of each group and 

relative intensities of the bands corresponding to specific transcription factors were measured 

using UN-SCAN-IT gelTM image analysis software (Silk Scientific, Inc., Orem, UT).  The values 

of relative pixel intensity were subjected to statistical analyses. 

 

3.3.8 Statistical Analysis 

 

The statistical analysis of data was completed using SigmaStat 3.5 (SPSS Inc., 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. 
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3.4 Results 

 

3.4.1 Irradiation Up-regulates TNF-α  Expression in Rat Brain 

 

Quantitative real-time RT-PCR demonstrated a significant and marked increase in the mRNA 

expression levels of the pro-inflammatory cytokine, TNF-α, in hippocampus and cortex isolated 

from rat brains at 4, 8, and 24 h after a single dose of whole brain irradiation (Figure 3.1A). Up-

regulation of TNF-α mRNA expression reached maximal levels within 4 h after irradiation (15-

fold induction in hippocampus and 19-fold induction in cortex compared to the sham-irradiated 

control rats). Expression of GAPDH (a housekeeping gene), however, was not affected by 

irradiation (data not shown).  

 

The quantitative sandwich enzyme immunoassay technique was employed to determine 

whether irradiation-mediated increases in TNF-α mRNA levels translate to elevated protein 

expression in hippocampal and cortical regions isolated from rat brains. As indicated in Figure 

3.1B, very low expression levels of TNF-α protein were found in sham-irradiated control rats 

(3.6 pg/mg protein in hippocampus and 4.4 pg/mg protein in cortex). However, consistent with 

the gene expression data (Figure 3.1A), brain irradiation resulted in a significant and marked 

increase in TNF-α protein expression in hippocampus and cortex at 4 h (23 and 30 fold), 8 h (8.3 

and 13 fold) and 24 h (3.6 and 4.1 fold) after irradiation (Figure 3.1B).  TNF-α levels were 

significantly elevated in cortex compared to hippocampus at 4 h and 8 h post-irradiation. In 

addition, the irradiation-mediated overexpression of TNF-α protein in rat brain was further 

confirmed by immunofluorescence staining. As shown in Figure 3.1C, no immunoreactivity of 

TNF-α protein was detected in sham-irradiated control rat brains. Α marked increase in TNF-

α immunoreactivity, however,  was observed in rat brains at 4, 8, and 24 h after irradiation 

(Figure 3.1D-3.1F).  In agreement with the results from ELISA (Figure 3.1B), the maximal 

immunoreactivity of TNF-α protein was formed 4 h after irradiation and maintained at a high 

level 8 h after irradiation. The TNF-α immunoreactivity was then decreased 24 h after irradiation. 

In contrast, negative control experiments did not show any positive staining for TNF-α protein at 

all studied time points (Figure 3.1G-3.1J). 
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3.4.2 Irradiation Up-regulates TNF-α Expression in Microglia  

 

To investigate the potential contribution of microglia to the induction of TNF-α expression in 

the brain after irradiation, BV-2, murine microglial cells, were exposed directly to a single dose 

of 10Gy or sham-irradiation and maintained for 4 and 24 h post-irradiation. The mRNA and 

protein expression levels of TNF-α were analyzed by real-time RT-PCR and ELISA. A 

significant up-regulation of mRNA and protein expression of TNF-α was observed in microglia 

at 4 and 24 h after irradiation compared with those determined in sham-irradiated control cells 

(Figure 3.2). 
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3.4.3 Irradiation Up-regulates Expression of IL-1β and MCP-1 in Rat Brain 

 

The effects of irradiation on mRNA and protein expression of IL-1β, IL-6, and MCP-1 were 

also investigated in rat brain. Figure 3.3A demonstrates that mRNA expression levels of the pro-

inflammatory cytokine IL-1β were significantly higher in both hippocampal and cortical regions 

of irradiated rats compared to those of sham-irradiated controls at any time point. The greatest 

response was detected at 4 h after irradiation in hippocampus (a 20-fold induction) and 8 h after 

irradiation in cortex (a 19-fold induction). Significantly higher expression levels of IL-1β protein 

that remained for up to 24 h after irradiation were also observed in hippocampal and cortical 

regions isolated from irradiated rat brains (Figure 3.3B). IL-1β levels were markedly elevated in 

hippocampus compared to cortical samples. In addition, irradiation significantly up-regulated 

mRNA expression of another pro-inflammatory cytokine IL-6 in rat brain while an increased IL-

6 mRNA expression was not translated to actual changes in protein levels (Figure 3.4). 

Furthermore, irradiation significantly and dramatically up-regulated mRNA expression of the 

pro-inflammatory chemokine MCP-1 in rat brain. The mRNA levels of MCP-1 in hippocampus 

and cortex were increased by 395- and 581-fold at 4 h, 252- and 347-fold at 8 h, and 11- and 22-

fold at 24 h after irradiation (Figure 3.5A). Furthermore, expression levels of MCP-1 protein at 4 

h and 8 h after irradiation were significantly greater in hippocampus and cortex than those of 

sham-irradiated control rat brains (Figure 3.5B).  
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3.4.4 Irradiation Activates Pro-Inflammatory Transcription Factors in Rat Brain  

 

To elucidate the molecular mechanisms of irradiation-induced brain inflammation, the effects 

of irradiation on the DNA-binding activity of pro-inflammatory transcription factors in rat brain 

were examined by a series of EMSAs.  These analyses were performed on nuclear protein 

extracts from hippocampal regions isolated from either irradiated rat brains or sham-irradiated 

controls. The effects of irradiation on the DNA-binding activity of AP-1 in rat brain are shown in 

Figure 3.6. A slight endogenous activity of AP-1 was observed in sham-irradiated control rat 

brains. In contrast, a significant increase in AP-1 DNA-binding activity was detected in 

irradiated rat brains (Figure 3.6A). AP-1 activation increased by 2.5-fold at 4 h and 2.8-fold at 8 

h after irradiation compared to the sham-irradiated control rats and returned to the control levels 

at 24 h after irradiation (Figure 3.6B). The specificity of AP-1 DNA-binding was determined by 

competition experiments with molar excess of unlabeled oligonucleotide containing the 

consensus AP-1 binding sequence. As depicted in Figure 3.6A (lane 6), an excess amount of 

competitor oligonucleotide completely abolished the AP-1 DNA-binding activity.  

 

In addition to AP-1, the effects of irradiation on other pro-inflammatory transcription factors, 

including NF-κB and CREB, were studied. As illustrated in Figure 3.7 and 3.8, a prominent and 

significant stimulation of DNA-binding activities of NF-κB (3.3-fold increase) and CREB (2.0-

fold increase) was observed 4 h after irradiation. This activation was maintained at a high level 8 

h after irradiation, and no activation of NF-κB and CREB was detected 24 h after irradiation. 

The molar excess of each unlabeled oligonucleotide probe completely diminished the specific 

band that corresponded to either NF-κB (Figure 3.7A, lane 6) or CREB DNA-binding (Figure 

3.8A, lane 6). 
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3.5 Discussion 
 

Recent evidence has identified inflammation as one of the important pathways leading to 

radiation-induced brain injury (5-9). These early studies raise the possibility that a pro-

inflammatory environment resulting from overexpression of inflammatory mediators may be 

responsible for many of the neurological/neuropathological complications occurring after 

irradiation (e.g., vascular rarefaction, necrosis, demyelination, vascular abnormality) (1-3, 60). 

However, subsequent studies on the effects of irradiation on pro-inflammatory pathways in the 

brain are limited by the absence of a clear time course for cytokine induction, incomplete 

analyses of gene and protein expression and/or lack of regional specificity that may contribute to 

selective biochemical pathways to neurodegeneration. In the present study, we demonstrate that 

irradiation activates AP-1, NF-κB, and CREB and overexpression of TNF-α, IL-1β, and MCP-1 

throughout the rat brain. Nevertheless, the time course for induction and maximal response were 

regionally specific with hippocampus exhibiting higher levels of IL-1β and cortex exhibiting 

elevated levels of TNF-α. Our results are consistent with the conclusion that elevated levels of 

specific cytokines and chemokines within each brain region are unique and may contribute to 

specific pathways for the decline in tissue function after whole brain irradiation. 

 

In general, a cascade of inflammatory events is regulated through the production of pro-

inflammatory mediators. Enhanced expression of pro-inflammatory cytokines, chemokines, and 

adhesion molecules, and their close interactions facilitate pro-inflammatory pathways by 

recruiting and transmigrating inflammatory cells from blood to tissues (74-76). Several previous 

in vivo and in vitro studies have demonstrated that TNF-α and IL-1β are the most important pro-

inflammatory cytokines that exert a central role in acute and chronic inflammation. It is well 

known that TNF-α and IL-1β strongly promote inflammatory responses in a wide spectrum of 

cell types, and overproduction of these cytokines has been implicated in a variety of human 

diseases including atherosclerosis, autoimmune disorders, and cancer (77, 78). In addition, there 

are several reports demonstrating that overexpression of TNF-α and IL-1β genes may be 

associated with the molecular responses of the brain to irradiation. Whole brain irradiation 

significantly up-regulated TNF-α gene expression in the mouse brain (7). Additionally, increased 
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levels of TNF-α and IL-1β gene expression were observed as an initial response of the mouse 

and rat brains to brain irradiation (5) and partial-body irradiation (178).  Furthermore, Chiang et 

al. (6) reported that TNF-α mRNA was overexpressed 6 months after brain irradiation, 

suggesting that TNF-α may be involved in the late brain responses to irradiation. Up-regulation 

of TNF-α and IL-1β expression was also found in lung and intestine after irradiation (98, 179, 

180). Despite the reports of increased gene expression, levels of TNF-α and IL-1β protein levels 

have not been reported. Importantly, the present study demonstrated for the first time a marked 

and significant increase in gene and protein expression of TNF-α and IL-1β in rat brain after 

whole brain irradiation and determined their specific time-courses. Since TNF-α and IL-1β are 

recognized as the crucial mediators of inflammatory events in brain, irradiation-mediated 

overexpression of these cytokines is likely to be an important contributing factor in the 

pathophysiological sequelae that occurs after whole brain irradiation. 

 

The potential contribution of specific types of cells to the overexpression of pro-

inflammatory mediators in the brain after irradiation, however, remains unclear. Microglia are 

the primary immune cells in the brain that release pro-inflammatory cytokines when they are 

activated by various environmental stimuli (181).  Therefore, we performed an in vitro study to 

further examine the role of microglia in irradiation-induced TNF-α expression in brain. The 

results of this analysis indicate a significant up-regulation of the mRNA and protein expression 

of TNF-α in irradiated microglia suggesting that irradiation-induced pro-inflammatory 

environments in the brain may be, at least in part, mediated through activation of microglia.   

 

IL-6 is another multifunctional pro-inflammatory cytokine that plays a major role in the 

mediation of the inflammatory and immune responses initiated by infection or injury (79). 

Recent studies have suggested that elevated levels of IL-6 mRNA and protein expression may be 

responsible for the radiation-induced inflammation in the intestine and whole brain (178-180). 

Additionally, both total-body and localized irradiation resulted in a small but significant increase 

in IL-6 levels in serum from rat blood (99). Consistent with the previous studies, irradiation 

significantly up-regulated mRNA expression of IL-6 in rat brain, however, we did not find that 

increased IL-6 gene expression translated to actual changes in protein levels. Potentially, this 

translational block or delay may be due to different protein expression kinetics for pro-
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inflammatory cytokines in response to irradiation. Linard et al. (179) demonstrated that no 

change in IL-6 protein expression was observed in rat ileal muscularis layer at 6 h after 

abdominal irradiation, while the IL-6 content increased significantly 3 days after irradiation. The 

potential biochemical mechanism(s) for the delayed protein expression of IL-6 in response to 

irradiation remain to be determined. 

 

In addition to pro-inflammatory cytokines, chemokines are known to directly promote 

inflammatory responses.  MCP-1 is a member of the CC chemokine family and has a critical role 

in monocyte chemotaxis and transmigration (80). Although recent evidence indicates that 

irradiation induces dermatitis and fibrosis in skin and lung by elevating the levels of MCP-1 (100, 

182), the molecular basis for the induction of this chemokine in irradiated brain has not yet been 

elucidated. Therefore, the results of the present study showing that irradiation significantly 

induced mRNA and protein expression of MCP-1 in hippocampus and cortex appear to be the 

first to document the stimulatory effects of irradiation on MCP-1 expression in the brain.  

Whether the irradiation-induced increase in MCP-1 results in fibrotic changes within the brain 

and contributes to neuropathology remains unknown. 

 

Activation of AP-1 and NF-κB is considered to be a part of the general regulation of a 

number of pro-inflammatory gene expressions in response to various extracellular stimuli (85-

89). Evidence indicates that irradiation can cause an increase in AP-1 and/or NF-κB DNA-

binding activity in several different types of cells including A549 lung epithelial cells, HeLa 

cells, KG-1 myeloid leukemia cells, astrocytes, and glioblastoma cells (183-187). Additionally, 

both whole-body and abdominal irradiation increased inflammatory gene expression and 

activated NF-κB in rat intestine (96, 179, 180). It was also reported that exposure of mice to 

total-body irradiation selectively activated NF-κB in the spleen, lymph nodes, and bone marrow, 

and subsequently increased mRNA expression of TNF-α, IL-1α, IL-1β, and IL-6 (188).  

Furthermore, enhanced DNA-binding activities of AP-1 and NF-κB were found in the cerebral 

cortex collected from rat brains after whole brain irradiation (189). In agreement with these in 

vivo and in vitro studies, the present study further demonstrated a significant activation of AP-1 

and NF-κB in rat hippocampus after irradiation. Recent evidence has also suggested that not only 

AP-1 and NF-κB but also CREB may belong to the family of transcription factors that play an 
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important role in the expression of pro-inflammatory mediators (190, 191). There are, however, 

no reports showing effects of irradiation on CREB activity in brain.  Therefore, in the present 

study, DNA-binding activity of CREB was examined. To our knowledge, this is the first report 

to demonstrate that activation of CREB may be involved in irradiation-mediated cellular effects 

in the brain. Although these results provide evidence that activation of AP-1, NF-κB, and CREB 

may be responsible for irradiation-induced overexpression of pro-inflammatory mediators in 

brain, detailed signal transduction pathways leading to activation of these transcription factors in 

response to irradiation remain to be determined. In addition, it is necessary to find out whether 

radiation-mediated early inflammatory responses observed in the present study have a causal 

relationship with delayed injury to the brain. 

 

3.6 Conclusions 
 

The present study demonstrated that irradiation induces pro-inflammatory environments 

through activation of AP-1, NF-κB, and CREB and overexpression of inflammatory mediators 

throughout the brain but that the absolute levels of each cytokine and chemokine are unique to 

each brain region. Because brain inflammation is critically involved in the onset and progression 

of neurological disorders, these results may contribute to a deeper understanding of the 

pathophysiological mechanisms responsible for radiation-induced brain injury at the cellular and 

molecular levels. Furthermore, the present study may provide a foundation for the development 

of novel strategies for prevention and treatment of irradiation-induced brain injury specifically 

targeted against pro-inflammatory pathways. 
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CONSTRUCTION OF A NONLINEAR DYNAMIC MODEL OF 

RADIATION-INDUCED TNF-α EXPRESSION IN BRAIN 
 

4.1 Abstract 
 

Purpose: Mathematical models provide a useful conceptual framework for interpreting data and 

gaining insights into the static and dynamic behaviors of complex biological system such as gene 

regulatory networks.  In the present study, we constructed a mathematical model describing 

radiation-induced mRNA and protein expression kinetics of tumor necrosis factor-α (TNF-α) in 

the hippocampus by modifying a nonlinear model based on reaction kinetics.  

 

Materials and methods: A mathematical model describing radiation-induced mRNA and protein 

expression kinetics of TNF-α in the hippocampus was constructed by modifying a nonlinear 

model consisting of ordinary differential equations (ODEs) based on reaction kinetics.  As a 

regulation function, a positive Hill curve function was used. To estimate four unknown model 

parameters, experimental data measured in rat hippocampus and Matlab’s “fminsearch” 

command were employed. The model was simulated using the command “ODE113” in Matlab. 

Additionally, values between model predictions and measured protein expression levels of TNF-

 α were compared to confirm the accuracy of the model.   

 

Results: Unknown parameters in the modified model were optimized with experimental data for 

the hippocampus. However, the model did not closely fit the data for TNF-α mRNA and protein 

levels at 4 and 8 h. This suggests that an additional factor is regulating TNF-α mRNA 

transcription. 

 

Conclusion: We modified the proposed nonlinear model based on reaction kinetics and 

reconstructed the model in time series experimental data of binding activity of transcription 

factor, mRNA expression, and protein expression in hippocampus following irradiation. 

 

Key words: Mathematical model; reaction kinetic; TNF-α; ODEs; parameter estimation  
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4.2 Introduction 
 

The classic view of the central dogma of molecular biology indicates that genetic information 

is stored in DNA, transcribed to messenger RNA (mRNA), and translated into proteins. Proteins 

play an essential role in the development and function of organisms. For example, they may 

function as enzymes, receptors responding to extracellular signals, or transcription factors 

regulating gene expression. Although nearly all cells in an organism contain the same DNA, 

there are fundamental differences between cell types, such as where, when, and which genes are 

expressed in the organism.  In addition, multiple interactions of gene products are involved in 

molecular pathways of various diseases. Therefore, understanding the factors responsible for the 

gene regulation is critical to understand general biological systems and to develop new strategies 

for the prevention and treatment of diseases.  

 

Gene expression refers to the process by which cells synthesize proteins from the information 

encoded in a gene. Several stages are involved in regulating the gene expression process, 

including transcription, translation, and post-translational modification of proteins (162, 163). 

During these stages, gene expression is controlled by regulatory molecules such as any of the 

intermediate products (RNA, polypeptides, or proteins), suggesting a network of gene regulation. 

Genetic regulatory networks (GRNs) consist of regulatory interactions among DNA, RNA, 

protein, and other molecules. They play an important role in the evolution and development of 

biological systems (164). However, numerous challenges have been reported in the area of 

modeling and simulating GRNs. For example, there are limited amounts of experimental data 

due to high levels of noise, limited data size from the cost of experiments, and the complexity of 

gene regulatory process (165). Despite many difficulties to reconstruct GRNs, various 

mathematical models have been proposed to understand the behavior of the networks being 

modeled and make predictions corresponding with experimental observations (10, 11).     

 

In general, mathematical models can be categorized into two types: Boolean network based 

models (166, 167) and a dynamic system approach using ordinary differential equations (ODEs) 

(168, 169).  The Boolean method simply describes the state of a gene as binary on/off switches 

and uses Boolean logical rules to approximate the regulatory control of gene expression, 
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functioning in discrete time steps. This method, however, possesses a disadvantage in expressing 

continuous aspects of gene regulation occurring in the cell environment. The dynamic system 

approach using ODEs is the most prominent method to analyze the genetic regulatory system. In 

ODEs, each state describes the concentrations of mRNA or protein and changes of each state are 

assumed to be continuous and deterministic; therefore, this method provides more extensive 

mathematical interpretations and greater physical accuracy for biological pathways than the 

Boolean approach (170).  

 

In Chapter 3, we demonstrated that irradiation significantly up-regulates mRNA and protein 

expression of pro-inflammatory mediators including TNF-α in rat brain and activation of 

transcription factors such as NF-κB may be responsible for radiation-induced overexpression of 

pro-inflammatory mediators (171). In the present study, we constructed a mathematical model 

describing radiation-induced mRNA and protein expression kinetics of TNF-α in the 

hippocampus by modifying the nonlinear model consisting of ordinary differential equations 

based on reaction kinetics (12).   

 

4.3 Methods 
 

4.3.1 Modified Ordinary Differential Equation Model 

 

In a reaction kinetic model, the expression of mRNA, protein, or small metabolites changes 

over time (12). The expression at any given time is described by the balance between its rate of 

synthesis and rate of degradation. In a previous report, Goodwin (192) developed a simple 

kinetic model for a genetic regulation process by employing the following set of differential 

equations proposed by Tyson and Othmer (12).  

 

  ,   0,                       

                 Equation [1] 

  ,   ,   0,       1         
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In Equation [1], x1 is the mRNA concentration for a particular gene and xi is the protein or the 

metabolite concentration. The parameters κ1n, κ21,…, κn,n-1 > 0 are production rate constants 

and γ1,...,γn > 0 are degradation rate constants. In the case of x1, the synthesis term includes a 

nonlinear regulation function r(xn). The function r(xn) embodies either activation or repression 

of xn synthesis.  
 

In general, gene expression is regulated at the transcriptional level through activation of some 

outside signals such as transcription factors. Therefore, in the present study, the function r(xn) 
was replaced with the function , where an increase in concentration of transcription 

factor [TF] will activate or repress the transcription rate of x1. A kinetic model of a genetic 

regulation process used in the present study is shown in Figure 4.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The genetic regulatory system modeled by reaction kinetic can be expressed as the following set 

of ODEs.   

 

  TF  γ    ,    0                                Equation [2-a] 
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     γ , ,,     0                                 Equation [2-b] 

 

where the variables (x1 and x2) and [TF] are functions of time t, while the parameters (κ1, κ2, γ1, 

and γ2) are constants.  They are defined as follows: 

 

 mRNA concentration 

 protein concentration 

,  > 0, production rate constants of mRNA and protein, respectively 

,  > 0, degradation rate constants of mRNA and protein, respectively 

     TF  = the corresponding regulation function 

 

As shown in Equation [2], the description of mRNA and protein kinetic involves the synthesis 

and degradation of molecules per unit time. Specifically, transcription is governed by the 

transcription rate TF  where is the mRNA synthesis rate. Each mRNA is translated into 

protein at a rate   per mRNA molecule. In addition, mRNA and proteins are constantly being 

degraded at a rate  and  , respectively.  As a regulation function, a Hill curve function which 

formulates relative intensity of gene regulation was used. A Hill curve has been recently 

employed to model the transcription factor binding/unbinding to the promoter region at 

equilibrium (45, 193).  In Equation [2], TF   is the relative promoter activity as a function of 

the TF concentration [TF]. In Chapter 3, transcription factor NF-κB acts as an activator in TNF-

α mRNA expression suggesting that the transcription rate increases as the concentration of 

transcription factor [TF] increases. Thus, we choose TF  to be an increasing function, i.e. 

TF
 > 0 and the corresponding regulation function TF  can be written as follows: 

 

         TF TF
TF

 ,   m > 0,  > 0                                                 Equation [3] 

 

where m is the degree of regulation (a steepness parameter) and threshold  is related to the 

reaction rate. The function ranges from 0 to 1, increases with [TF], approaches 1 as [TF]  ∞, 

and increases the expression rate (activation). A value for m was chosen based on the 
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physiological ranges of the model parameters (194, 195). Hill coefficient m = 2 and threshold 

parameter θ = 3 were used based on the previous report in reconstructing nonlinear dynamic 

models of gene regulation (Figure 4.2A)(165).   

 

In this study, experimental data for [TF] were available only at times 0, 4, 8, and 24 h. In order to 

obtain time continuous [TF] data, the 3rd order polynominal equation for [TF] was developed by 

using the polyfit Matlab command (Figure 4.2B).  

 

Experimental data of mRNA (x1) and protein concentrations (x2) of TNF-α, and NF-κB 

binding activity [TF] in the hippocampus at 0, 4, 8, 24 h after irradiation are given in Table 4.1. 

Values for x1, x2, and [TF] at 4, 8, 24 h post-irradiation were normalized by the values at 0 h post-

irradiation (control group), respectively.  
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4.3.2 Parameter Estimation of ODE Systems 

 

In Equation [2], there were four unknown parameters: κ1, κ2, γ1, and γ2. Four measured 

values at 0, 4, 8, and 24 h were available to estimate these unknown parameters. Therefore, 

optimized parameters were obtained by using the Matlab command “fminsearch.” This command 

is often used for parameter estimation in the dynamic system when constraints for unknown 

parameters are not provided. In this study, this command estimated the unknown parameters by 

minimizing the objective function J (Equation [4]) which is the summation of the squared error 

between predicted values by the model with changing unknown parameter values and the 

experimental data points. The mRNA and protein expression of TNF-α data were then compared 

with predicted values.    

    

   
( ) ( ) ( ) ( ){ }4 2 2

model expt model expt
1 1 2 2

1
i i i i

i
J x x x x

=

⎡ ⎤ ⎡ ⎤= − + −⎣ ⎦ ⎣ ⎦∑
         Equation [4] 

 

where subscript 1 and 2 state mRNA and protein, respectively; xmodel is a value predicted by the 

modified model and xexpt is the measured value at time point ti; i = 1, 2, 3, 4; ti = 0, 4, 8, 24 h. 

 

4.3.3 Algorithm 

 

 In the present study, we first estimated four unknown parameters and then predicted x2 

values based on obtained parameters. This work was performed by following steps.   

 

Step 1. Initial conditions for κ1, κ2, γ1, and γ2 were arbitrarily selected to give a starting point for 

calculation.  

Step 2. These values were used to calculate x1 and x2 values in the model by employing the 

Matlab command “ODE113” to solve non-stiff differential equations. 

Step 3. The objective function J was calculated using predicted values for x1 and x2 and   

experimental data for x1 and x2 in the hippocampus at times 0, 4, 8, and 24 h.  
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Step 4. Values for κ1, κ2, γ1, and γ2 were changed by an algorithm of the Matlab command 

“fminsearch”. Then Step 2 and Step 3 were performed iteratively until it finds 

optimized values for the unknown parameters to minimize J.  

Step  5. Optimized parameters, κ1, κ2, γ1, and γ2, were identified by Step 2-4.   

Step  6. Solution for x2 was found by solving the Equation [2-b].  

Step 7. x2 values were predicted by using solution from Step 6 with estimated κ2 and γ2, and  

measured cortex x1 data at times 0, 4, 8, and 24 h. 

 

4.4 Results and Discussion  
 

4.4.1 Parameter Estimation 

 

Estimated synthesis and degradation rates were shown in Table 4.2.  

 

 

 

 

 

 

Experimental data of TNF-α mRNA and protein expression in rat hippocampus after a single 

dose of 10 Gy are shown as “o” in Figure 4.3. Simulated results of Equation [2] with estimated 

parameters (solid line) show the time series of mRNA concentration x1 and protein concentration 

x2 in the hippocampus within 24 h post-irradiation. In this study, the number of measured data 

points, four, is too small to estimate optimized parameters accurately. The use of a small number 

of data leads to multiple optimized local parameters at different initial conditions. In other words, 

the optimization algorithm is very sensitive to the initial conditions of parameters. Therefore, in 

order to have a stable and accurate parameter estimation, a higher number of data points is 

necessary. In addition, preliminary simulation results showed that estimated values for κ2, γ1, and 

γ2 were smaller than 10 (h-1). According to the simulation results, initial conditions for these 
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parameters were set as 1 and not changed through simulations, while the value for κ1 in the initial 

condition was changed to reduce test cases. The transcription rate κ1 was varied from 1 to 130 by 

steps of 10 in this study.  One of the optimized results is shown in Figure 4.3. 

 

 

4.4.2 Limitation of Model 

 

Qualitatively, the curves shown in Figure 4.3 match the experimentally measured transient 

increases in TNF-α mRNA and protein.  However, the model predicts that both of these transient 

effects should be maximal at around 7 h, whereas the experimental data appears to reach a 

maximum before 5 h.  This discrepancy reflects either the accuracy of the data or of the model.  

The experimental data (Table 4.1) suggests that [TF] reaches a maximum after TNF-α mRNA 

and protein concentrations are decreasing.  In contrast, the model is built on the assumption that 

[TF] stimulates x1, which in turn stimulates x2 (Figure 4.1).  Therefore, the model requires that 

[TF] (Figure 4.2A) is maximal before x1 (Figure 4.3A), and that x1 must be maximal before x2 

(Figure 4.3B). Thus, a weakness of the model may be the TNF-α mRNA regulation by NF-kB.  

Indeed, other factors, such as suppressors of cytokine signaling (SOCS)-1 and SOCS-3 

(repressors for NF-κB signal) may be involved in down-regulating TNF-α mRNA (196, 197) 
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(Figure 4.4). These may explain the result showing an increased TNF-α expression in response 

to irradiation was decreased at 8 h post-irradiation, even though NF-κB maximum activity was 

observed 8 h irradiation.  

 

 

4.5 Conclusion 
 

We modified the proposed nonlinear model  based on reaction kinetics and reconstructed the 

model in time series experimental data of binding activity of transcription factor, mRNA 

expression, and protein expression in hippocampus following irradiation. However, more case 

studies with increased data points and addition of a negative feedback loop (Figure 4.4) are 

necessary to develop more accurate models. In addition, the nonlinear model validation can be 

also made using experimental data in different brain region (cortex) proposed in Chapter 3.  
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CHAPTER 5:  

 

AGING ATTENUATES RADIATION-INDUCED EXPRESSION 

OF PRO-INFLAMMATORY MEDIATORS IN RAT BRAIN 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Reprinted from Lee WH, Sonntag WE, Lee YW. Neuroscience Letters, 476:89-93 (2010), with 
permission from Elsevier (198).  
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AGING ATTENUATES RADIATION-INDUCED EXPRESSION OF PRO-

INFLAMMATORY MEDIATORS IN RAT BRAIN 
 

5.1  Abstract  
 

Purpose: The present study was designed to examine the effect of aging on radiation-induced 

expression of pro-inflammatory mediators in rat brain.   

 

Materials and methods: Male F344×BN rats (4, 16, and 24 months of age) received either whole 

brain irradiation with a single dose of 10Gy γ-rays or sham-irradiation, and were maintained for 

4, 8, and 24 h post-irradiation. The mRNA expression levels of various pro-inflammatory 

mediators such as cytokines, adhesion molecules, chemokine, and matrix metalloproteinase were 

analyzed by quantitative real-time reverse transcription-polymerase chain reaction (RT-PCR).  

 

Results: The acute inflammatory responses to irradiation, including overexpression of tumor 

necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), intercellular adhesion 

molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), E-selectin, monocyte 

chemoattractant protein-1 (MCP-1), and matrix metalloproteinase-9 (MMP-9) were markedly 

attenuated in the hippocampus of middle-aged and old rats compared with young groups.  

Specifically, a significant age-dependent decrease in TNF-α expression was detected 8 and 24 h 

after irradiation and a similar age-related attenuation was observed in IL-1β, ICAM-1, and 

VCAM-1 expression 4 and 8 h post-irradiation. MCP-1 expression was reduced 4 h post-

irradiation and MMP-9 expression at 8 h post-irradiation.   

 

Conclusion: These results provide evidence for the first time that radiation-induced pro-

inflammatory responses in the brain are suppressed in aged animals.   

 

Key words: Aging; pro-inflammatory mediators; brain inflammation; whole brain irradiation   
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5.2  Introduction 
 

It is well documented that an impaired immune response is associated with aging. Gon et al. 

(110) demonstrated that the serum concentrations of pro-inflammatory cytokines including TNF-

α and IL-1β were significantly lower in elderly patients with pneumonia compared with those in 

young patients. They also found that peripheral blood monocytes from healthy normal elderly 

subjects produced less amounts of these cytokines than those from healthy normal young 

subjects in response to lipopolysaccharide (LPS) stimulation (110). In addition, IL-1 production 

by LPS-stimulated co-cultures of peritoneal macrophages and splenic T cells from old mice were 

markedly reduced when compared with cells of young mice (111) and TNF-α-induced MMP-9 

expression was decreased in aortic smooth muscle cells derived from old mice (112).  Finally, 

mononuclear cells from elderly patients displayed a marked decrease in mitogen-stimulated 

production of interferon-γ (IFN- γ) and IL-2 (113). These studies provide evidence that an age-

dependent impairment of immune response results in diminished inflammatory responses to 

extracellular stimuli. 

 

Radiation therapy has been commonly used for the treatment of brain tumors. About 200,000 

individuals are treated with partial large field or whole brain irradiation every year in the US 

(199).  The prevailing evidence suggests that aging is an important prognostic factor in 

determining the response of brain tumors to radiation therapy (114).  Previous clinical studies 

showed that the use of high dose radiation therapy for brain tumors resulted in significantly 

lower survival rates for patients older than 70 years of age compared with those for patients aged 

70 and younger (115, 116). In addition, Rosenblum et al. (117) reported that stem cells obtained 

from patients over the age of 50 with brain tumors were less sensitive to radiation than those 

from patients 50 years old or younger. Although the mechanisms for this effect have not been 

established, these studies clearly demonstrate that aging exerts a profound effect on the efficacy 

of radiation therapy for treatment of brain tumors.   

 

It has been suggested that acute inflammatory responses in cancer patients undergoing 

radiation therapy may have beneficial effects. Indeed, a number of previous studies have 

demonstrated that an enhanced production of pro-inflammatory cytokines in response to 
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radiation is a necessary component of normal tissue repair processes (13, 14). Although it is 

generally accepted that the immune responses and the effectiveness of radiation therapy decline 

with age, the association among aging, inflammation, and radiation therapy remains to be further 

investigated.  Therefore, the present study was designed to examine the effect of age on 

radiation-induced expression of pro-inflammatory mediators, including several cytokines (e.g., 

TNF-α, IL-1β, and IL-6), adhesion molecules (e.g., E-selectin, ICAM-1, and VCAM-1), the 

chemokine MCP-1, and MMP-9 in rat brain.    

 

5.3  Materials and Methods 

 
5.3.1 Animals  

 

      Male young (4 months of age), middle-aged (16 months of age), and old (24 months of age) 

F344×BN rats were obtained from the NIA colony at Harlan Laboratories, Inc. (Indianapolis, 

IN). Animals were housed on a 12/12 light-dark cycle with food and water provided ad libitum.  

Animal experiments were carried out in accordance with the National Institute of Health Guide 

for the Care and Use of Laboratory Animals (NIH Publications No. 80-23 revised 1996) and 

adequate measures were taken to minimize pain or discomfort.  All studies were approved by the 

Institutional Animal Care and Use Committee. 

 

5.3.2 Irradiation 

 

Whole brain irradiation procedures were carried out as described previously with minor 

modifications (171). Briefly, rats were anesthetized with a ketamine/xylazine mixture (80/12 

mg/kg body weight) and received either whole brain irradiation with a single dose of 10Gy γ-

rays or sham-irradiation. Whole brain irradiation was performed in a 137Cs irradiator using lead 

and Cerrobend shielding devices to collimate the beam so that the whole rat brain, including the 

brain stem, was irradiated. Control rats were anesthetized but not irradiated. The animals were 

maintained for 4, 8, and 24 h post-irradiation. The brains were rapidly removed and the 

hippocampus was dissected, immediately frozen in liquid nitrogen, and stored at -80 °C until 

analysis. 
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5.3.3 Real-Time Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 

 

Quantitative real-time RT-PCR was employed for gene expression analyses (171). Total 

RNA was isolated and reverse transcribed. Amplification of individual genes was performed on 

the Applied Biosystems 7300 System using TaqMan® Universal PCR Master Mix and a 

standard thermal cycler protocol. TaqMan® Gene Expression Assay Reagents for rat TNF-α, IL-

1β, IL-6, ICAM-1, VCAM-1, E-selectin, MCP-1, MMP-9, and GAPDH (housekeeping gene) 

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. 

 

5.3.4 Statistical Analysis 

 

The statistical analysis of data was completed using SigmaStat 3.5 (SPSS Inc., 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. 

 

5.4  Results 

 
5.4.1 The Effect of Aging on Radiation-Induced Expression of the Pro-Inflammatory Cytokines 

in Rat Brain 

 

 A single dose of whole brain irradiation dramatically increased mRNA expression levels of 

TNF-α (Figure 5.1A), IL-1β (Figure 5.1B), and IL-6 (Figure 5.1C) in hippocampus collected 

from rat brains for all age groups compared to their sham irradiated controls. However, in 

response to radiation induction of TNF-α and IL-6 was markedly attenuated at all time points in 

middle-aged and old rats compared with young animals. A significant age-dependent attenuation 

of TNF-α expression was detected in rat brains 8 h after irradiation (young rats, 9.1-fold 

induction; middle-aged rats, 3.3-fold induction; and old rats, 2.3-fold induction) and 24 h after 

irradiation (young rats, 1.8-fold induction; middle-aged rats, 1.1-fold induction; and old rats, 0.5-
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fold induction).  A similar age-dependent decrease in IL-1β expression in response to irradiation 

was observed 4 and 8 h after irradiation while the influence of age was not significant at the 24 h 

time point.        
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5.4.2 The Effect of Aging on Radiation-Induced Expression of the Adhesion Molecules in Rat 

Brain  

 

A significant up-regulation of ICAM-1 (Figure. 5.2A), VCAM-1 (Figure. 5.2B), and E-

selectin (Figure. 5.2C) mRNA expression was observed 4 and 8 h after irradiation in all age-

groups compared with age-matched sham-irradiated controls.  In contrast, expression levels of 

these adhesion molecules 4 and 8 h after irradiation were profoundly lower in middle-aged and 

old rats than those in young groups. A significant age-dependent attenuation of ICAM-1 and 

VCAM-1 expression was observed 4 h after irradiation (young rats, 21-fold induction; middle-

aged rats, 14-fold induction; and old rats, 8.2-fold induction) and 8 h after irradiation (young rats, 

2.6-fold induction; middle-aged rats, 2.2-fold induction; and old rats, 1.6-fold induction), 

respectively. 

 

5.4.3 The Effect of Aging on Radiation-Induced Expression of the Chemokine in Rat Brain  

 

Radiation resulted in a significant and dramatic up-regulation of MCP-1 mRNA expression 

in hippocampus in all age-groups compared with their age-matched sham-irradiated controls 

(Figure. 5.3). Aging attenuated radiation-induced MCP-1 expression in brain at all age time 

points studied.  A significant age-dependent impairment in MCP-1 expression was detected in rat 

brains 4 h after irradiation (young rats, 391-fold induction; middle-aged rats, 169-fold induction; 

and old rats, 98-fold induction).    
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5.4.4 The Effect of Aging on Radiation-Induced Expression of MMP-9 in Rat Brain 

  

Irradiation significantly up-regulated MMP-9 mRNA expression for all age groups 8 h after 

irradiation compared with their age-matched sham-irradiated controls (Figure. 5.4). Previous in 

vitro and in vivo data demonstrated that irradiation increases mRNA expression and gelatinolytic 

activity of MMP-9 in brain (143, 200). Our recent in situ zymography result also showed strong 

gelatinolytic activity in rat brains after irradiation (unpublished data). These studies suggest that 

radiation-induced MMP-9 mRNA expression is consistent with the increase in MMP-9 activity 

in brain. Regardless of age, MMP-9 expression levels were not significantly different between 

sham and irradiated rat brains 4 and 24 h after irradiation. However, there was a significant age-

dependent attenuation of radiation-induced MMP-9 expression in rat brains 8 h after irradiation 

(young rats, 2.4-fold induction; middle-aged rats, 1.6-fold induction; and old rats, 1.3-fold 

induction). Interestingly, the mRNA expression pattern of MMP-9 is different from those of the 

other genes investigated in the present study. Since pro-inflammatory cytokines are known to up-

regulate MMP-9 expression (201), it is possible that irradiation may indirectly result in 

overexpression of MMP-9 through induction of these cytokines. However, the exact mechanisms 

of the late response of irradiation-induced MMP-9 expression remain unclear and should be 

further investigated.    
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5.5  Discussion 
 

It is commonly accepted that chronic overexpression of pro-inflammatory mediators has 

detrimental effects on the brain (7). However, more recent evidence demonstrated that acute 

overexpression of pro-inflammatory mediators may represent a coordinated response to promote 

regeneration and repair processes of damaged areas in irradiated brain (105). In the present study, 

we examined the effect of aging on acute expression of pro-inflammatory mediators, including 

cytokines (e.g., TNF-α, IL-1β, and IL-6), adhesion molecules (e.g., E-selectin, ICAM-1, and 

VCAM-1), the chemokine MCP-1, and MMP-9 in response to irradiation. A rat model of whole 

brain irradiation with a single dose of 10Gy was chosen because it is the lowest dose to have a 

clear radiation effect (31) and is below the threshold for vascular changes, demyelination, or 

radionecrosis (32). Finally this dose is close to a clinically relevant dose in humans since the rat 

brain is more resistant to radiation injury than human brain (32). We found that the expression of 

all pro-inflammatory mediators evaluated in the present study were significantly up-regulated in 

response to radiation compared with sham-irradiated control groups regardless of age. In contrast, 

a significant age-dependent attenuation of inflammatory responses to acute radiation exposure 

was observed. These data are consistent with the age-related impairments in immune and 

inflammatory responses to stimulation described in response to other acute stresses (109, 202, 

203). It is possible that reduced production of pro-inflammatory mediators in response to 

irradiation compromises the normal host defense mechanisms by decreasing the number of 

inflammatory cells in damaged brain tissue and subsequently leading to impaired 

repair/remodeling responses in old individuals. In addition, results from the present study may 

provide potential cellular and molecular mechanisms responsible for poor outcomes (e.g., 

survival and improvement in neurological function) in response to radiation therapy in elderly 

brain tumor patients.      

 

It is widely accepted that basal expression levels of pro-inflammatory mediators including 

TNF-α, IL-1β, and IL-6 are significantly elevated in the aged brain compared with younger 

subjects (109). In contrast, advancing age results in a marked decrease in inflammatory 

responses induced by extracellular stimuli. A negative correlation between age and monocyte 

production of these cytokines in response to IFN-γ or LPS has been observed among different 
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age groups of animals (203). It was also found that LPS administration resulted in a significant 

attenuation of TNF-α and IL-6 mRNA expression in brains of old mice compared with those of 

young mice (109). Finally, Bruunsgaard et al. (202) demonstrated an impaired production of pro-

inflammatory cytokines including TNF-α and IL-1β in response to LPS stimulation in elderly 

humans. Consistent with these previous reports, the present study also showed that aging is 

associated with an enhanced basal expression level of pro-inflammatory mediators and a 

diminished inflammatory response in brain to extracellular stimuli.  

 

The pro-inflammatory pathways triggered by overexpression of inflammatory mediators have 

been implicated in the pathophysiological process of brain injury and subsequent progression of 

neurological disorders (65). For example, amyloid beta (Aβ) peptides contribute to Alzheimer’s 

disease (AD) pathology through an inflammatory cascade in the brain via production of 

cytokines (e.g., IL-1β, TNF-α, and IL-6) and chemokines (e.g., MIP-1α and MIP-β) (204).  It 

was also found that increased production of IL-1β, TNF-α, and IL-6 was observed in the brains 

of patients diagnosed with AD (205).  The destructive processes including neurodegeneration, 

gliosis, and progressive neurological disease are mediated by overexpression of IFN-α, TNF-α, 

IL-1β, or IL-6 (206).  Furthermore, treatment with non-steroidal anti-inflammatory drugs 

(NSAIDs) markedly reduced the prevalence of AD in patients, raising the possibility that an 

inflammatory environment in the brain has a significant role in the pathogenesis of central 

nervous system diseases (66).  

 

On the contrary, more recent evidence suggests that acute overexpression of pro-

inflammatory mediators are part of a complex pathway to resolve tissue injury (101, 102). For 

example, neuroprotective effects of pro-inflammatory cytokines, such as promotion of neuronal 

differentiation and survival, induction of neurotropic factors, and induction of anti-inflammatory 

mediators, were observed after acute traumatic brain injury (TBI) (207). The beneficial role of 

cytokines in the pathophysiology of TBI is also supported by animal studies indicating that 

cytokine knockout mice and cytokine-receptor knockout mice exhibited higher mortality and 

enhanced tissue damage after experimental TBI (104, 207). In addition, the protective role of 

pro-inflammatory mediators in the early stages of wound healing has been extensively reported. 

For example, enhanced production of cytokines (e.g., IL-6, TNF-α, and IL-1β) (105), adhesion 
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molecules (e.g., ICAM-1 and VCAM-1) (106), chemokines (e.g., MCP-1) (107), and MMPs (e.g., 

MMP-9) (108) at the wound site promotes healing process of injured brain tissues. These studies 

provide compelling evidence that the acute induction of pro-inflammatory mediators in brain is 

an essential part of a pathway that induces a protective response to brain injury.    

 

5.6  Conclusions 
 

In conclusion, the present study demonstrated for the first time that whole brain irradiation-

induced acute inflammatory responses, including overexpression of pro-inflammatory cytokines 

(e.g., TNF-α, IL-1β, and IL-6), adhesion molecules (e.g., ICAM-1, VCAM-1, and E-selectin), 

the chemokine MCP-1, and MMP-9, in rat brain are significantly impaired in aged animals.  The 

impaired response to irradiation with age appears to reveal a generalized attenuation of the 

cellular response to damage and a reduced capacity of aging tissues to induce essential repair 

systems necessary for cellular maintenance. Additionally, these data contribute to a better 

understanding of age-dependent changes in radiation-mediated immune and inflammatory 

responses in brain and may lead to the development of effective treatment strategies for brain 

tumor patients who are undergoing radiation therapy.  
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IRRADIATION ALTERS MMP-2/TIMP-2 SYSTEM AND COLLAGEN 

TYPE IV DEGRADATION IN BRAIN 

 

6.1 Abstract 
 

Purpose: Blood-brain barrier (BBB) disruption is one of major consequences of radiation-

induced 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 10Gy 

γ-rays for rats or a fractionated dose of 40Gy γ-rays total for mice) 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.  

 

Conclusion: 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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6.2  Introduction 
 

Radiation therapy continues to be a main treatment modality in the therapeutic management 

of brain tumors (208, 209).  About 200,000 individuals are treated with either partial large field 

or whole brain irradiation every year in the United States (210). 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 (1, 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) (131). 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 (129, 131).  A number of previous studies have demonstrated that degradation and 

consequent rearrangement of ECM are critically involved in the breakdown of the BBB (132-

134).  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 (137, 138). 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 (138, 140-142).  



84 
 

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.     

 

6.3  Methods and Materials 
 

6.3.1 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. 

 

6.3.2  Whole Brain Irradiation and Tissue Sample Preparation 

 

A single dose of whole brain irradiation procedure was carried out as described previously 

(171). For this procedure, rats were anesthetized by ketamine/xylazine (i.p., 80/12 mg/kg) and 

received a single dose of 10Gy (dose rate of 4.23Gy/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 (39).  

Briefly, mice were anesthetized by ketamine/xylazine (i.p., 20/3 mg/kg) and received a clinical 

fractionated dose of whole brain irradiation (total cumulative dose of 40Gy in eight fractions of 
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5Gy, 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.  

 

6.3.3  Real-Time Reverse Transcriptase-Polymerase Chain Reaction (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 (171). 

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 glyceraldehyde-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 

(171).  

 

6.3.4  In Situ Zymography  

 

To detect and localize net gelatinolytic activity of MMPs in brain sections, in situ 

zymography was carried out as described previously (211). 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 



86 
 

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).  

 

6.3.5  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.  

 

6.3.6 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. 

 

6.4 Results 
 

6.4.1 A Single Dose of Whole Brain Irradiation Up-regulates mRNA Expression of MMP-2, 

MMP-9, and TIMP-1 in Rat Brain 
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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 Figure 6.1A, 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) (Figure 6.1B). 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 (Figure 6.1C), 

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 (Figure 6.1D).  These results suggest that irradiation differentially regulates 

MMPs/TIMPs system in brain.  

 

6.4.2 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 Figure 6.2, 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 (Figure 6.2A-6.2D). Quantitative analysis also 

demonstrated a significant increase in gelatinase activity in brains 24 h after irradiation 

compared to the sham-irradiated control rat brains (Figure 6.2E). 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 
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in Figure 6.3, enhanced gelatinase activity in irradiated brain was significantly attenuated in the 

presence of MMP-2 neutralizing antibody (Figure 6.3B and 6.3E). Interestingly, incubation with 

MMP-9 neutralizing antibody (Figure 6.3C and 6.3E) and normal non-immune IgG (negative 

control, Figure 6.3D) 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. 
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6.4.3 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 Figure 6.4, 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.     

 

6.4.4 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 (Figure 6.5A). In contrast, 

fractionated whole brain irradiation did not affect mRNA expression levels of TIMP-2 (Figure 

6.5B). 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 (Figure 6.6A, 

6.6B and 6.6E).  In contrast, radiation-mediated increase in gelatinase activity in the brain was 

significantly attenuated in the presence of a neutralizing antibody against MMP-2 (Figure 6.6C 

and 6E).  The negative control experiment with normal non-immune IgG did not show any 

significant effect on gelatinolytic activity in irradiated brain (Figure 6.6D). We further examined 

the effect of fractionated whole brain irradiation on ECM degradation in mouse brain. As 

depicted in Figure 6.7, 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.  
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6.5 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 10Gy 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 (171).  Studies were 

also conducted after a fractionated dose of whole brain irradiation to assess a clinical relevance 

(37, 38). 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 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 physiologic and pathophysiologic conditions, MMPs become activated and 

play a key role in degradation of the ECM proteins (139). 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 (140).  Araya et al. (141) 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 (142). It was also found 

that abdominal irradiation led to a significant elevation in MMP-2 and MMP-14 levels in rat 

ileum (138). These findings are also supported by in vitro study from Nirmala et al. (143)  

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 (198). Alterations in the 
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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 such as collagen type IV, laminin, and fibronectin (137, 139). 

 

The enzymatic activity of MMPs is inactivated by TIMPs, the endogenous inhibitors with a 

higher affinity for specific MMPs (144). 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 (133, 134). 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 up-

regulated in the irradiated rat colon while the mRNA level of TIMP-2 was unchanged (147). In 

lung epithelial cells, radiation increased MMP-2 mRNA but had no effect on TIMP-2 indicating 

the balance between the MMP-2 and TIMP-2 was in favor of MMP-2 promoting proteolysis 

(141). 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.  

 

Even though the present study has demonstrated that irradiation induces MMP-2, MMP-9, 

and TIMP-1 expression throughout the rat brain, it should be noted that the time course for 

induction and maximal response were regionally specific. Indeed, the expression levels of MMP-

9 and TIMP-1 induced by irradiation were higher in hippocampus whereas the enhanced 

expression of MMP-2 was detected in irradiated cortex.  Similar regional specificity in response 



98 
 

to irradiation was observed in our recent report that irradiation induces regionally specific 

alterations in pro-inflammatory mediator expression in rat brain (171). These data suggest that 

elevated levels of specific MMPs and TIMPs within each brain region are unique and may 

contribute to selective activation of biochemical pathways that contribute to the functional 

deficiencies after whole brain irradiation although the exact mechanisms of regional specificity 

of radiation-induced expression of MMPs and TIMPs remain unsolved. 

 

Collagen type IV is the major ECM constituent of the BBB basement membrane and a 

known substrate of MMP-2 and MMP-9 (141). Previous studies have demonstrated an essential 

role for collagen type IV degradation in BBB disruption and brain injury. Scholler et al. (212) 

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 (213). 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. (132, 214) 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.  Further 

studies using combined pharmacological (e.g., selective MMP-2 inhibitors) and genetic 

approaches (e.g., MMP-2 knockout mice), however, are needed to elucidate a mechanistic link 

between MMP-2 expression and collagen type IV degradation in brain after irradiation.  

 

6.6 Conclusions 
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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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7.1 Abstract  
 

Purpose: It has been hypothesized that radiation-induced brain injury is mediated by 

cerebrovascular rarefaction. The present study was designed to investigate the molecular 

mechanisms of radiation-induced vessel rarefaction in the brain.  

 

Methods and Materials: Four month old F344×BN rats received either whole brain irradiation 

with a single dose of 10Gy γ-rays or sham-irradiation, and were maintained for 4, 8, and 24 h 

following irradiation. A series of immunofluorescence staining was employed to visualize 

endothelial cell (EC) density, EC proliferation, and EC apoptosis in brain. The mRNA and 

protein expression levels of angiogenic factors, such as vascular endothelial growth factor 

(VEGF), angiopoietin-1 (Ang-1), Ang-2, endothelial receptor tyrosine kinase (Tie-2), in brain 

were determined by real-time reverse transcriptase-polymerase chain reaction (RT-PCR), 

enzyme-linked immunosorbent assay (ELISA), and immunofluorescence staining.  

 

Results: Significantly reduced levels of CD31-immunoreactive cells were detected in irradiated 

rat brains compared with sham-irradiated controls, indicating that whole brain irradiation 

decreases EC density in the brain.  Double immunofluorescence staining also revealed that whole 

brain irradiation significantly suppressed EC proliferation and increased EC apoptosis in rat 

brain. In addition, a significant decrease in mRNA and protein expression of Ang-1, Tie-2, and 

VEGF was observed in irradiated rat brains compared with sham-irradiated controls. However, 

whole brain irradiation significantly up-regulated Ang-2 expression in rat brain.  

 

Conclusion: The present study provides the novel evidence that whole brain irradiation 

differentially regulates expression of Ang-1, Tie-2, Ang-2 and VEGF, which may affect vessel 

rarefaction by decreasing EC proliferation and increasing EC apoptosis in brain.    

 

Key words: Whole brain irradiation; VEGF; Ang-1; Ang-2; Tie-2; vessel rarefaction 
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7.2 Introduction  
 

Radiation therapy has been commonly used as the standard treatment for brain tumors. 

Approximately 200,000 patients with brain tumors are treated with either partial large field or 

whole brain irradiation each year in the United States (215). On the other hand, whole brain 

irradiation therapy may cause a significant reduction in learning and memory in brain tumor 

patients as long-term consequences of treatment (1, 3, 4). Although a number of in vitro and in 

vivo studies have demonstrated the pathogenesis of radiation-mediated brain injury (3, 38, 61, 

171, 216), the cellular and molecular mechanisms by which irradiation induces brain injury 

remain largely unknown.  

 

Vessel rarefaction, defined as a decrease in vascular density, has been implicated in the onset 

and progression of various pathological processes (17-19).  Previous studies have shown that 

irradiation induces both acute and late changes in the vasculature (20-22). For example, 

Ljubimova et al. (20) found a decrease in endothelial cell (EC) density in rat brain within 24 h 

after large single doses of irradiation. In addition, an initial marked decline and a subsequent 

slow loss of EC number were observed after 24 h and between 26 and 52 weeks after a single 

dose of X-rays to the rat brain, respectively (160).   Furthermore, a substantial decrease in vessel 

density and length was detected in irradiated rat brains 10 weeks after fractionated whole brain 

irradiation (38). These studies provide robust evidence indicating that radiation-induced early 

and persistent damages to the microvasculature may be responsible for vessel rarefaction leading 

to the late delayed brain injury. The molecular mechanisms of radiation-induced vessel 

rarefaction in the brain, however, remain to be further investigated.   

 

 Regulation of vascular system is characterized by a dynamic temporally and spatially 

coordinated interaction of vasculogenesis, angiogenesis, and vessel regression (217, 218).  Under 

physiological conditions, a controlled balance between vascular endothelial growth factor 

(VEGF), a prototypical angiogenesis factor, and a new class of angiogenic regulators, such as 

angiopoietin-1 (Ang-1), Ang-2, and Tie-2, is essential for stable vascular endothelium. The 

potential contribution of these angiogenic factors to the radiation-induced vessel rarefaction in 

brain, however, has not yet been explored.  
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In the present study, we examined the molecular mechanisms of radiation-induced vessel 

rarefaction in rat brain. Our results demonstrated for the first time that differential regulation of 

Ang-1, Ang-2, Tie-2, and VEGF may be responsible for a decrease in EC proliferation and an 

increase in EC apoptosis in irradiated brain.    

 

7.3 Methods and Materials 
 

7.3.1 Animals  

 

Fisher 344-Brown Norway (F344×BN) male rats were purchased from Harlan Laboratories 

(Indianapolis, IN), and 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. 

 

7.3.2 Whole Brain Irradiation and Tissue Sample Preparation 

 

A single dose of whole brain irradiation procedure was carried out as described previously 

with minor modifications (171). Briefly, whole brain irradiation was performed in a 137Cs γ-

irradiator using lead and Cerrobend shielding devices to collimate the beam so that the whole rat 

brain, including the brain stem, was irradiated. Rats were anesthetized by ketamine/xylazine (i.p., 

80/12 mg/kg body weight) and received 10Gy at an average dose rate of 4.23Gy/min. 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 then immediately frozen in liquid nitrogen. For immunofluorescence staining, the 

whole brains were rapidly removed after perfusion and immediately frozen in liquid nitrogen.  

 

7.3.3 Real-time RT-PCR 
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Quantitative real-time RT-PCR using TaqMan® probes and primers (Applied Biosystems, 

Foster City, CA) were employed for gene expression analyses as described previously (171). 

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 Ang-1, Tie-2, Ang-2, VEGF, and 

glyceraldehydes-3-phosphate dehydrogenase GAPDH (housekeeping gene) 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 

(171). 

 

7.3.4 Enzyme-Linked Immunosorbent Assay (ELISA) 

 

Tissue homogenates from rat brain were prepared as described previously (171). Briefly, 

both hippocampus and cortex were homogenized in 1 ml of ice-cold PBS and stored overnight at 

-80 ºC. After three freeze-thaw cycles were performed, the homogenates were centrifuged for 5 

min at 5,000 × g at 4 ºC. Supernatants were frozen immediately on dry ice and stored at -80 °C 

until analysis. Protein concentrations of brain tissue homogenates were determined as described 

by Bradford (176). The protein expression levels of VEGF in brain tissue homogenates were 

determined by using Quantikine® VEGF Immunoassay Kit following to the manufacturer’s 

protocols (R&D Systems, Minneapolis, MN).  

  

7.3.5 Immunofluorescence Staining 

 

Freshly excised brains were embedded in Tissue-Tek O.C.T. compound (Sakura Finetek 

USA Inc., Torrance, CA) and stored at -80 °C. Frozen tissues were cut into 20-μm sections using 

a Microm HM 550 cryostat (MICROM International GmbH, Walldorf, Germany) and mounted 

on Superfrost/Plus microscope slides (Fisher Scientific, Pittsburgh, PA). The brain sections were 

then fixed in 4 % paraformaldehyde for 15 min at room temperature, rinsed with PBS three times 

for 5 min each, and incubated in 0.5 % Triton X-100 for 15 min to permeabilize tissues for 

optimal staining. After washing with PBS three times, the sections were then incubated with 3 % 

bovine serum albumin (BSA) in PBS for 1 h at room temperature to block non-specific binding 
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of the antibodies, followed by incubation with the primary antibody, such as goat anti-Ang-1 

polyclonal antibody, goat anti-Ang-2 polyclonal antibody, or rabbit anti-Tie-2 polyclonal 

antibody (Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1/500 in 1.5 % BSA, overnight at 

4 °C. Sections were washed three times with PBS and incubated with secondary antibody, such 

as donkey anti-goat IgG conjugated with Alexa Fluor 488  or goat anti-rabbit IgG conjugated 

with Alexa Fluor 555 (Invitrogen, Carlsbad, CA) diluted 1/400 in PBS in the dark for 1 h.  After 

washing three times with PBS, the sections were mounted in Vectashield Mounting Medium 

(Vector Laboratories Inc, Burlingame, CA) and sealed with a coverslip. The slides were 

examined on a Zeiss AXIO Imager A1m fluorescence microscope (Carl Zeiss MicroImaging, 

Inc., Thornwood, NY). Images were acquired with 100× objective by AxioCam MRc5 Digital 

Imaging System. The fluorescence intensity of acquired digital images was quantified by Image J 

Software.  

 

7.3.6 Double Immunofluorescence Staining 

 

For the detection of EC proliferation, rat brain sections were stained with rabbit monoclonal 

anti-Ki67 antibody (cell proliferation marker; Abcam, Cambridge, MA) and mouse monoclonal 

anti-CD31 antibody (EC marker; BD Pharmingen, San Jose, CA) followed by Alexa Fluor 555-

conjugated goat anti-rabbit IgG and Alexa Fluor 488-conjugated donkey anti-mouse IgG 

(Invitrogen), respectively. For the detection of  EC apoptosis, rat brain sections were incubated 

with rabbit polyclonal anti-cleaved caspase-3 antibody (apoptotic cell marker; Cell Signaling 

Technology, Inc., Danvers, MA) and mouse monoclonal anti-CD31 antibody before staining 

with secondary antibodies  such as Alexa Fluor 555-conjugated goat anti-rabbit IgG and Alexa 

Fluor 488-conjugated donkey anti-mouse IgG. After washing three times with PBS, the sections 

were mounted in Vectashield mounting medium and sealed with a coverslip. The slides were 

examined on 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 (NIH, Bethesda, MD).  

 

7.3.7 Statistical Analysis 
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Routine statistical analysis of data was completed using SigmaStat 3.5 (SPSS Inc., 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 Bonferroni least 

significant difference procedure.  Statistical probability of p<0.05 was considered significant. 

 

7.4 Results 
 

7.4.1 Effect of Whole Brain Irradiation on EC Density, EC Proliferation, and EC Apoptosis in 

Rat Brain 

 

A series of immunofluorescence staining for CD31, a specific marker for EC, were 

performed to investigate whether whole brain irradiation affects EC density in brain.  

Significantly reduced levels of CD31-immunoreactive cells were detected in irradiated rat brains 

compared with sham-irradiated controls (Figures 7.1 and 7.2), indicating that whole brain 

irradiation decreases EC density in brain. To elucidate the potential mechanisms of a decrease in 

EC density in irradiated brain, EC proliferation and EC apoptosis were measured. Double 

immunofluorescence staining for CD31 (EC marker) and for Ki67 (cell proliferation marker) was 

performed to identify proliferating EC in brain. Large numbers of double-immunoreactive cells 

(proliferating EC) were observed in sham-irradiated control brains (Figure 7.1C). The number of 

proliferating EC, however, decreases dramatically in rat brains 4 and 8 h after irradiation (Figure 

7.1F and 7.1I) and barely proliferating EC were detectable in 24 h post-irradiated rat brains 

(Figure 7.1L). In addition, double immunofluorescence staining for CD31 (EC marker) and for 

cleaved caspase-3 (apoptotic cell marker) was conducted to measure apoptotic EC in brain. In 

sham-irradiated control brains, the colocalization of CD31 and cleaved caspase-3 (apoptotic EC) 

was sparsely detected (Figure 7.2C). In contrast, more apoptotic EC were observed in rat brains 

4 h after irradiation (Figure 7.2F) and maintained at maximum levels 8 and 24 h post-irradiation 

(Figure 7.2I and 7.2L). Quantitative analysis further confirmed that whole brain irradiation 

significantly decreased EC proliferation (Figure 7.1M) and increased EC apoptosis (Figure 

7.2M) in rat brain. These results suggest that irradiation-induced decrease in EC proliferation 

and increase in EC apoptosis may be responsible for a decrease in EC density in irradiated brain. 
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7.4.2 Effect of Whole Brain Irradiation on mRNA and Protein Expression of Angiogenic 

Factors in Rat Brain 

 

The mRNA expression levels of VEGF, Ang-1, Tie-2, and Ang-2 were analyzed by 

quantitative real-time RT-PCR to examine effect of whole brain irradiation on a variety of 

angiogenic factors in rat brain. As shown in Figure 7.3A, VEGF mRNA expression was 

significantly suppressed in hippocampus at 8 h (0.69-fold) and 24 h (0.58-fold) post-irradiation. 

A significant down-regulation of Ang-1 mRNA was also observed in hippocampus (0.66-fold) 

and cortex (0.77-fold) 8 h post-irradiation (Figure 7.3B).  In addition, whole brain irradiation 

resulted in a significant reduction in Tie-2 mRNA expression in hippocampus and cortex 4 h 

(0.62- and 0.71-fold) and 8 h (0.39- and 0.46-fold) after irradiation (Figure 7.3C). In contrast, a 

significant and dramatic increase in Ang-2 mRNA expression was observed at 4 h post-

irradiation (2.5-fold induction in hippocampus and 3.4-fold induction in cortex), reached a 

maximum at 8 h post-irradiation (10.4-fold induction in hippocampus and 13.5-fold induction in 

cortex), and maintained at significantly higher levels at 24 h post-irradiation (3.5-fold induction 

in hippocampus and 4.0-fold induction in cortex) (Figure 7.3D).   

 

The quantitative sandwich enzyme immunoassay and immunofluorescence staining were 

employed to determine whether radiation-mediated changes in mRNA levels of angiogenic 

factors translate to protein expression in hippocampal and cortical regions isolated from rat 

brains. As indicated in Figure 7.4, high expression levels of VEGF protein were found in sham-

irradiated control rats (310 pg/mg protein in hippocampus and 294 pg/mg protein in cortex). 

However, consistent with the gene expression data (Figure 7.1A), whole brain irradiation 

resulted in a significant decrease in VEGF protein expression in hippocampus (1.9-fold at 24 h 

post-irradiation) and cortex (1.3-fold at 8 h post-irradiation).  A strong Ang-1 immunoreactivity 

was detected in sham-irradiated control rat brains as well as in brains 4 h post-irradiation, 

whereas the minimum immunoreactivity of Ang-1 protein was found 8 and 24 h after irradiation 

(Figure 7.5A-7.5D). Quantitative analysis also demonstrated a significant reduction in Ang-1 

protein expression in rat brains 8 and 24 h after irradiation compared with sham-irradiated 

control brains (Figure 7.5E).  In addition, whole brain irradiation significantly decreased the 

protein expression levels of Tie-2 in rat brains 4, 8, and 24 h after irradiation (Figure 7.6). On 
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the other hand, a marked increase in Ang-2 immunoreactivity was observed in rat brains 24 h 

after irradiation (Figure 7.7).  These results demonstrate that irradiation differentially regulates 

mRNA and protein expression of angiogenic factors in brain.  
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7.5 Discussion 
 

An intimate and coordinated relationship of Ang-1, Ang-2, Tie-2, and VEGF plays a key role 

in regulating various aspects of physiological angiogenesis.  The present study demonstrates that 

whole brain irradiation decreases EC proliferation, increases EC apoptosis, and differentially 

regulates the expression of angiogenic factors such as Ang-1, Ang-2, Tie-2, and VEGF in rat 

brain.   

 

It has been proposed that radiation-induced brain damage is a consequence of injury to the 

vascular endothelium (22). For example, a single dose of irradiation resulted in the rapid 

reduction in the number of EC within 24 h in rat brain and a slow loss of EC persisted over 

several months (20).  Similar patterns of EC loss have been also reported in irradiated rat brain 

(219).  Recent evidence has demonstrated that EC apoptosis may be responsible for the 

radiation-induced decrease in endothelial cell density. Pena et al. (161) reported that EC 

apoptosis was observed in mouse brain and spinal cord between 4 and 24 h after single-dose 

irradiation. It was also found that an increased number of apoptotic EC at 24 h post-irradiation 

was associated with a decrease in vessel density in rat spinal cord (220). In agreement with 

previous reports, the present study also demonstrated that whole brain irradiation resulted in a 

significant increase in EC apoptosis in rat brain.  In addition to EC apoptosis, we examined EC 

proliferation and found out that whole brain irradiation significantly decreased the number of 

proliferating EC in rat brain.  These data suggest that radiation-mediated increased EC apoptosis 

and decreased EC proliferation may contribute to vascular damage in the brain. The exact 

mechanisms of vessel rarefaction in irradiated brain, however, remain largely unknown.   

 

Angiogenesis plays a critical role not only in physiological processes such as embryonic 

development and wound healing, but also in the development of a number of pathological 

conditions including inflammation and tumor progression (148, 221, 222). These events are 

characterized by the temporally and spatially coordinated interaction among EC, angiogenic 

factors, and surrounding extracellular matrix protein (148). One of the most important 

angiogenic factors is VEGF which has a potent and specific activity for the vascular endothelium 

(149). VEGF and its receptors serve to initiate EC proliferation, EC migration, and production of 
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new capillary sprouts, which subsequently promote vasculogenesis and angiogenesis (150, 151). 

VEGF is also considered as a survival factor for EC by protecting them from apoptosis (149, 

223). In addition to VEGF, recent studies have suggested that other angiogenic factors such as 

Ang-1, Tie-2, and Ang-2 play a pivotal role in both physiological and pathological angiogenesis 

(152). Under physiological condition (Figure 7.8A), Ang-1 is necessary for vessel maturation 

and stabilization by binding its physiological receptor, Tie-2 (156). Ang-2, a functional 

antagonist of Ang-1, competitively inhibits interaction between Ang-1 and Tie-2. By blocking 

cell signaling pathways initiated by Ang-1/Tie-2 system, Ang-2 leads to a loosening of tight 

vascular structure which allows EC to be more sensitive and responsive toward the other 

angiogenic factors such as VEGF (158, 159). In the presence of high levels of VEGF, Ang-2 

facilitates angiogenic process by increasing EC proliferation, EC migration, and vessel sprouting. 

On the other hand, in the absence of the activating signal from VEGF, Ang-2 promotes EC 

apoptosis and eventually leads to regression of vessels (159). These studies suggest that dynamic 

interplay among Ang-1, Ang-2, Tie-2, and VEGF is critically associated with physiological 

angiogenesis. In the present study, significantly lower levels of mRNA and protein expression of 

Ang-1, Tie-2, and VEGF were detected in irradiated rat brain.  In contrast, whole brain 

irradiation significantly up-regulated Ang-2 mRNA and protein expression in rat brain. These 

results suggest that whole brain irradiation may decreases vessel integrity and maturation by 

causing imbalance in the relative ratio of Ang-1 to Ang-2 levels in brain. Additionally, 

alterations in the balance of Ang-2/VEGF in irradiated rat brain may initiate vessel rarefaction by 

decreasing EC proliferation and increasing EC apoptosis in brain (Figure 7.8B). Taken together, 

differential regulation of angiogenic factors such as Ang-1, Ang-2, Tie-2, and VEGF may be 

responsible for vessel immaturation and regression subsequently.      
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7.6 Conclusions 
 

 In conclusion, the present study demonstrated the first evidence that differential regulation 

of Ang-1, Ang-2, Tie-2, and VEGF may be responsible for vessel rarefaction by decreasing EC 

proliferation and increasing EC apoptosis in irradiated rat brain. These findings may contribute 

to defining cellular and molecular mechanisms by which irradiation alters physiological 

angiogenesis that will lead to new opportunities for preventive and therapeutic interventions for 

patients with brain tumors who receive radiation therapy. 
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK 
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8.1  Conclusions 
 

Radiation therapy continues to be a main treatment modality in the therapeutic management 

of brain tumors (208, 209). 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 (1-3).  At present, there 

is sparse information on the etiology of radiation-induced damage to normal brain tissue. 

Additionally, the specific mechanisms by which irradiation causes brain injury in normal tissues 

have not yet been fully understood. Therefore, the prime goal of this work was to determine the 

molecular mechanisms responsible for radiation-induced brain injury. The following main 

conclusions have been achieved:  

 

1. The effects of whole brain irradiation on pro-inflammatory pathways in the brain were 

examined. This study demonstrated that irradiation induces regionally specific alterations 

in pro-inflammatory environments through activation of pro-inflammatory transcription 

factors (e.g., AP-1, NF-κB, and CREB) and overexpression of pro-inflammatory 

mediators (e.g., TNF-α, IL-1β, MCP-1) in brain. 

 

2. A mathematical model describing radiation-induced mRNA and protein expression 

kinetics of TNF-α in hippocampus was reconstructed. This study suggested that more 

case studies with increased data points and addition of a negative feedback loop are 

necessary to develop more accurate models. 

 

3. The effects of aging on radiation-induced impairment of immune responses in brain were 

examined. This study demonstrated that radiation-induced acute inflammatory responses, 

such as overexpression of pro-inflammatory cytokines (e.g., TNF-α, IL-1β, and IL-6), 

adhesion molecules (e.g., ICAM-1, VCAM-1, and E-selectin), chemokine MCP-1, and 

MMP-9, are significantly impaired in aged brain.   
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4. The critical role of MMPs/TIMPs system in radiation-induced ECM degradation in brain 

was examined. This study demonstrated 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 brain.  

 

5. The critical role of radiation-induced differential regulation of angiogenic factors in 

vessel rarefaction in brain was examined. This study demonstrated that differential 

regulation of Ang-1, Ang-2, Tie-2, and VEGF may be responsible for vessel rarefaction 

by decreasing EC proliferation and increasing EC apoptosis in irradiated brain.  

 

The results of these studies support our main hypothesis that whole brain irradiation induces 

brain injury by triggering pro-inflammatory pathways, degrading extracellular matrix, and 

altering physiologic angiogenesis. These findings may contribute to defining a new cellular and 

molecular basis for radiation-induced brain injury. Additionally, this work may lead to new 

opportunities for preventive and therapeutic interventions for patients with brain tumors who 

receive radiation therapy.   

 

8.2  Future Work 
 

The ultimate goal of this work is to determine the cellular and molecular mechanisms related 

to the etiology of cognitive impairment that occurs in response to whole brain irradiation. In 

order to aid in understanding of the pathophysiological mechanisms responsible for radiation-

induced brain injury and the successful development of novel strategies for prevention and 

treatment of radiation-induced brain injury, there are several areas of study that need to be 

further explored. The following research areas are of considerable research interest for future 

work: 

 

1. Effects of aging on radiation-induced ECM degradation and vessel rarefaction in brain 

 

It was demonstrated in Chapter 5 that the expression of all pro-inflammatory mediators were 

significantly up-regulated in response to whole brain irradiation compared with sham-irradiated 
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control groups regardless of age. In contrast, a significant age-dependent attenuation of 

inflammatory responses to acute radiation exposure was observed.  However, the effects of aging 

on radiation-induced ECM degradation and vessel rarefaction in brain have not yet been 

investigated. Based on data from Chapter 5, it is anticipated that radiation-induced alteration in 

MMPs/TIMPs system, ECM degradation, differential regulation of angiogenic factors, and 

vessel rarefaction in brain will be significantly influenced by age.  Results from this study will 

contribute to development of therapeutic strategies for brain tumor patients with different ages 

who receive radiation therapy.    

 

2. Role of MMP-2 in radiation-induced collagen type IV degradation in brain 

 

It was demonstrated in Chapter 6 that whole brain irradiation induces an imbalance between 

MMPs and TIMPs expression, increases gelatinase activity, and degrades collagen type IV in 

brain. It was also shown that collagen type IV degradation in the irradiated brain may be 

mediated through enhanced MMP-2 expression and activity.  However, the mechanistic link 

between MMP-2 activity and ECM degradation remains unclear and needs to be further 

investigated.  Selective MMP-2 inhibitors and MMP-2 knockout mice could be employed as in-

depth pharmacological and genetic approaches.  It is anticipated that MMP-2 plays a crucial role 

in radiation-induced collagen type IV degradation in brain.  Results from this study will 

contribute to elucidating a mechanistic links among MMP-2 expression, collagen type IV 

degradation, and BBB disruption in brain after irradiation.   

 

3. Experimental studies of acute radiation-induced cognitive dysfunction in a mouse model 

 

It was demonstrated in Chapter 3 that elevated levels of pro-inflammatory mediators may 

lead to the decline in tissue function after whole brain irradiation. It was also demonstrated in 

Chapter 6 that MMP-2 plays a pivotal role in the pathogenesis of brain injury by degrading ECM 

components of the BBB basement membrane. However, whether radiation-mediated early 

inflammatory responses and enhanced MMP-2 activity observed in this work have a causal 

relationship with delayed injury to the brain, especially cognitive dysfunction, remain to be 

further investigated. Therefore, the role of pro-inflammatory environments and MMP-2 activity 
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in radiation-induce brain injury can be further examined by administering anti-inflammatory 

drugs or a neutralizing anti-MMP-2 monoclonal antibody before whole brain irradiation, 

respectively. After irradiation, animals can be evaluated for spatial learning (behavioral testing) 

using the Morris Water Maze. It is anticipated that pro-inflammatory environment and MMP-2 

play a crucial role in radiation-induced cognitive dysfunction in brain.  Results from this study 

will contribute to the development a potential preventive approach for radiation-induced brain 

injury. 
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