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Abstract

The etiology of radiation-induced cerebrovascular rare-faction remains unknown. In the present
study, we examined the effect of whole-brain irradiation on endothelial cell (EC) proliferation/
apoptosis and expression of various angiogenic factors in rat brain. F344xBN rats received either
whole-brain irradiation (a single dose of 10 Gy y rays) or sham irradiation and were maintained for
4, 8 and 24 h after irradiation. Double immunofluorescence staining was employed to visualize EC
proliferation/apoptosis in brain. The mRNA and protein expression levels of vascular endothelial
growth factor (VEGF), angiopoietin-1 (Ang-1), endothelial-specific receptor tyrosine kinase
(Tie-2), and Ang-2 in brain were determined by real-time RT-PCR and immunofluores-cence
staining. A significant reduction in CD31-immunore-active cells was detected in irradiated rat
brains compared with sham-irradiated controls. Whole-brain irradiation significantly suppressed
EC proliferation and increased EC apoptosis. In addition, a significant decrease in mRNA and
protein expression of VEGF, Ang-1 and Tie-2 was observed in irradiated rat brains. In contrast,
whole-brain irradiation significantly upregulated Ang-2 expression in rat brains. The present study
provides novel evidence that whole-brain irradiation differentially affects mMRNA and protein
expression of VEGF, Ang-1, Tie-2 and Ang-2. These changes are closely associated with
decreased EC proliferation and increased EC apoptosis in brain.

INTRODUCTION

Radiation therapy is an important intervention in controlling tumor growth and increasing
survival rate of brain tumor patients (1). According to the Central Brain Tumor Registry of
the United States (CBTRUS), approximately 200,000 patients with brain tumors are treated
with either partial large-field or whole-brain irradiation each year (2). Whole-brain radiation
therapy may, however, result in significant reductions in learning and memory in brain
tumor patients as long-term consequences of treatment (1, 3, 4). At present, there are no
known successful treatments or effective preventive strategies for mitigating radiation-
induced brain injury. Although a number of in vitro and in vivo studies have demonstrated
the pathogenesis of radiation-mediated brain injury (5-10), the cellular and molecular
mechanisms by which radiation induces damage to normal tissue in brain remain largely
unknown.
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Vessel rarefaction, defined as a decrease in vascular density, has been implicated in the
onset and progression of various pathological processes (11-13). Previous studies have
shown that radiation induces both acute and late changes in the vasculature (14-16). For
example, Ljubimova et al. (14) found a decrease in EC density in rat brain within 24 h after
large single doses of radiation. In addition, an initial marked decline and a subsequent slow
loss of EC numbers were observed after 24 h and between 26 and 52 weeks after a single
dose of radiation to the rat brain (17). A substantial decrease in vessel density and length
was also detected in irradiated rat brains 10 weeks after fractionated whole-brain irradiation
(5). These results suggest that radiation-induced early and persistent damage to the
microvasculature may be responsible for vessel rarefaction leading to late-onset brain injury.
The molecular mechanisms of radiation-induced vessel rarefaction in brain, however,
remain to be further investigated.

The vascular system is characterized by a dynamic temporally and spatially coordinated
interaction among EC, angiogenic factors and surrounding extracellular matrix proteins (18).
A controlled balance between VEGF, a prototypical angiogenesis factor, and a new class of
angiogenic regulators, including Ang-1, Tie-2 and Ang-2, is essential for vessel rarefaction
and growth (19). However, the potential contribution of these angiogenic factors to
radiation-induced vessel rarefaction in brain has not yet been explored.

In the present study, we demonstrate for the first time that differential expression of VEGF,
Ang-1, Tie-2 and Ang-2 is associated with a decrease in EC proliferation and an increase in
EC apoptosis in irradiated brain that ultimately contributed to cerebrovascular rarefaction.

MATERIALS AND METHODS

Animals

Four-month-old Fischer 344-Brown Norway (F344xBN) male rats were purchased from
Harlan Laboratories (Indianapolis, IN). Animals were housed on a 12/12-h light-dark cycle
with food and water provided ad libitum. Animal care was conducted in accordance with the
National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals, and
the study was approved by the Institutional Animal Care and Use Committee.

Whole-Brain Irradiation and Tissue Sample Preparation

After an acclimatization period of 1 week, the animals received either whole-brain
irradiation or sham irradiation. Rats were anesthetized by intraperitoneal injection of a 350-
ul mixture of ketamine/xylazine (80/12 mg/kg body weight). Whole-brain irradiation was
performed in a 12,000 Ci (444 TBq) self-shielded 137Cs y 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 thermoluminescence dosimeters placed in the
skull of dead rats and confirmed with ionization chambers in tissue-equivalent phantoms.
Rats received 10 Gy at an average dose rate of 4.23 Gy/min. To ensure that each rat received
the same midline brain irradiation, half the dose (5 Gy) was delivered to each side of the
head. Control rats were anesthetized but not irradiated. The animals were returned to their
home cages and euthanized by rapid decapitation 4, 8 and 24 h postirradiation. For real-time
RT-PCR, the brains were rapidly removed, immediately frozen in liquid nitrogen, and stored
at —80°C until analysis. For immunofluorescence staining, rats were given ketamine/
xylazine (80/12 mg/kg body weight) immediately prior to perfusion. Animals were then
transcardially perfused with ice-cold phosphate-buffered saline (PBS) containing 6 U/ml
heparin and the brains were rapidly removed, immediately frozen in liquid nitrogen, and
stored at —80°C until analysis.
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Based on previous studies from our laboratories and others (7-9, 20-26), a rat model of
whole-brain irradiation with a single dose of 10 Gy was chosen for three reasons: (1) it is
known as the lowest dose to have a biological effect, (2) it is well below the threshold for
vascular changes, demyelination or radionecrosis, and (3) it is close to a clinically relevant
dose in humans since the rat brain is more resistant to radiation injury than the human brain.

Double Immunofluorescence Staining

For assessment of EC proliferation, sections were stained for rabbit anti-Ki67 monoclonal
antibody (Abcam, Cambridge, MA) and mouse anti-CD31 (PECAM-1) monoclonal
antibody (BD Pharmingen, San Jose, CA) followed by Alexa Fluor 555-conjugated goat
anti-rabbit 1gG and Alexa Fluor 488-conjugated donkey anti-mouse IgG. For detection of
EC apoptosis, sections were incubated with rabbit anti-cleaved caspase-3 polyclonal
antibody (Cell Signaling Technology, Inc., Danvers, MA) and mouse anti-CD31 monoclonal
antibody before staining with Alexa Fluor 555-conjugated goat anti-rabbit 1gG and Alexa
Fluor 488-conjugated donkey anti-mouse 1gG. After washing with PBS, sections were
mounted in Vectashield mounting medium (Vector Laboratories Inc., Burlingame, CA) and
examined on a Zeiss AXIO Imager Alm fluorescence microscope (Carl Zeiss
Microlmaging, Inc., Thornwood, NY). Images were acquired with a 100x objective by
AxioCam MRc5 Digital Imaging System. The fluorescence intensity of acquired digital
images was quantified by ImageJ software (NIH, Bethesda, MD).

Real-Time Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

Quantitative real-time RT-PCR using fluorogenic 5'nuclease assay technology with
TagMan® probes and primers (Applied Biosystems, Foster City, CA) was 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 (27). Then 1 pg of total RNA was reverse transcribed
at 25°C for 15 min, 42°C for 45 min, and 99°C for 5 min in 20 ul of 5 mM MgCl,, 10 mM
Tris-HCI, pH 9.0, 50 mM KClI, 0.1% Triton X-100, 1 mM dNTP, 1 U/ul of recombinant
RNasin, 15 U/ug of Avian Myeloblastosis Virus (AMV) reverse transcriptase, and 0.5 pg of
random hexamers. Amplification of individual genes was performed on the Applied
Biosystems 7300 Real-Time PCR System using TagMan® Universal PCR Master Mix and a
standard thermal cycler protocol (50°C for 2 min before the first cycle, 95°C for 15 s and
60°C for 1 min, repeated 45 times). TagMan® Gene Expression Assay Reagents for rat
VEGF, Ang-1, Tie-2, Ang-2 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
were used for specific probes and primers of PCR amplifications. The threshold cycle (Cy),
which indicates the fractional cycle number at which the amount of amplified target gene
reaches a fixed threshold, was determined for 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 (28, 29). The data were analyzed using the
equation 27AACT where AACT = [Ct of target gene — Ct of housekeeping genelieated group
— [Cy of target gene — C+ of housekeeping gene]untreated control group- FOr the treated
samples, evaluation of 272ACT indicates the relative change in gene expression, normalized
to a housekeeping gene (GAPDH), compared to the untreated control.

Immunofluorescence Staining

Frozen brain tissues were cut into 20-um sections using a Microm HM 550 cryostat
(MICROM International GmbH, Walldorf, Germany) 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, and incubated in 0.5%
Triton X-100 for 15 min. After washing with PBS, sections were incubated with 3% bovine
serum albumin (BSA) in PBS for 1 h at room temperature, followed by incubation with
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primary antibody, e.g., mouse anti-VEGF monoclonal antibody, goat anti-Ang-1 polyclonal
antibody, rabbit anti-Tie-2 polyclonal antibody, or goat anti-Ang-2 polyclonal antibody
(Santa Cruz Biotechnology, Santa Cruz, CA), diluted in 1.5% BSA, overnight at 4°C.
Sections were then washed with PBS and incubated with secondary antibody, including
donkey anti-mouse IgG conjugated with Alexa Fluor 488, donkey anti-goat 1gG conjugated
with Alexa Fluor 488, or goat anti-rabbit 1gG conjugated with Alexa Fluor 555, diluted
1/400 in PBS, in the dark for 1 h. After washing with PBS, sections were mounted in
Vectashield mounting medium and examined on a Zeiss AXI10 Imager Alm fluorescence
microscope. Images were acquired with a 100xobjective by AxioCam MRc5 Digital
Imaging System. The fluorescence intensity of acquired digital images was quantified by
ImageJ software.

Statistical Analysis

RESULTS

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 end point, the treatment means were compared using the Bonferroni
least significant difference procedure. A statistical probability of P < 0.05 was considered
significant.

Effect of Whole-Brain Irradiation on EC Proliferation and EC Apoptosis in Rat Brain

To investigate whether whole-brain irradiation affects EC density in brain,
immunofluorescence staining for CD31, a specific marker for EC, was performed. As shown
in Fig. 1 and Fig. 2, 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 brain. Double immunofluorescence staining
for CD31 and Ki67 (cell proliferation marker) was performed to identify proliferating EC in
brain. Large numbers of double-immunoreactive cells (white arrows; proliferating EC) were
observed in sham-irradiated control brains (Fig. 1C). The number of proliferating EC,
however, dramatically decreased in rat brains 4 and 8 h after irradiation (Fig. 1F and 1) and
barely proliferating EC were detectable in rat brains 24 h postirradiation (Fig. 1L). In
addition, double immunofluorescence staining for CD31 and cleaved caspase-3 (an
apoptotic cell marker) was conducted to measure apoptotic EC in brain. In sham-irradiated
control brains, the colocalization of CD31 and cleaved caspase-3 (white arrows; apoptotic
EC) was sparse (Fig. 2C). In contrast, more apoptotic EC were observed in rat brains 4 h
after irradiation (Fig. 2F), and this level of activity was maintained at 8 and 24 h
postirradiation (Fig. 2l and L). Quantitative analysis demonstrated that whole-brain
irradiation significantly decreased EC proliferation (Fig. 1N) and increased EC apoptosis
(Fig. 2N) in rat brains. These results suggest that the radiation-induced decrease in EC
proliferation and increase in EC apoptosis may be responsible for a reduction of EC density
in irradiated rat brains.

Effect of Whole-Brain Irradiation on Expression of Angiogenic Factors in Rat Brain

To examine whether whole-brain irradiation affects expression of angiogenic factors in
brain, mMRNA expression levels of several angiogenic factors, including VEGF, Ang-1, Tie-2
and Ang-2, were analyzed by quantitative real-time RT-PCR. As shown in Fig. 3A, VEGF
MRNA expression was significantly suppressed in rat brains 8 h (0.69-fold) and 24 h (0.58-
fold) postirradiation compared with sham-irradiated controls. In addition, whole-brain
irradiation resulted in a significant reduction in Ang-1 mRNA expression in rat brains 8 h
(0.66-fold) after irradiation (Fig. 3B). A significant downregulation of Tie-2 mMRNA
expression was also observed in rat brains 4 h (0.62-fold) and 8 h (0.39-fold) postirradiation
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(Fig. 3C). In contrast, a significant and dramatic upregulation of Ang-2 mRNA expression
was detected in rat brains 4 h postirradiation (2.5-fold), reached a maximum at 8 h
postirradiation (10.4-fold), and was maintained at significantly higher levels at 24 h
postirradiation (3.5-fold) compared with sham-irradiated controls (Fig. 3D). The mRNA
expression levels of GAPDH (a housekeeping gene) were not affected by whole-brain
irradiation (data not shown).

A series of immunofluorescence staining was conducted to determine whether radiation-
mediated changes in mRNA expression levels of angiogenic factors were associated with
protein expression in rat brains. Strong VEGF-positive immunoreactivity was detected in
sham-irradiated control rat brains, whereas significantly reduced VEGF protein levels were
found in brains 4, 8 and 24 h postirradiation. Quantitative analysis demonstrated a
significant reduction in VEGF protein expression in rat brains 4, 8 and 24 h after irradiation
compared with sham-irradiated controls (Fig. 4). In addition, whole-brain irradiation
resulted in a significant decrease in protein expression levels of Ang-1 in rat brains 8 and 24
h postirradiation (Fig. 5) and Tie-2 in rat brains 4, 8 and 24 h postirradiation (Fig. 6)
compared with sham-irradiated controls. In contrast, a marked increase in Ang-2-positive
immunoreactivity was observed in rat brains 8 and 24 h after irradiation compared with
sham-irradiated controls (Fig. 7). These results demonstrate that whole-brain irradiation
differentially affects mMRNA and protein expression of angiogenic factors in brain.

DISCUSSION

The present study provides compelling evidence that whole-brain irradiation decreases EC
proliferation, increases EC apoptosis, and differentially affects the expression of various
angiogenic factors including VEGF, Ang-1, Tie-2 and Ang-2 in rat brains. Radiation-
induced brain damage is primarily a consequence of injury to the vascular endothelium (16).
However, it is well documented that nonvascular effects of radiation on normal brain tissue
are correlated with cognitive deficits. For example, damaging effects of radiation of
nonvascular consequence include parenchymal loss, demyelination, depletion of neural
precursor cells, impairment of neurogenesis, induction of neuroinflammation, and
degradation of extracellular matrix (7-9, 21, 24, 26, 30-33). Thus it is likely that functional
changes in the brain induced by radiation result from both vascular and nonvascular effects.

Previous evidence suggested that EC apoptosis may be responsible for the radiation-induced
decrease in EC density. Pena et al. (34) showed that EC apoptosis occurred in mouse brain
and spinal cord between 4 and 24 h after a single high dose of radiation. In addition,
increased numbers of apoptotic EC at 24 h postirradiation were associated with a decrease in
vessel density in rat spinal cord (35). However, the present results should be distinguished
from the aforementioned studies because of the different experimental procedures (tissues
irradiated and radiation dose). Pena et al. demonstrated radiation-induced EC apoptosis in
mouse brain. However, animals received whole-body irradiation with a single dose of 50
Gy, which may not be clinically relevant. In the study of Li et al., animals received cervical
spinal cord irradiation and radiation-induced EC apoptosis was not determined in brain.
Therefore, we believe that the present study provides new evidence that whole-brain
irradiation results in a significant increase in EC apoptosis in rat brain. In addition to EC
apoptosis, we examined EC proliferation and found that whole-brain irradiation significantly
decreased the number of proliferating EC in rat brain. These data suggest that the radiation-
mediated increase in EC apoptosis and decrease in EC proliferation contribute to vascular
rarefaction in irradiated brain.

Angiogenesis has 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
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conditions, including inflammation and tumor progression (36, 37). One of the most
important angiogenic factors is VEGF, which has a potent and specific activity for the
vascular endothelium (38). VEGF and its receptors serve to initiate EC proliferation, EC
migration and production of new capillary sprouts, which subsequently promote
vasculogenesis and angiogenesis (39, 40). VEGF is also considered as a survival factor for
EC and protects cells from apoptotic death (38, 41). In addition to VEGF, angiopoietins are
a second family of vascular regulatory molecules that are specific for the vascular
endothelium involved in both physiological and pathological blood vessel generation (42).
Although Ang-1 does not directly affect proliferation of cultured EC, it has a major role in
mediating interactions between the endothelium and the surrounding matrix, stimulating EC
migration (43), sprouting (44) and tubule formation (45). Under physiological conditions,
Ang-1 is necessary for subsequent vascular remodeling as well as vessel maturation and
stabilization by binding to the endothelial receptor Tie-2 (46). Members of the angiopoietin
family bind to Tie-2 (47) and the balance of Ang-1/Tie-2 system has been known to be
crucial for maintenance of vessel integrity and development of mature vessels (48). Ang-2, a
functional antagonist of Ang-1, competitively inhibits interaction between Ang-1 and Tie-2.
By blocking cell signaling pathways initiated by the Ang-1/Tie-2 system, Ang-2 leads to
destabilization of vascular structure, which allows EC to become more sensitive and
responsive to other angiogenic factors, including VEGF (48). In the presence of high levels
of VEGF, Ang-2 facilitates the angiogenic process by increasing EC proliferation, EC
migration and vessel sprouting. In the absence of the activating signal from VEGF, Ang-2
promotes EC apoptosis and subsequently leads to vessel rarefaction (48). These studies
suggest that the dynamic interplay among VEGF, Ang-1, Tie-2 and Ang-2 is necessary for
physiological angiogenesis. In the present study, significantly lower levels of mMRNA and
protein expression of VEGF, Ang-1 and Tie-2 were detected in brains from irradiated
animals. In contrast, whole-brain irradiation significantly upregulated Ang-2 mRNA and
protein expression in rat brains. It is well known that mRNA expression positively correlates
with protein expression. Since the translational process from mRNA to protein expression is
dependent on time, it is common to observe either concurrent or modest delay in expression
levels between mRNA and protein. Data from the present study clearly demonstrated a
positive relationship between mRNA expression and protein expression levels for VEGF (8
and 24 h), Ang-1, Tie-2 and Ang-2. Although further research is necessary, there is a
possibility that radiation suppresses translational process of VEGF protein expression
without affecting mRNA expression at 4 h postirradiation. These results suggest that whole-
brain irradiation may decrease vessel integrity and maturation by causing an 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. However, the causal relationship between EC
proliferation/apoptosis and differential expression of angiogenic factors in the irradiated
brain remains unclear and needs to be investigated further.

CONCLUSION

The present study demonstrates for the first time that differential expression of VEGF,
Ang-1, Tie-2 and Ang-2 may be responsible for cerebral microvascular rarefaction and may
contribute to decreased EC proliferation and increased EC apoptosis in irradiated rat brains.
These findings provide potential cellular and molecular mechanisms by which radiation
alters physiological angiogenesis in brain that will lead to new opportunities for preventive
and therapeutic interventions for patients with brain tumors who receive radiation therapy.
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FIG. 1.
Effect of whole-brain irradiation on endothelial cell proliferation in rat brain. Representative

images show double immunofluorescence staining for CD31 in green and Ki67 in red
(panels A-L). Whole-brain irradiation resulted in a marked decrease in the fluorescence
intensity of CD31 labeling of endothelial cells (panels A, D, G and J). Ki67 labeling of
proliferating cells was dramatically reduced in irradiated rats (panels B, E, H and K).
CD31*/Ki67* proliferating endothelial cells (white arrows) were more abundant in sham-
irradiated controls compared with irradiated rats (panels C, F, I and L). Quantitative analysis
indicated that radiation significantly reduced proliferating endothelial cells in rat brains
compared with sham-irradiated controls (panels M and N). Data shown are means + SEM
for each group (n = 4). *Statistically significant difference from control (P < 0.05). Panels
A-C: Sham irradiation (Control); panels D—F: 4 h postirradiation; panels G-I: 8 h
postirradiation; panels J-L: 24 h postirradiation. Panels A, D, G and J: green staining of
CD31-positive immunoreactivity; panels B, E, H and K: red staining of Ki67-positive
immunoreactivity; panels C, F, I and L: merged images of the green and red fluorescence
staining. Original magnification of the images in panels A-L is 100x.
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FIG. 2.

Effect of whole-brain irradiation on endothelial cell apoptosis in rat brain. Representative
images show double immunofluorescence staining for CD31 in green and cleaved caspase-3
in red (panels A-L). Whole-brain irradiation resulted in a marked decrease in the
fluorescence intensity of CD31 labeling of endothelial cells (panels A, D, G and J). Cleaved
caspase-3 labeling of apoptotic cells was dramatically increased in irradiated rats (panels B,
E, H and K). CD31*/cleaved caspase-3* apoptotic endothelial cells (white arrows) were
more abundant in irradiated rats than in sham-irradiated controls (panels C, F, 1 and L).
Quantitative analysis indicated that radiation significantly increased endothelial cell
apoptosis in rat brains compared with sham-irradiated controls (panels M and N). Data
shown are means = SEM for each group (n = 4). *Statistically significant difference from
control (P < 0.05). Panels A-C: sham irradiation (Control); panels D—F: 4 h postirradiation;
panels G-I: 8 h postirradiation; panels J-L: 24 h postirradiation. Panels A, D, G and J: green
staining of CD31-positive immunoreactivity; panels B, E, H and K: red staining of cleaved
caspase-3-positive immunoreactivity; panels C, F, I and L: merged images of the green and
red fluorescence staining. Original magnification of the images in panels A-L is 100x.
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FIG. 3.

Effect of whole-brain irradiation on mRNA expression of VEGF, Ang-1, Tie-2 and Ang-2 in
rat brain. Compared with sham-irradiated controls, radiation significantly downregulated
MRNA expression levels of VEGF (panel A), Ang-1 (panel B) and Tie-2 (panel C) in rat
brains. In contrast, mMRNA expression levels of Ang-2 were upregulated by radiation (panel
D). Data shown are means + SEM for each group (n = 4). *Statistically significant
difference from control (P < 0.05).
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FIG. 5.

Effect of whole-brain irradiation on Ang-1 protein expression in rat brain. Quantitative
analysis indicated that radiation significantly reduced protein expression levels of Ang-1 in
rat brains compared with sham-irradiated controls. Data shown are means + SEM for each
group (n = 4). *Statistically significant difference from control (P < 0.05).
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FIG. 6.

Effect of whole-brain irradiation on Tie-2 protein expression in rat brain. Quantitative
analysis indicated that radiation significantly reduced protein expression levels of Tie-2 in
rat brains compared with sham-irradiated controls. Data shown are means + SEM for each
group (n = 4). *Statistically significant difference from control (P < 0.05).
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FIG. 7.

Effect of whole-brain irradiation on Ang-2 protein expression in rat brain. Quantitative
analysis indicated that radiation significantly increased protein expression levels of Ang-2 in
rat brains compared with sham-irradiated controls. Data shown are means + SEM for each
group (n = 4). *Statistically significant difference from control (P < 0.05).
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