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Subcurative radiation significantly increases cell proliferation,
invasion, and migration of primary glioblastoma multiforme in vivo
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Abstract
Tumor cell proliferation, infiltration, migration, and neovascularization are known causes of treatment

resistance in glioblastoma multiforme (GBM). The purpose of this study was to determine the effect of
radiation on the growth characteristics of primary human GBM developed in a nude rat. Primary GBM
cells grown from explanted GBM tissues were implanted orthotopically in nude rats. Tumor growth was
confirmed by magnetic resonance imaging on day 77 (baseline) after implantation. The rats underwent
irradiation to a dose of 50 Gy delivered subcuratively on day 84 postimplantation (n = 8), or underwent
no radiation (n = 8). Brain tissues were obtained on day 112 (nonirradiated) or day 133 (irradiated).
Immunohistochemistry was performed to determine tumor cell proliferation (Ki-67) and to assess
the expression of infiltration marker (matrix metalloproteinase-2, MMP-2) and cell migration marker
(CD44). Tumor neovascularization was assessed by microvessel density using von-Willebrand factor
(VWF) staining. Magnetic resonance imaging showed well-developed, infiltrative tumors in 11 weeks
postimplantation. The proportion of Ki-67—-positive cells in tumors undergoing radiation was (71 = 15)%
compared with (25 £ 12)% in the nonirradiated group (P = 0.02). The number of MMP-2—positive areas and
proportion of CD44-positive cells were also high in tumors receiving radiation, indicating great invasion and
infiltration. Microvessel density analysis did not show a significant difference between nonirradiated and
irradiated tumors. Taken together, we found that subcurative radiation significantly increased proliferation,
invasion, and migration of primary GBM. Our study provides insights into possible mechanisms of
treatment resistance following radiation therapy for GBM.
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Glioblastoma multiforme (GBM) is one of the most aggressive
primary brain tumors in humans, with a median survival of 12-15
months”. The current standard of care for GBM is surgical resection
followed by radiation therapy combined with concurrent and adjuvant
temozolomide®. Even with aggressive treatment, tumors recur in a
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majority of patients. Hence, there is an urgent need to develop new
therapies to overcome treatment resistance in GBM.

A major consideration in developing new treatments is to identify
the mechanisms that are being used by tumor cells to become
resistant to applied therapies. Factors implicated in GBM recurrence
include cancer stem cells™, tumor microvascular endothelial cells",
hypoxia®”, cell proliferation, infiltration®®, and angiogenesis™.
Numerous attempts have been made to decrease recurrence and
improve survival in GBM patients. In addition to aggressive surgical
resection”, one strategy that has been tested is increasing the dose
of radiation™". Increased dose intensity of temozolomide has also
not shown improvement in survival™®. Currently, novel targeted
therapies, including antiangiogenic agents, are being evaluated in
combination with standard treatment™®, but the results to date have
not been encouraging™ " For the past several years, radiotherapy
has been an integral part of adjuvant treatment in GBM. According
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to the latest Radiation Therapy Oncology Group (RTOG) guidelines,
the initial treatment field includes postoperative peritumoral edema
as seen on magnetic resonance imaging (MRI) plus 2 cm, followed
by a boost field defined as a residual tumor plus 2 cm, prescribed to
a total dose of 60 Gy"™. Treatment effects are monitored by serial
MRI, and two characteristic morphologic changes in the brain have
been well documented®®". Pseudoprogression is seen as contrast
enhancement on MRI, usually within 3 months after treatment,
and generally exhibits spontaneous resolution. Radiation necrosis,
however, is a less common but a more serious change. Usually
found 3-12 months after treatment, radiation necrosis exhibits a
characteristic histology but seldom shows spontaneous resolution.
Although imaging changes have been well documented in GBM, the
extent to which radiation affects malignant characteristics of the tumor
has not been well documented. There has also been no clinically
relevant primary human GBM animal model (with radiation) with
which to understand the mechanisms of treatment resistance and
tumor recurrence. Most relevant animal models have used glioma cell
lines, which do not accurately represent the growth characteristics of
primary GBM. In the present study, we set out to determine changes
in malignant characteristics, including cell proliferation, migration,
invasion, and neovascularization, following radiation in an animal
model of primary human GBM.

Materials and Methods

The Institutional Animal Care and Use Committee of the Henry
Ford Health System approved all experiments performed in this study.
A separate institutional review board (IRB) approval was obtained for
the use of primary human GBM cells in animal experiments.

Cell lines

Primary GBM cells were obtained from an explanted tumor
sample from a patient using an IRB-approved protocol". The tumor
was dissociated, and the cells were grown as neurospheres in DMEM/
F12 medium containing 2 mmol/L L-glutamine and supplemented with
N-2 (Gibco Invitrogen Cell Culture, Grand Island, NY, USA), 0.05%
bovine serum albumin, 25 pg/mL gentamicin, 50 units/mL penicillin G
sodium, 50 pg/mL streptomycin sulfate, 20 ng/mL epidermal growth
factor, and 20 ng/mL basic fibroblast growth factor (PeproTech, Rocky
Hills, NJ, USA). After 1-3 weeks, multicellular floating neurospheres
formed and were dissociated in Mg”- and Ca*-free PBS, harvested,
and resuspended at a concentration of 8 x 10’ cells/mL in serum-
free medium; 5 L of the cell suspension was implanted into each
rat brain. The main differences between established glioma cell lines
(such as U251 or U87) and primary glioma neurospheres are that the
primary glioma neurospheres grow slowly by invasion (rather than
by displacement, like in U251 or U87) and recapitulate the salient
characteristics of the primary GBM tumor®".

Animals

Female nude rats (n = 20) weighing 150-200 g were obtained

from Charles River Laboratories (Frederick, MD, USA) and used in
these experiments. Twelve weeks after tumor implantation, 8 rats
received radiation and 8 rats were used as control. Four rats were
euthanized on day 77 to determine the baseline proliferation and
neovascularization in tumors.

Tumor implantation

Rats were anesthetized with 100 mg/kg ketamine and 15 mg/kg
xylazine via intraperitoneal injection. The surgical zone was swabbed
with betadine solution and the animals’ eyes were coated with Lacri-
lube. The rats were immobilized in a small animal stereotactic device
(Stoelting Co, CA, USA). After draping, a 1-cm incision was made
2 mm to the right of the midline and 1 mm retro-orbitally. The skull
was exposed with cotton-tip applicators and an HP-4 dental drill bit
was used with a micromanipulator to drill a hole 3 mm to the right of
the bregma, taking care not to penetrate the dura. A #2701 10 L
Hamilton syringe with a 26-gauge needle containing 4 x 10° tumor
cells in 5 pL was lowered to a depth of 3.5 mm, and then raised to
a depth of 2.5 mm. The GBM cells were injected slowly at a rate of
0.5 pL/30 s until the entire volume was injected. The neurospheres
were dissociated before the injection in order to maintain an identical
number of cells administered into each rat. Tumor growth was
confirmed with an MRI scan 11 weeks after implantation.

Irradiation

On day 84 following tumor cell implantation, eight rats received
irradiation. MRI scans indicated the tumor diameter was about 4-6
mm on day 77. These rats were anesthetized using 100 mg/kg of
ketamine and 10 mg/kg of xylazine via intraperitoneal injection, and
then restrained in a stereotactic head holder. The chosen site of
irradiation was 3 mm right from bregma (at the center of the tumor
implantation site). The rats were irradiated stereotactically using a
single, collimated dorso-ventral beam of 6 MV X-rays (BrainLab,
Feldkirchen, Germany) to a dose of 50 Gy in single fraction, with 1.5-
mm thick bolus material placement, so that 95%—-100% of the central
axis dose was delivered to the target volume®. The volume of brain
irradiated was a cylindrical radius of 3 mm at the 80% isodose line.
The dose rate was 6 Gy/min using a 75-cm source-to-skin surface
distance. Based on our previous experience and publications, a dose
of 50 Gy in single fraction induces radiation necrosis in the normal
brain within 6-8 weeks”. Figure 1 shows demyelination (Luxol fast
blue staining) and vascularity [von-Willebrand factor (vWF)-positive
vessels] in the normal brain following irradiation to a dose of 50
Gy. Similar changes are expected in the surrounding brain tissue
and tumor (such as necrosis) following a dose of 50 Gy radiation
encompassing the entire tumor area. As our aim was to determine
the growth characteristics of residual tumor cells, the tumor volume
irradiated was designed to allow viable tumor cells outside the high-
dose region (subcurative radiation).

MRI

An appropriate state of anesthesia was obtained with isoflurane
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Luxol fast blue

Figure 1. Changes in the normal brain of a nude rat following irradiation. Nude rats, 6-8 weeks old, received 50 Gy irradiation to the right hemisphere
(RH) at 3 mm right and 1 mm anterior to bregma as described in the Methods section. Eight weeks following irradiation, rats were euthanized, the brain
tissues were collected, and paraffin blocks were prepared. Tissue sections were stained with Luxol fast blue (LFB) for myelination and von-Willebrand
factor (vWF) for vascularization. LFB staining shows obvious demyelination in the irradiated RH compared with the nonirradiated left hemisphere (LH) at
both 10x (middle panel) and 40x (lower panel) magnification. VWF staining at the corresponding sites showed increased number of vessels, indicating
radiation-induced angiogenesis in the irradiated brain compared to that of contralateral nonirradiated brain.

(3% for induction, 0.7%-1.5% for maintenance in a 2:1 mixture
of N,:0,). Anesthetized rats were placed in a 7 Tesla, 20-cm bore
superconducting magnet (Magnex Scientific, Abingdon, England)
interfaced to a Bruker Advance console (Bellerica, MA, USA). A 12-
cm self-shielded gradient set with maximum gradients of 45 gauss/
cm was used. Radiofrequency pulses were applied by a 7.5-cm
diameter saddle coil actively decoupled from the 3.2-cm diameter
surface receive coil positioned over the center line of the rat skull.
Stereotaxic ear bars were used to minimize movement during the
imaging procedure. Rectal temperature was maintained at 37.0°C
using a feedback controlled water bath. After positioning using a
triplanar fast low angle shot (FLASH) sequence, T2-weighted MRI
scans were performed. T2-weighted images were obtained using
standard, two-dimensional Fourier transformation (2DFT), multislice
(13-15), multiecho (6 echoes) MRI. A series of four sets of images
(13-15 slices for each set) were obtained using echo times (TEs) of

20, 40, 60, and 80 ms and a repetition time (TR) of 3,000 ms. The
images were produced using 32 mm field of view (FOV), 1-mm slice
thickness, 256 x 256 matrix, and number of excitation (NEX) of 2.
MR images were used to determine the tumor size and detect signs
of necrosis. Edematous or liquifactive areas usually show high signal
intensity on T2-weighted images, but hemorrhagic necrosis appears
as low signal intensity areas. All rats underwent MRI on the day of
euthanasia.

Immunohistochemistry

Nonirradiated rats were euthanized on day 112 after tumor
implantation. Irradiated rats were euthanized on day 133 (7 weeks
after irradiation) using 150-200 mg/kg of pentobarbital by intravenous
or intraperitoneal injection. Following euthanasia, all rats were then
perfused with 100 mL of saline and 100 mL of 3% paraformaldehyde
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for histologic analysis. During this study, the nonirradiated rats
expired by day 120 due to tumor regrowth. However, due to radiation-
induced growth delay, rats with irradiated tumors failed to succumb.
For this reason, irradiated tumors were allowed an addition three
weeks to grow compared to nonirradiated tumors. The whole brain
tissue was collected and fixed in 4% paraformaldehyde and 3%
sucrose for 48 h and then transferred to 4% paraformaldehyde and
30% sucrose solution. The fixed brain tissue was placed in a coronal
rat brain matrix (Activational Systems Inc., Warren, MI, USA) and cut
into 2-mm blocks. Blocks grossly containing tumor were processed
and paraffin embedded. The embedded blocks were cut into serial
6-um sections for histology. Immunohistochemistry using Ki-67
antibody (Millipore, MA, USA) was used to assess the proliferation
status of the tumor cells. Sections were also stained with matrix
metalloproteinase-2 (MMP-2) (Lab Vision Corporation, Fremont,
CA, USA) and CD44 (Abcam, Cambridge, MA, USA) antibodies to
assess for tumor infiltration and migration. Tumor neovascularization
was assessed using vVWF (Dako, Carpinteria, CA, USA) staining.
Vascular endothelium was also visualized by FITC tagged-tomato
lectin immunofluorescence (Sigma, St Louis, MO, USA). Factors
related to neovascularization, such as vascular endothelial growth
factor (VEGF) (Lab vision Corporation, Fremont, CA, USA), stromal
cell-derived factor (SDF)-1a (Millipore, MA, USA), and hypoxia-
inducible factor (HIF)-1a (Lab vision Corporation, Fremont, CA, USA)
were also assessed using respective antibodies.

Quantitative analysis of Ki-67

Five regions of the tumor were microphotographed: center, right,
left, top, and bottom at 40x magnifications. The Ki-67—positive cells
were identified by dark brown on diaminobenzidine (DAB) stain. All
positive and negative cells were counted using a cell counter pen; the
total cell number counted varied from 915 to 2,600 based on tumor
size. The percentage of cells positive for Ki-67 was calculated for
baseline, nonirradiated, and irradiated groups.

Evaluation of CD44-positive cells

Studies have indicated CD44 to be a surrogate marker for
treatment-resistant cells™. Distance between CD44-positive cells
and the margin of the main tumor mass was calculated using low
magnification (4x to 10x) images of the tumor section. An average
distance of 10 cells from the margin of the tumor mass on each
section was determined using software supplied by the vendor (SPOT
Imaging Solutions, Sterling Heights, MI, USA) for the microscope.
The average distance between the migratory cells and the tumor
margin was determined for both nonirradiated and irradiated tumors.

Quantification of MMP-2, SDF-1«, and
HIF-1 o expression

At least three tumors were analyzed per group (baseline,
non-irradiated, and irradiated). Five regions of the tumor were
micro-photographed: center, right, left, top, and bottom at 40x
magnification. All pictures were saved as red-green-blue format

and the size of the pictures were maintained at 3 cm x 2.25 cm
with a resolution of 150 pixels/cm. MMP-2 is a secretory protein
and therefore detectable in both the intracellular and extracellular
space. The area (mm?) of positive MMP-2 expression was measured
using a plug-in called “threshold color” from ImageJ software®. The
plug-in allowed us to segment the images based on color. Although
SDF-1a is a secretory protein, most of the SDF-1a expression was
localized within the cytoplasm. Our staining showed a limited number
of cells with increased expression of SDF-1a. Therefore, we used
a densitometry technique for analysis using ImageJ software. Each
picture was divided into four quadrants and a small region of interest
(ROI) of 20 random points was measured. A total of 80 optical points
were quantified per photograph, making a grand total of 400 points
for each section of the tumor. All positive points were subtracted from
a white background for normalization. All the points (optical density)
were averaged for each group and statistically analyzed. HIF-1a
expression is mostly nuclear, which led us to quantify positive cells.
All positive cells were quantified per microphotograph, averaged, and
statistically analyzed.

Evaluation of microvessel density (MVD)

Slides stained with vVWF were used to quantify MVD. Each tube-
like structure for VWF was considered a microvessel. Five “hot spots”
(areas with highest vessel concentration) from each slide were
identified, and VWF-positive areas were counted by two independent
observers. The total histologic area was noted, and MVD was
calculated as previously described? for baseline, irradiated, and
non-irradiated groups.

Statistical analysis

Comparison among the irradiated, nonirradiated, and baseline
groups were done by using multiway analysis of variance followed
by PLSD post hoc test. All data are presented as mean * standard
deviation. A P value of less than 0.05 was considered significant for
each group comparison.

Results
Tumor necrosis detected by MRI

On day 77, all tumors measured approximately 4-6 mm in
longitudinal diameter. T2-weighted images showed large tumors in all
rats with or without irradiation (Figure 2). Due to the additional three
weeks of growth allowed for the irradiated group of rats and possible
residual tumor cells after radiation, we expected no changes in tumor
size between the groups. However, signs of hemorrhagic necrosis
(low signal intensity areas on T2-weighted image) and areas of
peripheral high signal intensities were observed in irradiated tumors
(Figure 2). The MRI findings were also confirmed by hematoxylin-
eosin (HE) staining of corresponding tumor areas, which showed
areas of necrosis in irradiated tumors but no definite necrosis in
baseline or nonirradiated tumors (Figure 2).
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Subcurative radiation enhanced the proliferation of
GBM cells

There was an increase in proliferation as indicated by a higher

proportion of Ki-67—positive cells in tumors receiving radiation
compared with tumors that received no radiation or at baseline. As
shown in Figure 3, quantitative analysis revealed that the average Ki-
67 labeling before radiation (baseline, day 77) was (24 £ 1)%, which
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Figure 2. Irradiation induced
changes on magnetic resonance
imaging (MRI) and histology.
MRI and corresponding histology
images show rat brains bearing
primary glioblastoma multiforme
(GBM) on day 77 (baseline),
day 112 (nonirradiated), and
day 133 (irradiated). Upper
panel: a T2-weighted MR image
shows a baseline tumor on day
77; a nonirradiated rat shows
a well-developed tumor on
day 112; and an irradiated rat
shows a well-developed tumor
with radiation necrosis (yellow
arrow) on day 133. Middle panel
(2x magnification) and lower
panel (10x magnification):
representative hematoxylin-
eosin (HE) staining of the
corresponding areas of the
tumors indicating necrosis
following irradiation.
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increased to (71 £ 15)% following irradiation (day 133), compared
with (25 £ 12)% in the nonirradiation group (day 112) (P < 0.05).

Subcurative radiation increased infiltration and
migration of GBM cells

Tumors were stained for expressions of MMP-2 and CD44 to
evaluate the invasive capacity and infiltration of GBM cells. The
invasiveness of GBM cells increased as evidenced by higher MMP-
2 staining in tumors receiving radiation (Figure 4). Compared with
nonirradiated tumors, which showed expression of MMP-2 throughout
the tumor in a linear and sparse fashion, MMP-2 expression in
irradiated tumors was denser, involved larger areas, and extended
to the tumor periphery. Semiquantitative analysis revealed positive
areas for MMP-2 were significantly larger in irradiated tumors
compared with that of baseline and nonirradiated tumors (P < 0.05)
(Figure 5). Foci of CD44-positive areas were seen beyond the tumor
periphery into the normal brain following irradiation, indicating tumor
cell migration (Figure 6). Most CD44-positive cells in the baseline
and non-irradiated groups remained within the boundary of the main
tumor mass. Very few CD44-positive cells were observed in tumors in
the baseline and nonirradiated groups. However, CD44-positive cells
were abundant in the irradiated group and were seen mostly at the
periphery and beyond the margin of the tumor mass. The average
distance of CD44-positive foci in the irradiated group was (855.0 +
461.6) ym compared with (481.4 + 310.4) pym in the nonirradiated
group, indicating greater infiltration of tumor cells following radiation
(P <0.05).

Tumor angiogenesis and MVD

Various markers of angiogenesis and quantification of MVD
assessed tumor neovascularization. There were no differences in the
expression of VEGF or SDF-1a (Figures 5 and 7) in tumors between
the irradiated and nonirradiated groups (Figure 7). However, HIF-
1a staining was significantly higher in irradiated tumors compared
with baseline and nonirradiated tumors (Figures § and 7). VWF
staining in tumors treated with radiation, compared with nonirradiated
and baseline groups, are shown in Figure 8. Although there were
qualitative changes in the tumor vasculature such as dilation and
tortuosity following irradiation, no differences in the quantity of tumor
vasculature was observed on VWF staining among baseline, non-
irradiated, and irradiated groups (Figure 8). The MVD calculated
by counting VWF-positive areas in the baseline, nonirradiated, and
irradiated groups was (244 + 23)/mm? (207 + 27)/mm?, and (289 +
29)/mm?, respectively (P = 0.07). Surprisingly, in tumors that received
radiation, we observed VWF-positive areas crossing the midline to
the opposite cerebral hemisphere along the tracts of corpus callosum
(Figure 8).

Discussion

Our results indicate that the subcurative radiation of the tumor
led to increased proliferation of residual GBM cells and hypoxia as
indicated by a greater percentage of Ki-67—positive cells and HIF-
1a positive cells, respectively. An increase in the numbers of MMP-
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40x negative control

- N
ot SOWE T
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Figure 4. Matrix metallopro-
teinase-2 (MMP-2) expression was
increased following irradiation,
indicating an increase in tumor
infiltration. Representative images
of tumor sections were stained
for infiltration marker MMP-2
(upper panel; 2x magnification).
Increase in MMP-2 expression
is noted at the tumor periphery
after irradiation, compared with
nonirradiated or baseline tumors
(middle panel; 40x magnification).
A dense expression of MMP-
2 is observed in the irradiated
tumor. The lower panel shows
consecutive sections for negative
control for corresponding MMP-
2 immunohistochemistry (40x
magnification).
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2—positive areas and CD44-positive cells at the periphery of tumors
receiving radiation suggested an increase in migration, infiltration,
and the number of treatment-resistant cells. In addition, many
tumor cell foci were seen migrating outside of primary tumor mass
into normal brain tissue. However, we did not observe increased
vascularization, based on the expression of angiogenesis markers on
immunohistochemistry or MVD measurement in the irradiated group.
Radiation produces a therapeutic effect by eradicating
microscopic disease after the primary tumor is surgically removed.
It has been an integral part of postoperative treatment of GBM for
the past many decades. Nevertheless, the vast majority of patients
experience tumor recurrence. Several hypotheses, including
alterations in tumor microenvironment and tumor biological factors,
have been implicated in resistance to therapy and tumor recurrence.
Our goal in the present study was to examine the effect of radiation
on tumor biological factors including proliferation, infiltration,
migration, and vascularization in an animal model of primary GBM.

The radiation dose used in this study was sufficient to cause radiation
injury (necrosis) in the normal brain, which was revealed as extensive
demyelination and changes in vascularization. We assumed,
therefore, that the same dose of radiation would also cause necrosis
in the tumor, which was confirmed with HE staining. However, we
expected that not all tumor cells would be affected by the dose of
radiation, and some tumor cells would remain viable (i.e., radiation
dose was delivered subcuratively).

Radiation has been suggested to increase the invasive and
migratory potential of GBM cells in vitro and in vivo”" **. These
increases are predominantly thought to be due to elevated
expression of the proteolytic enzyme MMP-2%%, MMP-2 activates
various cellular pathways, leading to increased cell proliferation,
motility, invasion, and angiogenesis®®" *. The increase in MMP-2
expression, especially at the periphery, observed in our experiment
would suggest that GBM cells acquire an aggressive phenotype
after radiation. We also observed CD44-positive microscopic foci
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of tumor cells, migrating away from the primary tumor into the
surrounding normal brain tissue after radiation. CD44 is a cell
surface molecule responsible for cell-cell and cell-matrix interactions,
and its expression has been associated with GBM cell migration,
invasion, and resistance to treatment®*™*%. Qur results suggest
up-regulation of MMP-2 and CD44 expression in the viable tumor
cells following subcurative radiation, facilitating GBM infiltration and
invasion into normal brain tissue. Notably, T2-weighted MRI was not
sensitive enough to detect infiltration at the tumor periphery following
irradiation, although peripheral edema may indicate extension of
tumor margin, which is also observed on MRI as high signal intensity
areas.

In addition to greater invasion and migration of GBM cells after
radiation, we observed an increase in the proliferation of GBM
cells, as evidenced by a higher percentage of Ki-67—positive cells
in tumors treated with radiation. Ki-67, also known as MKI67, is an
antigen encoded by the MKI67 gene in humans“'. Ki-67, which is
strictly present in active phases of the cell cycle (G;, S, G,, and M
phases) and absent in the resting phase (G,), is associated with cell
proliferation and RNA ribosomal transcription. During interphase,
Ki-67 can be detected in the cell nucleus, and while in mitosis, it

can be detected on the surface of chromosomes. It is possible that
the increase in Ki-67 staining in irradiated tumors is secondary to
accelerated repopulation of tumor cells following sublethal DNA
damage repair*?.

One of the characteristic features of GBM is their hypervascularity
secondary to increased production of proangiogenic factors,
including VEGF, HIF-1a, and SDF-1a"****), Radiation treatment
has been reported to increase the release of these proangiogenic
factors“**. However, in the current study, there was no increase in
vascularization in tumors that received radiation. One possible reason
for this is the high dose of radiation, which completely obliterated the
hypoxia-induced angiogenic signal (though HIF-1a was increased).
This is supported by the observation of vVWF staining crossing the
midline to the opposite hemisphere where the radiation dose would
be lower, thus leading to the release of proangiogenic factors.

A unique feature of our study is the use of primary GBM spheroid
cells developed from resected GBM tissues, which form infiltrative
tumors when implanted in animals®". Primary GBM spheroid-cell-
derived tumors can infiltrate the normal brain to a greater extent
compared to established cell lines such as U251, U87, or 9L cells,
where tumor growth is primarily by displacement. Another advantage
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of using primary GBM spheroid cells is prolonged life span of the
implanted rats of up to 16—18 weeks, compared with 5-6 weeks for
standard tumor models. The slow growth and prominent infiltration
of GBM spheroid cells allow us to study the effect of treatment
interventions at clinically relevant time points. Although GBM at later
stages showed hypervascularity and prominent enhancement on
postcontrast CT or MRI, our personal experiences showed a reduced
number of microvessels in the rat model of glioma derived from
primary GBM, compared with an animal model of glioma derived
from human U251 cell line. Comparative studies are warranted to
determine the factors causing decreased vascularization in primary
GBM versus tumors derived from established cell lines.

Although our results have interesting clinical implications,
there are several limitations on our study. The radiation dose was
delivered in a single fraction. Although GBM patients are treated
with fractionated irradiation, applying fractioned regimen in nude
rats would be technically challenging. Another limitation was that
the neurosphere cells were derived from a single patient. Ideally,
samples from different patients should have been used. In our
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