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Abstract: Vascular endothelial growth factor receptor 2 (VEGFR2) is an important angiogenic marker over-expressed
in gliomas. With the use of molecular magnetic resonance imaging (mMRI) differing levels of VEGFR2 can be charac-
terized in vivo with in rodent gliomas varying in angiogenesis. VEGFR2 levels were assessed by intravenous admin-
istration of an anti-VEGFR2 probe (anti-VEGFR2-albumin-Gd (gadolinium)-DTPA (diethylene triamine penta acetic
acid)-biotin) into C6 or RG2 glioma-bearing rats, and visualized with mMRI. A non-specific IgG was coupled to the
albumin-Gd-DTPA-biotin construct as a contrast agent molecular weight control. VEGFR2 levels are heterogeneous
in different regions of C6 gliomas, whereas VEGFR2 was more homogenous or evenly distributed in RG2 gliomas.
RG2 gliomas have less VEGFR2 within tumor periphery and peri-necrotic (p<0.05) regions, but more VEGFR2 within
tumor interior regions (p<0.01), compared to C6 gliomas. mMRI results were confirmed with fluorescence stain-
ing and mean fluorescence intensity (MFI) quantification of the anti-VEGFR2 probe in excised glioma and brain
tissues, as well as detection of VEGFR2 in C6 and RG2 gliomas and corresponding contalateral brain tissues. Ex
vivo VEGFR2 levels were found to be significantly higher in C6 gliomas compared to RG2 tumors (p<0.001), which
corresponded with in vivo detection using the VEGFR2 probe. Immunohistochemistry staining for HIF-1a (hypoxia
inducible factor 1a), which is associated with angiogenesis, indicated higher levels in RG2 (p<0.01) compared to C6
gliomas. The data suggests that C6 gliomas have angiogenesis which is associated more with large blood vessels in
tumor periphery and peri-necrotic regions, and less microvascular angiogenesis within the tumor interior, compared
to RG2 gliomas.
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Introduction stimulant factor in regulating angiogenesis.
Stimulation of VEGF by interacting with one of
its receptors, VEGF Receptor-2 (VEGFR-2), trig-
gers endothelial cell proliferation, migration,
survival, as well as an increase in vascular per-
meability through signaling pathways, including
the phosphatidylinositol 3’ kinase (PI3K)/Akt
and the Ras/mitogen-activated protein kinase

Gliomas are the most common primary brain
tumors in the adult [1]. It has been demonstrat-
ed that angiogenesis is greatly upregulated in
high-grade gliomas compared to low-grade glio-
mas [2]. Angiogenesis is an essential process
that provides excess nutrients to developing

tumors even at a very early stage [3]. Assessing
angiogenesis is one of the most important cri-
teria for grading tumors in patients [4].

Angiogenesis is driven by a multiple, complicat-
ed network which involves the interaction of a
number of pro-angiogenic factors and endoge-
nous angiogenic inhibitors. Vascular endotheli-
al growth factor (VEGF) is the most important

(MAPK) pathways [5]. VEGFR-2 is upregulated in
tumor vasculature and mainly found on activat-
ed angiogenic endothelial cells [6, 7]. An accu-
rate in vivo assessment of VEGFR-2 can provide
an excellent approach to characterize active
angiogenesis.

The rat C6 glioma model is the most commonly
used model in the laboratory for characterizing
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gliomas. The RG2 glioma model is a good model
for human glioblastoma (GBM), a high grade
glioma, due to its invasive growth pattern [8].
RG2 gliomas are more aggressive than C6 glio-
mas, as indicated by histology [9], and by tumor
doubling times [10]. The microvasculature
evolves differently in the two glioma models, as
detected from the blood volume fraction (BVf)
and the vessel size index (VSI) in the tumor cen-
ter and the peripheral regions [10]. Efforts have
been made to target specific markers for tumor
angiogenesis like o B,-integrin, E-selectin, and
aminopeptidase N using antibodies or peptides
with molecular MRI, providing an important
non-invasive imaging method for detecting
angiogenesis [11-13]. Our previous work on
molecular targeting of VEGFR-2 in C6 gliomas,
indicated that there are heterogeneous levels
of VEGFR-2 associated with the development of
tumors and associated neovasculature [14]. In
the current study we demonstrated that the lev-
els of VEGFR-2 in C6 and RG2 gliomas are dif-
ferentiated, as assessed bythe use of mMRI
with a targeting anti-VEGFR-2 gadolinium-
based contrast agent. The different VEGFR-2
levels detected by the anti-VEGFR-2 probe in
these two glioma models indicates unique
angiogenic profiles for each glioma. This meth-
od can provide an in vivo approach that can be
used to assess angiogenesis. Comparative lev-
els of the hypoxia inducible factor 1«, which is
associated with angiogenesis, via immunohis-
tochemistry was also assessed in C6 and RG2
gliomas.

Materials and methods
Synthesis of anti-VEGFR-2 MRI agent

The contrast agent, biotin-BSA (bovine serum
albumin)-Gd-DTPA, was prepared as previously
described by our group [17], based on the mod-
ification of the method developed by Dafniet al.
[18]. The estimated molecular weight for the
biotin-albumin-Gd-DTPA moiety is ~80 kDa. It is
estimated that there are 1.3 biotin and 23
Gd-DTPA groups bound to each BSA molecule.
Briefly, anti-VEGFR-2 mAb (Santa Cruz Biotech,
Inc., CA, USA) was conjugated to the albumin
moiety through a sulfo-NHS-EDC link according
to the protocol of Hermanson [19]. Each animal
was injected with 200 ul anti-VEGFR-2-BSA-Gd-
DTPA-biotin (VEGFR-2 probe) intravenously (i.v.)
via the tail vein with an amount estimated to be
200 ug anti-VEGFR-2 and 100 mg biotin-BSA-

301

Gd-DTPA per injection (i.e. an excess amount of
the contrast agent construct to antibody was
added to ensure a 1:1 ratio of antibody to con-
trast agent for the complete anti-VEGFR2
probe, and then waiting at least 2 hours post-
injection results in excess non-specific biotin-
BSA-Gd-DTPA being eliminated). The estimated
molecular weight of the VEGFR-2 probe is 232
kDa. As a control, normal rat-IgG (obtained from
a healthy rat population; Alpha Diagnostic
International, San Antonio, TX, USA) conjugated
to biotin-BSA-Gd-DTPA (control-IgG contrast
agent) was synthesized by the same protocol,
and injected in a similar fashion, as described
above.

In vitro characterization of anti-DMPO probe

Vials were prepared containing either water (no
cells), rat primary astrocytes (ATCC, Manassas,
VA, USA) alone, C6 or RG2 rat glioma cells
alone, or either astrocytes, C6 or RG2 cells
(ATCC) in the presence of the anti-VEGFR2
probe. Cells were grown in flasks in complete
growth medium (DMEM Media with 10% fetal
bovine serum (FBS), Invitrogen, Grand Island,
NY, USA) to confluency. Two to three hours
before treatment, the growth medium was
replaced with serum-free medium. The anti-
VEGFR2 probe was added (2 pg, based on anti-
body calculation), and cells were incubated for
45 min. Following incubation, cells were col-
lected, washed with PBS, centrifuged (500
rpm), and the pellet was resuspended in PBS
for MR imaging.

Intracerebral glioma cell implantation

All animal experiments were approved by the
OMREF IACUC and follow the guidelines outlined
by the National Research Council Guide for the
care and use of laboratory animals. The intra-
cerebral implantation of C6 or RG2 glioma cells
was performed as previously published by our
group [15]. Briefly, three-month-old male
Fischer 344 rats (250-300 g, Harlan
Laboratories, Indianapolis, IN, U.S.A.)) were
anesthetized with 2.0-2.5% isoflurane and 0.8
L/min oxygen, and immobilized on a stereotaxic
unit (Stoelting Co., USA). Ten thousand (10%) C6
or RG2 cells in 10 pL cell culture media and 1%
ultra-low gelling temperature agarose (Sigma)
were injected into the cortex at a 3 mm depth
from the dura at a rate of 2 yL/min, in a loca-
tion of 2 mm lateral and 2 mm anterior to the

Am J Nucl Med Mol Imaging 2013;3(4):300-311



Differing VEGR2 levels in rat gliomas

bregma. Rats were fed with a choline-deficient
(CD) diet to encourage the tumor cell growth for
C6 gliomas after surgery [16].

Molecular MRI

MRI experiments were performed on a Bruker
Biospec 7.0 Tesla/30 cm horizontal-bore mag-
net small animal imaging system (Bruker
Biospin, Ettlingen, Germany). For the in vitro
study, signal intensities were obtained using
FLASH (Fast Low Angle SHot) [repetition time
(TR) 125.3 ms, echo time (TE) 6.0 ms, 256x128
matrix, 4 steps per acquisition, 4.00x4.00 cm?
field of view (FOV), 1 mm slice thickness]. T,
maps were obtained using a RARE (Rapid
Aquisition variable TR sequence (TR 200, 400,
800, 1200 and 1600 ms; TE 15 ms; 256x256
matrix; 2 steps per acquisition; 4.00x4.00 cm?
FOV; slice thickness 1.0 mm). Pixel-by-pixel
relaxation maps were reconstructed from a
series of T -weighted images using a nonlinear
two-parameter fitting procedure. For the in vivo
study, animals were restrained by using 1-2%
isoflurane in 0.8 L/min O,, and placed in a
radiofrequency (RF) resonator MR probe (72
mm quadrature volume coil) for signal trans-
mission, and a rat head surface coil was used
for signal reception. Animals were regularly
monitored for tumor growth. T -weighted imag-
es were acquired for measuring tumor volumes
using a rapid-acquisition relaxation enhanced
sequence (RARE). Molecular MRl was per-
formed when the tumor volumes were close to
their maximum tumor volumes. A variable-TR
RARE sequence (rapid acquisition with refo-
cused echoes, with multiple TRs of 200, 400,
800, 1200 and 1600 ms, TE of 15 ms, FOV of
3.5x3.5 cm?, matrix size of 256x256 and a
spatial resolution of 0.137 mm) was used to
obtain T -weighted images before and after
administration of probe or control contrast
agents. The changes in signal intensities were
calculated from regions of interest (ROIs)
obtained from T -weighted images. Four groups
of ROIs were chosen as follows: tumor periph-
ery (PT), peri-necrotic area (PN), tumor interior
(Tl) with a minimal signal intensity change and
not associated with a necrotic area, and normal
brain tissue (N) found on the contralateral side.

Fluorescence staining

The rat brains were extracted after the 2-hour
mMRI protocol, the tumor side (tumor periph-
ery) and contralateral side of the brain were cut
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and fixed in Zfixative (Zinc Formalin:
Formaldehyde 3.7%, Zinc Sulfate). The tissue
was then washed with PBS and incubated with
15% sucrose before embedding in an Optimal
Cutting Temperature (0.C.T.) compound and
freezing in liquid nitrogen. The cryosections
were then stained with Cy3-labeled streptavi-
din, which can bind to the biotin moiety of the
albumin-Gd-DTPA-biotin contrast agent within
the brain tissue. The nucleus was stained with
DAPI (blue). Stained tissue slices were exam-
ined with a Nikon C1 confocal laser scanning
microscope (Nikon Instruments, USA). Image
collection parameters (neutral density filters,
pinhole, and detector gains) were kept constant
during image acquisition, to make reliable com-
parisons between specimens. The measure-
ment of fluorescence intensity was done as
previously described [20]. In brief, 5 images
were collected for each experimental condition,
and the mean fluorescence intensity (MFI) with-
in 15-20 regions-of-interest (ROI) per image wa-
s integrated using the EZ-C1 software (Nikon).

Histology and immunohistochemistry (IHC)

A separate group of C6 and RG2 gliomas-bear-
ing rats were euthanized when their tumors
reached their maximum volumes. Brain tissues
were extracted and fixed in 10% neutral buff-
ered formalin, embedded in paraffin, and sec-
tioned in 5 ym sections for routine staining.
Sections were deparaffinized and rehydrated
through three changes of xylene and graded
alcohol, and stained with hematoxylin and
eosin (H&E). The brain tissues sections were
examined for VEGFR-2 using the anti-VEGFR-2
antibody (LS-C117508; rabbit polyclonal; anti-
human/mouse/rat; Lifespan Biosciences, Inc.,
Seattle, WA, USA) or HIF-1a using the anti-HIF1
alpha antibody (EP1215Y; rabbit monoclonal;
anti-rat and anti-human; 1,/100 dilution; Abcam
Inc., Cambridge, MA, USA), followed by Rat
HRP-Polymer system (Biocare Medical,
Concord, CA, USA) for detection and NovaRed
(Vector Laboratories, Inc., Burlingame, CA, USA)
chromogen for visualization. IHC scoring (0-12)
was done using the following scoring scale:
0-2=negative, 3=weakly positive, 4-5=moder-
ately positive, and 6-12=highly positive.

Western blot

VEGFR2 protein levels in either normal rat brain
of C"- or RG2-glioma tissue from tumor-bearing
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Figure 1. In vitro assessment of the anti-VEGFR2 probe in rat glioma
cells. A: MRl signal intensities (SI) (T,-weighted) and (B) T, maps (T1) of
vials containing either (1) water, (2) primary rat astrocytes alone, (3) C6
rat glioma cells alone, (4) RG2 rat glioma cells alone, (5) astrocytes plus
the anti-VEGFR2 probe, (6) C6 cells plus the anti-VEGFR2 probe, or (7)
RG2 cells plus the anti-VEGFR2 probe.

animals was assessed by western blotting. Rat
glioma or normal brain tissues were obtained
as follows. Cardiac perfusion with PBS was per-
formed while the rats were under anesthesia
(Isoflurane), and then the heads were cut off
using a guillotine. The skin and the muscles
were removed from the head. Then the bones
on the top of the head were carefully removed,
from the cerebellum to the olfactory bulb
through the bregma, and from one side of the
head to the other side. The ear bones were
carefully extracted from the brain; the optic chi-
asm and the olfactory bulb were excised in
order to extract the brain. A transverse cut was
then performed to get samples for Western blot
assessment, which were immediately frozen in
dry ice. Tissue was homogenized in ice-cold
Tris-HCI buffer containing protease and phos-
phatase inhibitor cocktails (Roche Applied
Science, Indianapolis, IN, USA). Protein concen-
tration was measured with BCA Protein Assay
(Thermo Scientific, Rockford, IL, USA). Protein
electrophoresis was done in 4-15% gradient
precast polyacrylamide gels (Biorad, Hercules,
CA, USA), and protein was transferred to PVDF
Immobillon-FL membrane (Millipore, Billerica,
MA, USA). A mouse monoclonal anti-VEGFR2
for detection of VEGFR2 of mouse, rat or human
origin by Western blotting (Santa Cruz
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Biotechnology, Inc., Santa Cruz,
CA, USA) was incubated overnight
at 1:500 dilutions in an Odyssey
Blocking Buffer. Membranes were
washed three times over 5 minutes
with PBS and incubated with sec-
ondary antibodies for 1 hour at
room temperature. Membranes
were scanned in an Odyssey Infra-
red Imaging System (Li-Cor Bio-
sciences, Lincoln, Nebraska, USA).

Statistical analysis

Statistical analyses were per-
formed by using a Student’s two-
tailed, unpaired t-test for compari-
son of MR signal intensity increase
percent ages between RG2 and C6
gliomas. Statistical analyses were
performed by using a One Way
Analysis of Variance with a post
Tukey’s multiple comparison test
for comparison of Mean Fluore-
scence Intensity for the fluores-
cence imaging of the anti-VEGFR-2
probe and IHC of VEGFR-2 levels among all
groups. Data were represented as mean+S.D.
and P-values<0.05 (*), <0.01 (**), <0.0001
(***) were considered statistically significant.

Results

In vitro anti-VEGFR2 probe characterization in
rat glioma cells

Figure 1 presents in vitro data regarding the
effect of the anti-VEGFR2 probe on MRI signal
intensity (SI) and T, relaxation in rat primary
astrocytes, C6- or RG2-rat glioma cells. Table 1
depicts the T, relaxation values (ms) in either
astrocyes, C6 or RG2 rat glioma cells either
alone or in the presence of the anti-VEGFR2
probe. Alls cells in the presence of the anti-VEG-
FR2 probe had decreased T, values, compared
to cells alone or water. Both C6 and RG2 glioma
cells had more of the anti-VEGFR2 present on
their cells (due to decreased T,) compared to
the astrocytes.

In vivo assessment of VEGFR-2 levels in C6
and RG2 gliomas

Before administration of either the VEGFR-2
probe or the IgG isotype contrast agent, mor-
phological T,-weighted MR images were
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Table 1. T1 relaxation values (ms) of vials containing (1) water, (2) primary astrocytes (Ast) alone,
(3) C6 glioma cells (C6) alone, (4) RG2 glioma cells (RG2) alone, (5) Ast and the anti-VEGFR2 probe
(Ast+VEGFR2 P), (6) C6 and VEGFR2 P (C6+VEGFR2 P), or (7) RG2+VEGFR2 P. Values are listed as
meanzS.D. (n=3 per sample group)

T1 (ms)
1 2 3 4 5 6 7
Water Astrocytes (Ast) C6 cells RG2 cells Ast+VEGFR2 P C6+VEGFR2 P RG2+VEGFR2 P
2099+25 2013462 1653445 1704456 1463+18 1046+19 1003+17

C6 anti-VEGFR2 |RG2 anfi’VEGFR2| C6'1gG

Figure 2. Differences in VEGFR2 probe distribution between C6 and RG2 glioma models. The four images in the
top panel are T,-weighted images of representative gliomas. A-i: AC6 tumorbefore injection of the anti-VEGFR2
probe (tumor volume=186 mm?). B-i: ARG2 tumor before injection of the anti-VEGFR2 probe (tumor volume=143
mm?). C-i: AC6 tumorbefore injection of the control-IgG contrast agent (tumor volume=189 mm3). D-i: A RG2 tumor
before injection of the control-IgG contrast agent (tumor volume=138 mm?). Outlined areas (circles) for subsequent
analysis (post-contrast) include ‘normal’ brain (N), tumor interior (TI), peri-tumor (PT) and peri-necrotic (PN) regions.
The four images in the bottom panel (A-ii-D-ii) are difference images subtracted from T, weighted images obtained
before and 2 hours post administration of either the probe (A-ii or B-ii) or isotype I1gG contrast agent (C-ii or D-ii) in
either C6 (A-ii and C-ii) or RG2 (B-ii and D-ii) gliomas.

— 140 - for RG2 gliomas). A representative C6
=~ . .
5 120 glioma with a volume of 186 mm?3 and
ﬁ 100 - { . extensive necrotic areas at day 28 post
5 g0 ‘ % tumor cell implantation is shown in
=l 0 | Figure 2A-i. The average tumor volume
. for the C6 gliomas was 1759 mm3
§ 40 1 (mean+S.D.), and the maximum tumor
£ 20- i I volumes were obtained 22+6 days fol-
% 0 - ; : : ; - ; : ‘ A lowing intracerebral implantation of C6
& & S g e A AN cells. A representative RG2 glioma with a
& & & ¢ L C TS tumor volume of 143 mm? at day 14 post

Figure 3. Signal intensity increase percentage (%) in T, weighted cell implantation is shown in Figure 2B-i.
images induced by binding of VEGFR2 probe at 2 hours post ~ The average tumor volume for the RG2
administration of probe in different regions in C6 (9 regions-  gliomas was 140+13 mm3 (mean+S.D.),
of-interest (ROIs) in 3 gliomas/animal) and RG2 (6 ROIs in 2 and the maximum tumor volumes were
gliomas/animal) gliomas. The signal intensity increase (%) was obtained 15+2 days following intracere-
calculated over the signal intensity before the administration of . e
VEGFR2 probe. Data is represented as mean+S.D. *P<0.05, and bral implantation of RG2 cells. After
**P<0.01, indicate the significant difference between RG2 and ~ administration of molecular targeting

C6 in PN and Tl region, by using two-tailed unpaired t test. agents (either a VEGFR-2 probe or a non-

specific control-IgG isotype contrast
obtained to localize the tumors (e.g. Figure 2A-i agent), T,-weighted images were taken every
and 2C-i for C6 gliomas, or Figure 2B-i or 2D-i 20 minutes continuously up to 120 minutes.
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C6 anti-VEGFR2 tumor

C6 anti-VEGFR2 contra

C6 1gG tumor

F

RG2 anti-VEGFR2 tumor JRG2 anti-VEGFR2 contra | RG2 IgG tumor

Figure 4. Fluorescence staining of VEGFR2 probe or control-IgG contrast agent in the brain tissue. Glioma tissue
post administration of VEGFR2 probe in C6 (A) and RG2 (B) rats. Contralateral brain tissue post administration of
VEGFR2 probe in C6 (C) and RG2 (D) rats. Glioma tissue post administration of control-IgG contrast agent in C6 (E)
and RG2 (F) rats. Magnification is 60x for Figure 4A-D, and 40x for Figure 4E and 4F. Data was obtained 2 hours
following administration of either the anti-VEGFR2 probe or IgG contrast agent.

The contrast difference images (Figure 2A-ii for
a C6 tumor and Figure 2B-ii for a RG2 tumor)
were obtained by subtraction of T -weighted
images before injection and 2 hours post injec-
tion. High intensity regions shown on the tumor
side of the brain are regions targeted with the
VEGFR-2 probe. The signal intensities were cal-
culated from ROIls shown in Figure 2A-i-D-i. The
increased percentage of signal intensities
between the 2-hours post injection images and
pre-injection images for the probe or isotype
IgG contrast agent are shown in Figure 3. For
C6 gliomas, most of the probe was concentrat-
ed in the tumor periphery (PT) and the peri-
necrotic area (PN), compared to the tumor inte-
rior (Tl) and contralateral tissue (N). However,
RG2 gliomas had a relatively even distribution
of VEGFR-2 probe levels within the three regions
of PT, PN and TI. C6 gliomas had higher VEGFR-
2 levels in PT (not significant) and PN (signifi-
cant; p<0.05) regions, but less in Tl region (sig-
nificant; p<0.01), compared to RG2 gliomas.
The control-IgG resulted in only minimum signal
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intensity changes in both C6 and RG2 gliomas,
and was not found to be significantly different
between the two gliomas (data not shown).

Fluorescence staining of VEGFR-2 probes in
the brain tissues

Two hours after post administration of the
molecular targeting agents, the brain was
stained with fluorescence-labeled streptavidin,
which binds to the biotin group of the targeting
agents. As shown in Figure 3, in the tumor
periphery region, C6 has more VEGFR2 probe
levels concentrated on dilated, large size blood
vessels, compared to the RG2 tumor (Figure
4A-i, 4B-i). The contralateral brain has much
less probe staining (Figure 4A-ii, 4B-ii), com-
pared to tumor tissues. Both C6 and RG2 glio-
mas injected with control-IgG contrast agent
showed very little staining in the tissue (Figure
4A-iii, 4B-iii). The Mean Fluorescence Intensity
(MF1) from excised tumor and contralateral
brain tissues, administered either the anti-VEG-
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Figure 5. Mean fluorescence intensity (MFI) tar-
geted and non-specific contrast agents evaluated
from fluorescence images taken from ex vivo tumor
periphery and contralateral brain in VEGFR2-probe
injected rats, and tumor periphery in control-IgG con-
trast agent injected rats, respectively. ***p<0.0001
indicates significance between the groups, by using
ANOVA with a Tukey’s multiple comparison test.

FR2 probe or the non-specific IgG contrast
agent, were evaluated (Figure 5) and both C6
and RG2 gliomas were found to have signifi-
cantly higher MFI associated with anti-VEGFR2
probe levels, compared to the contralateral
side. It is interesting to note that the MFI in the
contralateral sides were higher than those from
tumor tissues in animals administered the non-
specific control-IgG contrast agent. Figure 5
also shows that the MFI of C6 tumor (periphery)
with a median MFI of 2050, is significantly high-
er than for the RG2 tumor (periphery), with a
median MFI of 1617.

Immunohistochemistry and western blot detec-
tion of VEGFR-2

Figure 6A-D depicts the immunohistochemistry
(IHC) staining and IHC scoring for levels of
VEGFR-2 in C6 and RG2 tumors and their
respective contralateral brain tissues. Western
blot levels of VEGFR-2 levels in C6 and RG2 gli-
oma tissues seem to indicate a slight increase
in C6 gliomas compared to RG2 gliomas (Figure
6E). Tumor levels of VEGFR-2, measured as
mean fluorescence intensity, in both the C6
and RG2 models were significantly higher when
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compared to contralateral brain tissues
(p<0.001 for C6 gliomas, and p<0.001 for RG2
tumors) (Figure 6F). Levels of VEGFR-2 in C6
gliomas were significantly higher than RG2
tumors (p<0.001) (Figure 6F).

Immunohistochemistry detection of HIF-1a

Figure 7 depicts the immunohistochemistry
(IHC) staining and IHC scoring for levels of HIF-
1o in C6 and RG2 tumors and their respective
contralateral brain tissues. There was no sig-
nificant difference in HIF-1a levels in the con-
tralateral brain of C6 and RG2 glioma-bearing
tissues (Figure 7I). Tumor levels of HIF-1« in
both the C6 and RG2 models were significantly
higher when compared to contralateral brain
tissues (p<0.01 for C6 gliomas, and p<0.001
for RG2 tumors) (Figure 71). Levels of HIF-1a in
RG2 gliomas were significantly higher than C6
tumors (p<0.01) (Figure 71). 3D immunoflores-
cence images from C6 and RG2 glioma sec-
tions staining for the endothelial marker lam-
inin indicate large endothelial cells in C6
tumors, compared to more diffuse and
increased vasculature in RG2 tumors (Figure
7G and 7H).

Discussion

In this study, VEGFR-2 levels detected by an
anti-VEGFR-2 probe associated with glioma
type were compared between rat RG2 and C6
glioma models. Although the anti-VEGFR-2
probe may not reflect the absolute concentra-
tion of VEGFR-2 in tumor tissue, the method
does provide information on a relative and
dynamic distribution of VEGFR-2 protein levels
in vivo. The effectiveness of VEGFR-2 molecular
targeting with specific contrast agents were
confirmed with fluorescent staining of tumor
and normal brain tissues. It was established in
our study that VEGFR-2 levels and its distribu-
tion were detected in different glioma regions
using an anti-VEGFR-2 probe and targeted
mMRI. The patterns of VEGFR-2 levels were
apparently different between RG2 and C6 glio-
mas. The C6 tumors showed a more heteroge-
neous pattern with more VEGFR-2 in the tumor
periphery, but less in the tumor interior, com-
pared to RG2 gliomas. This indicates that C6
gliomas have more active angiogenesis occur-
ring in the relatively larger vessels within the
tumor periphery, whereas RG2 gliomas have
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C6 VEGFR2 tumor

RG2 VEGFR2 tumor |RG2 VEGFR2 contra

C6 VEGFR2 contra
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Figure 6. IHC staining for VEGFR-2 in C6 and
RG2 glioma-bearing rat brain tumors. IHC
staining for VEGFR2 in a C6 rat glioma (A: C6
VEGFR2 tumor) and a RG2 rat glioma (B: RG2
VEGFR2 tumor) (60x magnification), and cor-
responding contralateral (contra) rat brain
samples (C and D: respectively) (60x magnifi-
cation). E: Western blot of VEGFR2 levels in C6
rat glioma (C6), normal rat brain (N), or RG2
rat glioma (RG2) tissues. Molecular weights
(MW) for marker are depicted in kDa (K), and
the VEGFR2 band is labeled. F: Mean fluores-
cence intensity (MFI) evaluated from IHC im-
ages of VEGFR-2 taken from tumor periphery
and contralateral brain tissues of RG2- and
C6-glioma-bearing rats. ***p<0.0001 indi-
cates significance between the groups, by
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increased angiogenesis in the capillaries within
the tumor interior.

Tumor vasculature has been demonstrated to
be abnormal, including discontinuous base-
ment membranes, spatial heterogeneity, arte-
riovenous shunts, acutely and transiently col-
lapsing vessels and poor differentiation, and a
lack of smooth muscle cell lining, resulting in
the development of a leaky blood-tumor barrier
[21]. During the processes of angiogenesis
induced by different glioma cell lines, C6 and
RG2 vasculature (including microvessel densi-
ty, permeability to USPIO) evolves differently, as
showed by Valableet al. or Beaumount et al.
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using ANOVA with a Tukey’s multiple compari-
son test.

[10, 22]. From the Valable study, MRI evalua-
tion of blood volume fraction (BVf) and vessel
size index (VSI) was used to assess that the
evolution of tumor microvasculature in two rat
models of glioma (C6 and RG2) differs signifi-
cantly between the two glioma models, where
BVf was found to be higher in RG2 gliomas and
in contrast VS| was assessed to be higher in C6
gliomas [10]. The BVf was also found to be in
good agreement with the expression of angio-
genic factors (vascular endothelial growth fac-
tor, angiopoietin-2) and with activities of matrix
metalloproteinases also assessed [10]. Like-
wise, Beaumont and co-workers found that the
C6 and RG2 gliomas presented different blood

Am J Nucl Med Mol Imaging 2013;3(4):300-311
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Figure 7. IHC staining for HIF-1a in C6 and RG2 glioma-bearing rat brain tumors. A: Contralateral rat brain tissue
H&E histological slide (40x maghnification). C6 (B) and RG2 (C) rat glioma H&E histological slides (20x magnifica-
tion). IHC staining for HIF-1a in a contralateral rat brain sample (D) (40x magnification), C6 rat glioma (E) (20x mag-
nification), and RG2 rat glioma (F) (20x magnification). Maximum intensity projection (MIP) (orthogonal) of confocal
optical sections (100-um thick cryosections) immunostained for laminin (green) and cell nuclei (blue) in C6 (G) and
RG2 (H) rat gliomas. I: Histogram of IHC scoring for HIF-1a levels in contralateral and tumor tissues from C6 and
RG2 glioma-bearing rats. Data is represented as mean+S.D. **P<0.01, and ***P<0.001, indicates a significant
increase in HIF-1a levels in tumor regions, compared to contralateral tissue, in C6 and RG2 glioma-bearing rats, re-
spectively. **P<0.01 (top) indicates a significant increase in HIF-1a levels in RG2 gliomas compared to C6 tumors.

infiltrative with a distinct peritumoral region
[23]. Both a MRI perfusion study and immuno-
histochemical detection of the endothelial

volume fractions and VSI in agreement with the
Valable study [22].

Our previous work showed that the RG2 glioma
is a relatively more aggressive model with more
diffuse margins at the interface to adjacent
brain tissue, whereas the C6 gliomas are less
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marker laminin, suggested a higher amount of
microvasculature in RG2 gliomas compared to
C6 tumors [17], which would correspond with
BVf in the Valable or Beaumont studies. This is
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also consistent with the signal intensity chang-
es in our current mMRI results. We found that
MRI signal enhancement of the VEGFR-2 probe
in the RG2 tumor interior is more than twice
that for the C6 tumor interior, suggesting more
VEGFR-2 from microvessles inside the RG2
tumor. However, compared to C6 gliomas, RG2
gliomas have a relatively more homogeneous
pattern for VEGFR-2 levels in the tumor overall
(Figures 2 and 3). In the C6 glioma, distinctively
higher levels of VEGFR-2 were found in peri-
tumor and peri-necrotic regions compared to
tumor interior regions [14].

In a previous study, we have demonstrated that
the target for the specific anti-VEGFR-2 probe,
was mainly VEGFR-2 located on endothelial
cells, due to co-localization of the anti-VEGFR-2
probe with endogenous VEGFR-2 levels and
laminin, an endothelial cell marker [14].
Therefore it was previously established that
this probe can be considered as a reliable
marker for the evaluation of glioma-induced
angiogenesis [14]. Previous assessment of the
anti-VEGFR2 probe also indicated that sus-
tained decreases in T, relaxation were main-
tained for at least 24 hours [14]. The Gd-DTPA-
albumin construct has been well characterized
previously as a vascular contrast agent in vari-
ous tumor models [24]. In this current MRI
study, we found that the C6 tumor periphery
(including peri-necrotic region) had almost
twice the probe concentrationcompared to the
RG2 tumor periphery. This is also confirmed by
fluorescence staining of the probe biotin
group,indicating that the C6 tumor periphery
MFI of the probe exceeds that detected in RG2
tumors by 21% (Figures 3 and 4). Fluorescence
imaging of the probe also showed a difference
in blood vessel morphology between the two
models. The tumor blood vessels which were
targeted by the MRI probe, that is, the blood
vessels undergoing active angiogenesis, were
found to be more dilated with increased diam-
eters and thicknesses of the vessel walls in C6
gliomas. These results are supported by the
increased VSl in C6 gliomas detected by Valable
et al., compared to RG2 tumors [10]. This phe-
nomenon may possibly suggest an increased
abnormality and disorganization in tumor vas-
culature for the C6 gliomas, especially in large-
diameter periphery main vessel branches,
which may cause a reduction in effective blood
flow, and thus eventually an increase in tumor-
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necrosis. This agrees with previous findings
where C6 gliomas tend to form large areas of
necrosis [17, 25, 26]. We can also speculate
that the enhancement of VEGFR2 expression in
the C6 tumor periphery increased vascular dys-
function, thus slowingdown tumor growth,
which is consistent with the relatively slow
growth rate and less infiltrative and aggressive
characteristics of C6 tumors, compared to RG2
gliomas.

In order to establish if VEGFR-2 levels differed
in RG2 and C6 gliomas, we performed IHC on
glioma-bearing rats not administered the anti-
VEGFR-2 probe. IHC results for VEGFR-2 indi-
cated that C6 gliomas had significantly higher
levels (**p<0.001) compared to RG2 gliomas
(Figure 6E), which correlated with anti-VEGFR-2
probe levels in Figure 5. Therefore, these
results confirm that the anti-VEGFR-2 probe is
primarily targeting VEGFR-2 in both glioma
models.

We also wanted to assess another marker, HIF-
1a, for tumor malignancy to verify that the RG2
tumor was a more aggressive tumor. IHC results
for HIF-1a indicated that RG2 gliomas had sig-
nificantly higher levels (**p<0.01) compared to
C6 gliomas (Figure 7). HIF-1a is commonly
used as a marker for tumor malignancy as it is
an indicator of poor prognosis in many tumors
[27], and has been strongly associated with
angiogenesis by stimulating the expression of
VEGF via the upregulation of CXCR4 [28]. The
immunofluorescence data for laminin (Figure
7G and 7H), an endothelial cell marker, which
indicated larger blood vessels in C6 glioma tis-
sue compared to more abundant, smaller and
diffuse blood vessels in RG2 tumors, seems to
correlate with HIF-1a results. Although VEGR-2
levels in the different glioma models do not
seem to correlate with HIF-1a or laminin, as
VEGFR-2 levels seem to be higher in the C6 gli-
oma tumors compared to RG2 tumors.

We have also previously shown that permeabil-
ity for the two tumor types is not substantially
different, as detected from dynamic contrast-
enhanced (DCE) MRI with the contrast agent
Gd-DTPA [17]. In a similar finding by Beaumont
et al., C6 and RG2 gliomas were also found to
be equally permeable to Gd-DOTA [22]. These
findings indicate that there is no preferential
uptake of the VEGFR-2 probe in either of the
two glioma models based on permeability.
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The utilization of molecular targeting MRl is one
of the most promising imaging modalities for
imaging and characterizing in vivo angiogene-
sis [29, 30]. With the use of molecular targeting
for VEGFR-2 using an anti-VEGFR-2 probe and
MRI, followed by validation that the anti-VEG-
FR-2 probe was able to detect various VEGFR-2
levels in different glioma models, our studies
provide another method for imaging angiogen-
esis. Other than MRI, VEGF/VEGFR molecular
targeting with other imaging modalities, includ-
ing ultrasound, optical imaging, SPECT and PET
has also been done [31, 32]. We detected
VEGFR-2 levels with an anti-VEGFR-2 probe
with a relatively high image resolution, and
good specificity as demonstrated by the low MR
signal enhancement in gliomas administrated
with control-IgG contrast agent (Figures 4 and
5). Another group that used MRI along with a
low molecular weight polylysine-(Gd-DOTA),-
dendron with a peptoid dimer for targeting
VEGFR2 found that nude mice with MDA-
MB-231 xenografts had significantly increased
MRI signal intensities 4 hours following i.v.
injection of the VEGFR2 probe [33]. Molecular
imaging is also becoming more popular as a
method to assess antiangiogenic drug develop-
ment [34, 35].

Our study was found to differentiate the in vivo
angiogenic profiles between two different glio-
ma models using an anti-VEGFR-2 probe in con-
junction with mMRI. This approach, based on
altered VEGFR-2 level detection, could be used
as a method for monitoring in vivo responses to
anti-glioma treatment as well as therapeutic
agent dose optimization in pre-clinical models
for gliomas and other cancers.
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