
Abstract. Tumor progression and angiogenesis are intimately
related. To understand the interrelationship between these two
processes, real-time imaging can make a major contribution. In
this report, fluorescent protein imaging (FPI) and magnetic
resonance imaging (MRI) were utilized to demonstrate the
effects of selenium on tumor progression and angiogenesis in
an orthotopic model of human colon cancer. GEO (well-
differentiated human colon carcinoma), cells transfected with
green fluorescent protein (GFP), were implanted orthotopically
into the colon of athymic nude mice. Beginning five days post
implantation, whole-body FPI was performed to monitor tumor
growth in vivo. Upon successful visualization of tumor growth
by FPI, animals were randomly assigned to either a control
group or a treatment group. Treatment consisted of daily oral
administration of the organoselenium compound, methyl-
selenocysteine (MSC; 0.2 mg/day × five weeks). Dynamic
contrast-enhanced MRI was performed to examine the change
in tumor blood volume following treatment. CD31 immuno-
staining of tumor sections was also performed to quantify
microvessel density (MVD). While T1- and T2-weighted MRI
provided adequate contrast and volumetric assessment of GEO
tumor growth, GFP imaging allowed for high-throughput

visualization of tumor progression in vivo. Selenium treatment
resulted in a significant reduction in blood volume and
microvessel density of GEO tumors. A significant inhibition of
tumor growth was also observed in selenium-treated animals
compared to untreated control animals. Together, these results
highlight the usefulness of multimodal imaging approaches to
demonstrate antitumor and anti-angiogenesis efficacy and the
potential of selenium treatment of colon cancer.

The development of targeted therapies for cancer in recent
years has been accompanied by parallel advances in imaging
technologies to enable assessment of their efficacy. In
preclinical model systems, several imaging modalities
including magnetic resonance imaging (MRI), computed
tomography (CT), positron-emission tomography (PET) and
optical imaging methods have been utilized to evaluate the
pharmacologic activity of novel targeted therapies (1-3).
However, each of these imaging methods has distinguishable
advantages and limitations as well as marked differences in
their sensitivity of detection, and spatial and temporal
resolution. The use of multiple imaging methods is therefore
likely to provide complimentary information on tumor biology.

Studies have previously examined the use of optical
imaging techniques such as fluorescent protein imaging (FPI)
and bioluminescence imaging in combination with clinical
imaging methods such as MRI and PET (4-6). Bouvet et al.
previously demonstrated a high degree of correlation
between FPI and MRI in an orthotopic model of pancreatic
cancer (6). Recently, Gros et al. demonstrated the utility of
combining MRI and FPI in an orthotopic model of
esophageal cancer (7). However, the majority of these reports
primarily examined anatomic correlation between multiple
imaging techniques. In this study, a combined dual-modality
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imaging approach was utilized to characterize changes in
tumor growth and vascular function in an orthotopic human
colon adenocarcinoma nude-mouse model following
treatment with the organoselenium compound,
methylselenocysteine (MSC). Previous studies have
demonstrated the antiangiogenic and antitumor activity of
selenium compounds in ectopic models of human cancer (8,
9). However, the activity of selenium on tumor angiogenesis
and growth of orthotopic human tumors has not been
extensively studied. Therefore, the effects of selenium in the
orthotopic GEO human colon adenocarcinoma were
examined. FPI- and MRI-based measures of tumor growth
and vascular response to treatment were correlated with
immunohistochemical estimates of microvessel density
(MVD). Long-term response to selenium treatment was
assessed by monitoring tumor growth over a 60-day period.

Materials and Methods

Animals. Eight-to-twelve-week-old female athymic nude mice
(nu/nu, body weight, 20-25 g) were obtained from Harlan Sprague
Dawley, Inc. (Indianapolis, IN, USA) and housed in microisolator
cages (four to five animals per cage). Animals were provided with
food and water ad libitum and maintained on 12-hour light/dark
cycles in a HEPA-filtered environment within the Laboratory
Animal Resource at Roswell Park Cancer Institute.

Surgical procedure for orthotopic implantation. GEO human cancer
cells were labeled with green fluorescent protein (GFP) using a
retroviral transfection technique described previously (10).
Subcutaneous tumors were initially established in donor mice by
injection of 5×106 GEO cells under isoflurane anesthesia (Abbott
Laboratories, Abbott Park, IL, USA). Upon successful establishment of
tumors (~500 mm3) from the cell lines for at least two passages,
tumors were harvested and cut into smaller fragments (~1 mm/20 mg)
for surgical orthotopic implantation into recipient mice. Under
transient isoflurane anesthesia, a 1 cm laparotomy was performed and
two individual pieces of tumor tissue were subserosally implanted into
the cecum and ascending colon using an aseptic technique (10-12).
Surgical procedures were performed in accordance with protocols
approved by the Institutional Animal Care and Use committee at
Roswell Park Cancer Institute.

Fluorescence imaging. Fluorescence imaging was performed
periodically to monitor tumor growth and progression in vivo.
Images were obtained using a fluorescence imaging system (Light
Box; Light Tools Research, Encinitas, CA, USA) equipped with a
fiber optic illumination at 470 nm. Images were collected through a
515 nm long-pass filter and captured using Imaging software
(Burnaby, British Columbia, Canada). Images were optimized for
contrast and brightness using commercial software (Adobe
Photoshop, CS2; Adobe, San Jose, CA, USA).

Drug treatment. MSC was obtained from Sigma (St. Louis, MO,
USA) and dissolved in sterile saline at a concentration of 1 mg/ml.
For studies, MSC was administered orally at a dose of 0.2
mg/mouse/day beginning 6 days after tumor implantation.

Magnetic resonance imaging. MRI studies were performed using a
4.7-T/33-cm horizontal bore magnet (GE NMR Instruments,
Fremont, CA, USA) incorporating AVANCE digital electronics
(Bruker Biospec, ParaVision 3.0.2 (OS); Bruker Medical, Billerica,
MA, USA). Induction of anesthesia prior to imaging and
maintenance of anesthesia during imaging was achieved by
inhalation of isoflurane (~2-3% in oxygen). Anesthetized animals
were placed on an acrylic sled for positioning within the magnet
bore. Monitoring of the body temperature and physiological
parameters during imaging was accomplished using an air heater
system in conjunction with respiratory and temperature sensors
located within the sled. Preliminary scout images were acquired on
sagittal and coronal planes for slice positioning. Coronal T2-
weighted images were acquired to enable visualization of
orthotopic colon tumors. Data acquisition consisted of a localizer,
T1-weighted MR images, and T2-weighted MR images. Anatomic
coverage included the tumor, kidneys, and muscles. T1-weighted
dynamic contrast-enhanced MRI (DCE-MRI) was performed using
the intravascular contrast agent, albumin-gadopentetate
dimeglumine (albumin-GdDTPA; University of California, San
Francisco, CA, USA) (13). T1-relaxation rate measurements were
performed using a saturation recovery, fast spin echo (FSE)
sequence with an effective echo time of 10 ms, and a TR ranging
from 360 to 6000 milliseconds [FOV=32×32 mm, slice
thickness=1.0 mm, matrix size=128×96 pixels, number of
excitations (NEX)=3. RARE factor=8]. Three coronal T1-FSE
scans were acquired before contrast and five T1-FSE scans were
acquired after administration of albumin-GdDTPA (0.1 mmol/kg).
Image processing and analysis were carried out using commercially
available software (ANALYZE PC, Version 7.0; Biomedical
Imaging Resource, Mayo Foundation, Rochester, MN, USA)
(Matlab’s curve-fitting toolbox, Matlab Version 7.0; Math Works,
Inc., Natick, MA, USA). Relative blood volume was calculated by
linear regression analysis of the normalized change in T1-relaxation
rate (ΔR1tumor/blood) of tumors as described by us previously (8,
13). Kidneys were sampled and used as a surrogate measure of the
contrast agent concentration in the blood.
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Figure 1. Combined magnetic resonance imaging (MRI) and green
fluorescent protein imaging (FPI) in an orthotopic model of human
colon cancer. A single slice from coronal T2-weighted MR image of a
nude mouse bearing a GEO colon tumor (outlined in yellow) is shown
on the left. Corresponding live and postmortem FPI images of the same
animal are shown on the right.



Immunohistochemistry. CD31 immunostaining of untreated
controls and MSC-treated tumors (0.2 mg/day × 14) was
performed using previously described methods (8, 9). All CD31-
positive intratumor microvessels were counted at ×400
magnification in each individual microscopic field on the viable
parts of the entire tumor without any selection criteria. Single

CD31-positive endothelial cells without any visible lumen were
not counted. The results were reported as the average MVD per
high-power field.

Statistical analysis. Measured values are reported as mean±standard
error of the mean. MRI/FPI studies were performed using a total of
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Figure 2. DCE-MRI of vascular response to selenium. Panel of images shown in the figure represent T2-weighted MR images (T2W) and
corresponding R1 maps of a control animal and a selenium-treated animal before (pre-contrast) and after (post-contrast) administration of albumin-
GdDTPA. Pseudocolorized images of the tumors overlaid on top of the raw proton images of two contiguous slices are shown along with the
corresponding T2-weighted images for visualization of tumor. Control tumors exhibited a marked degree of T1-enhancement following administration
of albumin-GdDTPA compared to precontrast images, indicative of the presence of a functioning vascular network. In contrast, post-contrast R1
maps of GEO tumors in MSC-treated animals showed minimal enhancement compared to pre-contrast images, suggestive of reduction in functional
vasculature following selenium treatment.
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Figure 3. Immunohistochemical staining of microvessel density (MVD) in GEO tumors following selenium treatment. Representative
photomicrographs of CD31-immunostained GEO tumor sections obtained from a control animal and an animal treated with 0.2 mg/kg MSC for 14
days are shown. As shown in the bar graph on the right, treatment with MSC led to a significant reduction in MVD (p<0.001).

Figure 4. Combined MRI-GFP FPI of GEO tumor response to selenium. The antitumor activity of selenium against orthotopic GEO tumors was
examined by monitoring tumor growth over a 60-day period using combined MRI and FPI. (A) Coronal T2-weighted MR images of a control mouse
and a selenium-treated mouse on day 60 post-implantation are shown on the left. Corresponding FPI (GFP) images of an animal from each group
are also shown on the right. (B) Plot shows the change in volumes of control (n=6) and selenium-treated tumors (n=5) at different times post-
implantation. Significant differences in tumor volume were seen on days 34 and 48 following implantation (p=0.01).



eleven tumors (six controls, five MSC) in eight animals. DCE-MRI
studies were performed on a total of sixteen tumors (eight controls,
eight MSC) in eight animals. However, data from one MSC-treated
animal (m5) were excluded from the analysis due to a poor contrast-
agent injection evidenced by lack of enhancement in the kidneys post-
contrast. DCE-MRI data analysis was therefore performed using eight
control tumors and six MSC-treated tumors. Immunohistochemical
analysis was also performed on sixteen tumors (eight controls, eight
MSC). Animals that did not reveal successful tumor ‘take’ were
excluded from the study. A two-tailed Student’s t-test was used for
comparing treatment groups with untreated controls. P-values less than
0.05 were considered statistically significant. All statistical calculations
and analyses were performed using Graph Pad Prism (Version 5.00;
Graph Pad, San Diego, CA, USA).

Results

The progress of orthotopic colon tumors was visualized in
nude mice using MRI and FPI. Serial FPI was performed
once every three to four days beginning one week post-
implantation. MRI was performed once a week. Whole-body
FPI provided evidence of tumor growth seven days after
surgical implantation even in the absence of a palpable tumor.
As shown in Figure 1, both MRI and FPI enabled excellent
tumor localization. T1- and T2-weighted MRI provided
adequate contrast and volumetric assessment of GEO tumor
growth. FPI allowed for high-throughput screening of tumor
growth at different times post-implantation.

In addition to anatomic imaging of tumor growth using
MRI and FPI, the effects of selenium therapy on the
vascularization of GEO colon tumors were assessed. To
accomplish this, DCE-MRI was performed using an
intravascular contrast agent, albumin-Gd-DTPA. DCE-MRI
was performed on a total of eight animals (four control, four
MSC) following daily treatment with selenium for a period of
17 days beginning day six after implantation. This time point
was chosen based on the antiangiogenic efficacy of selenium
observed in our previous studies using subcutaneous human
tumor xenograft models (8, 9).

Figure 2 shows T1-relaxation maps (R1=1/T1) of a control
animal and an MSC-treated animal before (pre-contrast) and
after (post-contrast) administration of albumin-GdDTPA.
Pseudocolorized images of the tumors overlaid on top of the
raw proton images of two contiguous slices are shown along
with the corresponding T2-weighted images for visualization
of tumor. Control tumors exhibited a marked degree of T1-
enhancement following administration of albumin-GdDTPA
compared to precontrast images, indicative of the presence of
a functioning vascular network. In contrast, post-contrast R1
maps of GEO tumors in selenium-treated animals showed
minimal enhancement compared to pre-contrast images,
suggestive of decreased tumor vascularization. The relative
blood volume of tumors was calculated from the change
in T1-relaxation rate (ΔR1) following contrast. Linear

regression analysis of the normalized ΔR1(tumor/blood) over the
40 minute post-contrast imaging period revealed a significant
(p=0.007) reduction in blood volume of MSC-treated tumors
(0.085±0.04) compared to untreated controls (0.12±0.01).

To validate the findings obtained with MRI on the efficacy
of selenium treatment on GEO vascular function, orthotopic
GEO tumor-bearing mice were treated with MSC for a
period of 14 days beginning 6 days after implantation.
Tumors were excised and immunostained for CD31. Tumor
sections obtained from control animals appeared to be well
vascularized with an average MVD of 23.30±1.2 (n=8).
Treatment with MSC led to a significant reduction in MVD
(p<0.001; 9.50±0.5, n=8). Representative images of CD31-
immunostained GEO tumor sections obtained from a control
animal and an animal treated with 0.2 mg/kg MSC for 14
days are shown in Figure 3.

The antitumor efficacy of selenium treatment was examined
by monitoring tumor growth over a 60-day period using
combined MRI and FPI. Coronal T2-weighted MR images of
a control mouse and an MSC-treated mouse on day 60 are
shown in Figure 4A. Corresponding FPI (GFP) images of an
animal from each group are also shown. Figure 4B depicts the
change in volumes of control (n=6) and MSC-treated tumors
(n=5) at different times post-implantation. Tumor volume was
calculated from multislice T2-weighted MR images acquired
on the coronal plane. No significant difference in tumor
volume was observed between animals in the control and
MSC treatment groups on day 21 (control 47.95±9.5 mm3;
MSC 34.26±4.0 mm3, p=0.252). However, extended treatment
with MSC resulted in a significant reduction in tumor growth
compared to untreated controls on day 34 (92.49±15.7 mm3
vs. 31.64±8.9 mm3, p=0.011) and on day 48 (177.0±36.4 mm3
vs. 38.29±17 mm3, p=0.0106). MSC-treated tumors showed a
delay in tumor regrowth during the 60-day monitoring period.
However, differences in tumor volumes of controls
(218.46±58.3 mm3) and selenium-treated animals (92.15±49.0
mm3) at day 60 were not statistically significant (p=0.1407).

Discussion

Colorectal cancer is one of the leading causes of cancer-
related mortality in the United States (14). Given its biologic
complexity and poor prognosis, it is important to evaluate
novel treatment strategies that might potentially improve
treatment outcome in patients. The essential dietary trace
element, selenium, has been shown to act as an effective
chemopreventive agent reducing the risk and mortality
associated with cancer (15, 16). MSC is an organoselenium
compound that has been shown to exert potent antiangiogenic
activity in vivo (8, 9, 17, 18). The antiangiogenic effects of
selenium have previously been demonstrated in ectopic
subcutaneous models of human head and neck, colorectal and
lung cancer (8, 9).
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Monitoring of subcutaneous (ectopic) tumors in small
animals can be performed easily through the combination of
visual inspection and simple caliper-based measurements of
tumor dimension. In contrast, tumors established in orthotopic
tumor sites cannot be assessed by visual examination and are
often palpable only during advanced stages of tumor growth.

It is widely recognized that orthotopic tumor models provide
an appropriate simulation of the local tumor tissue
microenvironment and are therefore better suited for preclinical
evaluation of therapeutics (12, 19). In this regard, optical
imaging techniques such as FPI provide advantages over
methods such as MRI and CT, and enable high-throughput
imaging of small animals in an economically feasible manner
(20). MRI and FPI have previously been compared for the
assessment of orthotopic pancreatic tumors in mice (6). The
results of that previous study revealed a strong correlation
between three-dimensional MRI-based measurements of tumor
volume and FPI-based measurements of tumor area in an
orthotopic model of pancreatic cancer. Recently, Gros et al.
highlighted the utility of combined MRI and FPI in an
orthotopic metastatic model of esophageal cancer (7).

Such multimodality imaging approaches have the potential
to provide useful insight into the biology of orthotopic
tumors and facilitate validation of tumor response to therapy.
Therefore, in the present study, a dual-modality imaging
approach was implemented using FPI and MRI to
demonstrate the antiangiogenic and antitumor activity of
selenium in an orthotopic model of human colon cancer in
nude mice. Both FPI and MRI provided evidence of the
therapeutic activity against the GEO colon adenocarcinomas.
While whole-body FPI enabled high-throughput longitudinal
monitoring of tumor growth and progression, MRI facilitated
the quantification of vascular changes in the orthotopic colon
tumors following therapeutic intervention. The
complimentary nature of MRI and FPI allowed for
simultaneous determination of tumor progression and
angiogenesis and their response to therapy.

MRI methods have been widely utilized in both preclinical
and clinical settings for assessment of tumor response to
therapy. Although FPI requires gene transfection of tumor
cells which is currently not available clinically (21),
fluorescence imaging techniques are being pursued for
diagnostic clinical applications in oncology including early
detection of neoplastic disease and mapping of sentinel
lymph nodes with encouraging results (22, 23).

In previous studies using subcutaneous tumors, the
antiangiogenic efficacy of selenium has been observed
consistently, particularly in well-vascularized, poorly
differentiated tumors (9). Using immunohistochemistry,
increased tumor vascular maturation following selenium
treatment has also been demonstrated (8). The current study
demonstrates the anti-angiogenic and antitumor activity of
MSC in a clinically-relevant model. A significant decrease

in MVD of orthotopic GEO colon tumors (Figure 3A) was
observed with MSC treatment. This is consistent with a
previous study in subcutaneous colon tumors in which a
reduction in MVD and lowering of tumor interstitial fluid
pressure with MSC treatment was observed. This resulted in
higher intratumor drug delivery and, subsequently, a higher
therapeutic response in combination with chemotherapy (9).

In the clinical setting, blocking VEGF alone (e.g. with
bevacizumab) has met with limited therapeutic success in solid
tumors, including colorectal cancer (24). In glioblastomas, an
infiltrative phenotype with increased local invasion and distant
metastasis has been observed after withdrawal of VEGF
blockade (25). It was previously demonstrated that the
antiangiogenic and chemomodulatory activity of MSC is
mediated by down-regulation of VEGF, Cox-2, HIF-1α and
iNOS (26). Recently, it was also demonstrated that MSC
sensitizes hypoxic tumor cells to chemotherapy by targeting
HIF-1α (27). The ability of MSC to block multiple regulators
of angiogenesis might therefore lead to more effective and
sustained angiogenic inhibition compared to agents targeted
towards a single angiogenic molecule.

In conclusion, the results of this study highlight the
usefulness of multimodal imaging approaches in the
assessment of tumor and angiogenic response to therapy and
demonstrate the antiangiogenic effects of selenium in an
orthotopic model of human colon cancer. However, a few
limitations of the study need to be recognized. Although both
MRI and FPI were used to monitor tumor progression and
therapeutic response, only qualitative (visual) comparisons
were made between the two imaging methods. However,
previous studies have demonstrated good correlation between
quantitative measurements of tumor volume and area obtained
using MRI and FPI, respectively (6, 7). Secondly, the effects
of selenium treatment on colorectal liver metastases were not
investigated. Further investigation is therefore warranted to
evaluate the benefits of selenium therapy particularly in
combination with chemotherapy in control of primary and
metastatic colorectal cancer.
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