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The development of drugs for the control of tumor angiogenesis
requires a simple, accurate, and economical assay for tumorinduced vascularization. We have adapted the orthotopic implantation model to angiogenesis measurement by using human tumors labeled with Aequorea victoria green fluorescent protein for
grafting into nude mice. The nonluminous induced capillaries are
clearly visible against the very bright tumor fluorescence examined
either intravitally or by whole-body luminance in real time. The
orthotopic implantation model of human cancer has been well
characterized, and fluorescence shadowing replaces the laborious
histological techniques for determining blood vessel density. Intravital images of orthotopically implanted human pancreatic tumors clearly show angiogenic capillaries at both primary and
metastatic sites. A quantitative time course of angiogenesis was
determined for an orthotopically growing human prostate tumor
periodically imaged intravitally in a single nude mouse over a
19-day period. Whole-body optical imaging of tumor angiogenesis
was demonstrated by injecting fluorescent Lewis lung carcinoma
cells into the s.c. site of the footpad of nude mice. The footpad is
relatively transparent, with comparatively few resident blood
vessels, allowing quantitative imaging of tumor angiogenesis in
the intact animal. Capillary density increased linearly over a 10-day
period as determined by whole-body imaging. Similarly, the green
fluorescent protein-expressing human breast tumor MDA-MB-435
was orthotopically transplanted to the mouse fat pad, where
whole-body optical imaging showed that blood vessel density
increased linearly over a 20-week period. These powerful and
clinically relevant angiogenesis mouse models can be used for
real-time in vivo evaluation of agents inhibiting or promoting
tumor angiogenesis in physiological microenvironments.
green fluorescent protein 兩 metastatic models 兩 external optical imaging

T

umor vascularization or angiogenesis is a critical step in
tumor growth, progression, and metastasis. As such, angiogenesis promises a uniquely effective yet remarkably benign
target for cancer chemotherapy. A major requirement for the
effective discovery of angiogenesis-related drugs is an assay
system that is accurate, rapid, and economical. We report a
model system that meets these requirements.
The discovery and evaluation of antiangiogenic substances
initially relied on in vivo methods such as the chorioallantoic
membrane assay (1, 2), the monkey iris neovascularization model
(3), the disk angiogenesis assay (4), and various models that use
the cornea to assess blood vessel growth (5–10). Although they
are important for understanding the mechanisms of blood vessel
induction, these models did not deal with tumor angiogenesis
and are poorly suited to drug discovery.
Subcutaneous tumor xenograft angiogenesis models have
been developed to study tumor angiogenesis, but these require
cumbersome pathological examination procedures such as histology and immunohistochemistry. Measurements require animal sacrifice and therefore preclude ongoing angiogenesis stud2616 –2621 兩 PNAS 兩 February 27, 2001 兩 vol. 98 兩 no. 5

ies in individual, live, tumor-bearing animals (11–14). Moreover,
s.c. xenografts are not ideal models of human disease.
Tumors transplanted in the cornea of the rodents (15–17) and
rodent skin-fold window chambers have been used for angiogenesis studies (18–20, 29–32). The cornea and skin-fold chamber models provide a means for studying angiogenesis in living
animals. However, quantification requires specialized procedures, and the sites do not represent natural environments for
tumor growth. The cornea and skin-fold tumor models do not
allow orthotopic and metastatic angiogenesis, which may involve
mechanisms of angiogenesis (33) that are qualitatively different
from these ectopic models.
A suitable model for drug discovery will accurately represent
clinical cancer as well as enable real-time visualization of the
angiogenesis process and its inhibition by effective agents. To
develop realistic and real-time tumor angiogenesis models, the
present study utilizes surgical orthotopic implantation (SOI)
metastatic models of human cancer (23). These models place
tumors in natural microenvironments and replicate clinical
tumor behavior more closely than do ectopic implantation
models (23). For these studies the tumors implanted in the
orthotopic model have been transduced and selected to strongly
express green fluorescent protein (GFP) in vivo (23–27).
GFP expression in primary tumors and in their metastases in
the mouse models can be detected by an intense fluorescence
seen by intravital or by whole-body imaging. The nonluminous
angiogenic blood vessels appear as sharply defined dark networks against this bright background. The high image resolution
permits quantitative measurements of total vessel length. These
genetically fluorescent tumor models allow quantitative optical
imaging of angiogenesis in vivo. Tumor growth, vascularization,
and metastasis can now be followed in real time (21–22).
Materials and Methods
Fluorescence Optical Imaging. A Leica fluorescence stereo micro-

scope model LZ12 equipped with a mercury lamp and a 50-W
power supply was used. Selective excitation of GFP was produced through a D425兾60 band-pass filter and a 470 DCXR
dichroic mirror. Emitted fluorescence was collected through a
long-pass filter (GG475; Chroma Technology, Brattleboro, VT)
on a Hamamatsu C5810 3-chip cooled color charge-coupled
device camera (Hamamatsu Photonics, Bridgewater, NJ). Images were processed for contrast and brightness and analyzed
with the use of IMAGE PRO PLUS 3.1 software (Media Cybernetics,

Abbreviations: GFP, green fluorescent protein; SOI, surgical orthotopic implantation.
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Fig. 1. Intravital fluorescence imaging of Bx-PC-3-GFP human pancreas cancer angiogenesis. (A) Orthotopic tumor. (B) Metastatic lesion in spleen. The
GFP-expressing human tumor was transplanted to nude mice by SOI and intravitally imaged 50 days later, as described in Materials and Methods. (Bar ⫽
200 m.)

Production of GFP Retrovirus. GFP expression vector. The pLEIN

retroviral vector (CLONTECH) expressing enhanced GFP and
the neomycin resistance gene on the same bicistronic message,
which contains an internal ribosome entry site (24), was used to
transduce tumor cells.

Packaging cell culture, vector production, transfection, and subcloning. PT67, a NIH 3T3-derived packaging cell line expressing

the 10 Al viral envelope, was purchased from CLONTECH.
PT67 cells were cultured in DMEM (Irvine Scientific) supplemented with 10% heat-inactivated FBS (Gemini Biological
Products, Calabasas, CA). For vector production, packaging
cells (PT67), at 70% confluence, were incubated with a precipitated mixture of N-[1-(2,3-dioleoyloxy)propyl]-N,N,Ntrimethylammonium methylsulfate reagent (Roche Molecular
Biochemicals) and saturating amounts of pLEIN plasmid for
18 h. Fresh medium was replenished at this time. The cells were
examined by fluorescence microscopy 48 h after transfection.
For selection, the cells were cultured in the presence of 500-2000
mg兾ml of G418 (Life Technologies, Grand Island, NY) for 7
days (24).
Retroviral GFP Transduction of Tumor Cells. The cells used were
PC-3 human prostate cancer (24), Bx-PC-3 pancreatic cancer
(25), MDA-MB-435 human breast cancer (34), and mouse Lewis
lung carcinoma (26). For GFP gene transduction, ⬇25% confluent cells were incubated with a 1:1 precipitated mixture of
retroviral supernatants of PT67 cells and RPMI 1640 (GIBCO)
containing 10% FBS (Gemini Biological Products) for 72 h.
Fresh medium was replenished at this time. Cells were harvested
by trypsin兾EDTA 72 h after transduction and subcultured at a
ratio of 1:15 into selective medium, which contained 200 mg兾ml
of G418. The level of G418 was increased stepwise up to 1000
mg兾ml for PC-3, 800 mg兾ml for Bx-PC-3, 600 mg兾ml for MDA
MB-435, and 400 mg兾ml for Lewis lung carcinoma cells. Clones
stably expressing GFP were isolated with cloning cylinders
(Bel-Art Products) with the use of trypsin兾EDTA and were then
amplified and transferred by conventional culture methods.

Animals. All animal studies were conducted in accordance with
the principles and procedures outlined in the National Institutes
of Health Guide for the Care and Use of Laboratory Animals
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under assurance number A3873-1. Six-week-old BALB兾c nu兾nu
male and female nude mice were used in this study.
SOI of Tumors (23). Tumor fragments (1 mm3), stably expressing
GFP, previously grown s.c. in nude mice, were implanted by SOI
on the appropriate organ in nude mice. After proper exposure
of the organ to be implanted, 8–0 surgical sutures were used to
penetrate the tumor pieces and attach them to the appropriate
orthotopic organ. The incision in the skin was closed with a 7–0
surgical suture in one layer. The animals are kept under isoflurane anesthesia during surgery. All procedures of the operation
described above were performed with a ⫻7 magnification microscope (MZ6; Leica, Nussloch, Germany).
Footpad Tumor Implantation. Nude mice were injected s.c. in the
footpad with 2 ⫻ 104 Lewis lung carcinoma-GFP cells. Cells were
first harvested by trypsinization and washed three times with
cold serum medium and then injected in a total volume of 10 l
within 40 min of harvesting.
Quantitative Analysis of Angiogenesis. Periodically, the tumor-

bearing mice were examined by intravital or whole-body fluorescence imaging. The extent of blood vessel development in a
tumor was evaluated based on the total length of blood vessels
(L) in chosen areas: areas containing the highest number of
vessels were identified by scanning the tumors (28) by intravital
or whole-body imaging. To compare the level of vascularization
during tumor growth, the ‘‘hot’’ areas with the maximum development of vessels per unit area (35) were then quantitated for
L expressed in pixels. Captured images were corrected for
unevenness in illumination. Then the total number of pixels
derived from the blood vessels was quantified with IMAGE PRO
PLUS software.
Results and Discussion
Intravital Images of Angiogenesis of Orthotopic Bx-PC-3-GFP Pancreas
Cancer. The clarity of angiogenic blood vessel imaging is illus-

trated by intravital examination of the orthotopic growth of a
Bx-PC-3-GFP pancreatic tumor (Fig. 1A). The nonluminous
blood vessels are clearly visible against the GFP fluorescence of
the primary tumor. Angiogenesis associated with metastatic
growths is also easily imaged by intravital examination. Fig. 1B
shows angiogenesis of a Bx-PC-3-GFP tumor metastasis that has
migrated to the spleen.
Intravital Imaging of Angiogenesis of Orthotopic PC-3-GFP Prostate
Tumor. Because angiogenesis can now be measured without

animal sacrifice, it is possible determine a time course for
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Silver Spring, MD). High-resolution images of 1024 ⫻ 724 pixels
were captured directly on an IBM PC or continuously through
video output on a high-resolution Sony VCR (model SLVR1000; Sony, Tokyo).

Fig. 2. Time course of intravital fluorescence imaging of PC-3-GFP human prostate cancer angiogenesis in orthotopic primary tumor. The GFP-expressing human
tumor was transplanted to nude mice by SOI and imaged as described in Materials and Methods. (A) Day 1. (B) Day 7. (C) Day 11. (D) Day 19. (E) Quantitative
graph of microvessel density as function of time. (Bar ⫽ 470 m.)

individual animals. Fig. 2 shows sequential intravital images of
angiogenesis for the human prostate tumor PC-3-GFP growing
orthotopically in a single nude mouse. The tumor-associated
blood vessels are clearly visible by day 7 and continue to increase
at least until day 19.
Whole-Body Imaging of Angiogenesis of the Lewis Lung CarcinomaGFP in the Mouse Footpad. Where possible, the most rapid, least

invasive measurement is whole-body optical imaging. Fig. 3 A–D
comprises whole-body optical images of the Lewis lung carcinoma-GFP growing in the footpad of a nude mouse. The footpad
2618 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.051626698

was chosen for its relative transparency and comparatively few
resident blood vessels. The onset of tumor angiogenesis and its
progression over a 10-day period are clearly imaged in a completely noninvasive manner.
Whole-Body Imaging of Angiogenesis in MDA-MB-435-GFP Breast
Cancer Growing Orthotopically in the Breast Fat Pad. Fig. 4 demon-

strates the whole-body images and quantitation of the time
course of angiogenesis of the MDA-MB-435-GFP human breast
cancer growing orthotopically in the breast fat pad in a nude
mouse. The development of the tumor and its angiogenesis could
be imaged in a completely noninvasive manner.
Yang et al.
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Fig. 3. Time course of whole-body fluorescence imaging of Lewis lung carcinoma-GFP angiogenesis in the mouse footpad. The GFP-expressing tumor cells were
injected into the footpad of nude mice and whole-body imaged as described in Materials and Methods. (A) Day 3. (B) Day 6. (C) Day 8. (D) Day 13. (E) Quantitative
graph of microvessel density as a function of time. (Bar ⫽ 500 m.)

Quantitative Determination of Angiogenesis. The well-resolved,

high-contrast images of tumor-associated blood vessels afforded
by high-GFP-expression tumor cells allows real-time quantitative measurements of angiogenesis in vivo. The quantitative data
obtained by intravital examination of the PC-3-GFP prostate
tumor (Fig. 2E) show an increase in vessel density over 20 days.
These demonstrate quantifying angiogenesis of internally growing, orthotopic tumors without sacrificing the animal.
A wholly noninvasive, quantitative measurement of angiogenesis is possible at sites such as the mouse foot pad. The tissue is
relatively transparent, with few endogenous blood vessels. The
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increase in vessel density of the Lewis lung carcinoma-GFP was
quantified from whole-body images over 10 days (Fig. 3E). The
sensitivity of the method is shown by detection of Lewis lung
carcinoma-GFP angiogenesis at high resolution as early as 3 days
after implantation (Fig. 3A).
The mouse breast fat pad is the orthotopic environment for
the implanted MDA-MB-435-GFP breast cancer and allows
noninvasive, whole-body imaging of tumor angiogenesis. The
quantitative angiogenesis data show that microvessel density
increased over 20 weeks (Fig. 4E). Thus, tumors, even in their
natural microenvironment, growing orthotopically in sites such
PNAS 兩 February 27, 2001 兩 vol. 98 兩 no. 5 兩 2619

Fig. 4. Time course of whole-body fluorescence imaging of MDA-MB-435-GFP human breast cancer angiogenesis in orthotopic primary tumor. The
GFP-expressing human tumor was transplanted by SOI in the fat pad of nude mice and whole-body imaged as described in Materials and Methods. (A) Week
1. (B) Week 4. (C) Week 8. (D) Week 20. (E) Quantitative graph of microvessel density as a function of time.

as the fatpad and presumably others, can be whole-body imaged
for quantitative angiogenesis studies.
Comparative Advantages of Fluorescent Tumor Imaging. The present
tumor angiogenesis models shown here have many advantages
over the traditional tumor angiogenesis models such as the
chicken chorioallantoic membrane assay (1, 2), rabbit cornea
(5–10), skin-fold window (18–20, 29–32), and s.c. implantation
(11–14). These sites are not normal sites for tumor growth, and
their microenvironments are very different from orthotopic sites
with regard to regulation not only of tumor growth but of the
angiogenesis process itself (33). Furthermore, without a marker
such as GFP, any type of visualization of angiogenesis requires
animal sacrifice and cumbersome preparatory histological and
2620 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.051626698

histochemical procedures, ruling out any type of noninvasive
real-time studies.
Orthotopically implanted GFP-labeled tumors also allow the
study of angiogenesis for metastasis. The orthotopically growing
tumors, in contrast to most other models, give rise to spontaneous metastases that resemble, both in target tissues and in
frequency of occurrence, the clinical behavior of the original
human tumor (23). Moreover, the extreme detection sensitivity
afforded by the strong GFP fluorescence allows imaging of very
early events in blood vessel induction. As Li et al. (30) point out,
angiogenesis initiation in metastatic tumors may be very different from that of primary tumors and require different interventions. They used skin-fold chambers with a transparent window
for studies of early events in rodent tumor models, including
Yang et al.

genesis of human tumors described here enable the angiogenesis
process to be visualized in real time at orthotopic sites, allowing
relevant mechanistic studies. The whole-body imaging models
will be of particular value for in vivo screening and evaluation of
antiangiogenesis drugs.
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those expressing GFP (30, 32). Although these afforded a high
detection sensitivity and allowed imaging of early angiogenic
events, these were not actual metastases, and the ectopic microenvironment can be far from physiological.
The models for whole-body and intravital imaging of angio-

