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Abstract: We have utilized multicolored fluorescent proteins to develop three imaging models of tumor angiogenesis. In
one model, the nonluminous induced capillaries are clearly visible by contrast against the very bright tumor green fluores-
cent protein (GFP) fluorescence examined either intravitally or by whole-body imaging in real time. Intravital images of
an orthotopic model of human pancreatic tumors expressing GFP visualized angiogenic capillaries at both primary and
metastatic sites. Whole-body optical imaging showed that blood vessel density increased linearly over a 20-week period in
an orthotopic model of human breast cancer expressing GFP. Opening a reversible skin-flap in the light path markedly re-
duces signal attenuation, increasing detection sensitivity many-fold and enables vessels to be externally visualized in
GFP-expressing tumors growing on internal organs. In another model, dual-color fluorescence imaging was effected by
using red fluorescent protein (RFP)-expressing tumors growing in GFP-expressing transgenic mice that express GFP in all
cells. This dual-color model visualizes with great clarity the details of the tumor-stroma interaction, especially tumor-
induced angiogenesis. The GFP-expressing tumor vasculature, both nascent and mature, are readily distinguished interact-
ing with the RFP-expressing tumor cells. The third model involves a transgenic mouse in which the regulatory elements of
the stem cell marker nestin drive GFP (ND-GFP). The ND-GFP mouse expresses GFP in nascent blood vessels. RFP-
expressing tumors transplanted to nestin-GFP mice enable specific visualization of nascent vessels. The ND-GFP mouse
was utilized to develop a rapid in vivo/ex vivo fluorescent angiogenesis assay by implanting Gelfoam which was vascular-
ized by fluorescent nascent blood vessels. This process could be markedly stimulated or inhibited by specific compounds.
We also observed, using ND-GFP mice, that the hair follicle is angiogenic and that the hair-follicle vascular network is a
prime target for chemotherapy drugs which cause hair loss (chemotherapy-induced alopecia). These fluorescent models,
generally termed AngioMouse®, can quantitatively determine efficacy of antiangiogenesis compounds.
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INTRODUCTION

Previous Models Used to Determine Angiogenesis

Tumors transplanted in the cornea of the rodents [11-13]
and rodent skin-fold window chambers have also been used
for angiogenesis studies [14-20]. The cornea and skin-fold

The discovery and evaluation of antiangiogenic sub-
stances initially relied on methods such as the chorioallantoic
membrane assay [1, 2], the monkey iris neovascularization
model [3], the disk angiogenesis assay [4], and various mod-
els that use the cornea to assess blood vessel growth [5-10].
Although they are important for understanding the mecha-
nisms of blood vessel induction, these models do not repre-
sent tumor angiogenesis and are poorly suited to drug dis-
covery.

Subcutaneous tumor xenograft mouse 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
studies in individual, live, tumor-bearing animals. Moreover,
subcutaneous tumor xenografts are not representative models
of human disease.
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chamber models provide a means for studying tumor angio-
genesis in living animals. However, quantification requires
specialized procedures, and the sites do not represent natural
environments for tumor growth. The cornea and skin-fold
window chamber tumor models do not allow metastasis and
angiogenesis to occur, which may involve mechanisms of
angiogenesis [21] that are qualitatively different from those
occurring in ectopic models.

We describe here clinically-relevant imageable mouse
models to visualize and quantify angiogenesis and efficacy
of inhibitors.

FLUORESCENT ANGIOGENESIS MODELS
Fluorescent Proteins to Image Angiogenesis

For in vivo imaging, a strong signal, and high resolution
are necessary. The GFP gene, cloned from the biolumines-
cent jellyfish Aequorea victoria [22], was chosen to satisfy
these conditions because it has great potential for use as a
cellular marker [23, 24]. GFP cDNA encodes a 283-amino
acid monomeric polypeptide with Mr 27,000 [25, 26] that
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requires no other A. victoria proteins, substrates, or cofactors
to fluoresce [27]. Gain-of-function bright mutants expressing
the GFP gene have been generated by various techniques
[28-30] and have been humanized for high expression and
signal [31]. Red fluorescent proteins (RFP) from the Dis-
cosoma coral have similar features as well as the advantage
of longer-wavelength emission [32-34]. Our laboratory has
pioneered the use of GFP for in vivo imaging [35] including
non-invasive whole-body imaging [36, 37].

Fluorescent proteins have been shown by our laboratory
to be very useful for imaging angiogenesis. We have devel-
oped three unique mouse models to image tumor angiogene-
sis with fluorescent proteins, which are described in this re-
view.

Orthotopic Tumor Models Expressing Fluorescent Pro-
teins to Visualize Tumor Angiogenesis

For realistic and real-time tumor angiogenesis models,
we have developed surgical orthotopic implantation (SOI)
metastatic models of human cancer [38]. These models place
tumors in natural microenvironments and replicate clinical
tumor behavior more closely than do ectopic implantation
models [38]. 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 oc-
currence, the clinical behavior of the original human tumor
[38]. The tumors implanted in the orthotopic model have
been transduced and selected to strongly express green fluo-
rescent protein (GFP) in vivo [37]. Orthotopically-implanted
GFP-labeled tumors enable the visualization of the role of
angiogenesis in metastasis. As Li et al. [18] point out, angio-
genesis initiation in metastatic tumors may be very different
from that of primary tumors and require different interven-
tions. Moreover, the extreme detection sensitivity afforded
by the strong GFP fluorescence allows imaging of very early
events in blood vessel induction.

GFP expression in primary tumors and in their metasta-
ses in the mouse models can be detected by an intense fluo-
rescence 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 mod-
els thereby allow quantitative optical imaging of angiogene-
sis in vivo. Tumor growth, vascularization, and metastasis
can now be followed in real time [39].

Intravital Images of Angiogenesis of Orthotopic Pancreas
Cancer

The clarity of angiogenic blood vessel imaging was illus-
trated by intravital examination of the orthotopic growth of a
Bx-PC-3-GFP pancreatic tumor. The nonluminous blood
vessels were clearly visible against the GFP fluorescence of
the primary tumor. Angiogenesis associated with metastatic
growths was readily imaged by intravital examination [39].

Because angiogenesis could be measured without animal
sacrifice, it was possible to determine a time course for indi-
vidual animals. Sequential intravital images of angiogenesis
for the PC-3 human prostate tumor expressing GFP and
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growing orthotopically in a single nude mouse were ac-
quired. The tumor-associated blood vessels were clearly
visible by day-7 and continued to increase at least until day-
20 [39].

Whole-Body Imaging of Angiogenesis in Orthotopic
Breast Cancer

We have demonstrated whole-body images and quantita-
tion of the time course of angiogenesis of the MDA-MB-
435-GFP human breast cancer growing orthotopically in the
mammary fat pad in a nude mouse. The development of the
tumor and its angiogenesis could be imaged in a completely
noninvasive manner [39]. The mouse mammary 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.
Thus, tumors in their natural microenvironment, growing
orthotopically in sites such as the fatpad, can be whole-body
imaged for quantitative angiogenesis studies [39].

Skin Flaps Enable Ultra-High Resolution External Imag-
ing of Tumor Angiogenesis

Opening a reversible skin-flap in the light path markedly
reduced signal attenuation, increasing detection sensitivity
many-fold. The observable depth of tissue is thereby greatly
increased [40]. The brilliance of the tumor GFP fluores-
cence, facilitated by the reduced absorption through the skin-
flap window, allowed imaging of the induced microvessels
by their contrast against a bright background. The orthotopi-
cally growing BxPC-3-GFP human pancreatic tumor was
externally visualized under fluorescence microscopy to be
surrounded by its microvessels visible by their dark contrast
[40].

Dual-Color Tumor-Host Models to Differentially Visual-
ize the Tumor and Blood Vessels

Okabe et al. [41] produced transgenic mice with GFP
under the control of a chicken bet-actin promoter and cy-
tomegalovirus enhancer. All of the tissues from these trans-
genic mice, with the exception of erythrocytes and hair, fluo-
resce green.

Tumor cells to be transplanted in the GFP mouse were
made visible by transforming them with the red fluorescent
protein (RFP) [42]. In order to gain further insight into tu-
mor-host interaction in the living state, including tumor an-
giogenesis, we have visualized RFP-expressing tumors
transplanted in the GFP-expressing transgenic mice under
dual-color fluorescence microscopy. The dual-color fluores-
cence made it possible to visualize the tumor growth in the
host by whole-body imaging as well as to visibly distinguish
interacting tumor and host cells in fresh tissue. The dual-
color approach affords a powerful means of both visualizing
and distinguishing the components of the host-tumor interac-
tion [42].

Dual-color images of early events in tumor angiogenesis
induced by a B16F10 mouse melanoma in the transgenic
GFP-expressing mouse were acquired in fresh tissue prepa-
rations. Host-derived GFP-expressing fibroblast cells and
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endothelial cells from nascent blood vessels were visualized
clearly against the red fluorescent background of the RFP-
expressing mouse melanoma. Host-derived GFP-expressing
mature blood vessels within the RFP-expressing mouse
melanoma also became visible. The images were acquired 3
weeks after subcutaneous injection of B16F10-RFP mela-
noma cells in the GFP mouse [42].

Imaging of Nascent Angiogenesis Using Nestin-Driven
GFP Transgenic Mice

We initially reported that in mice in which the gene for
the stem cell marker nestin-driven GFP (ND-GFP), that ND-
GFP also labels developing skin blood vessels that appear to
originate from hair follicles and form a follicle-linking net-
work. This was seen most clearly by transplanting NDGFP-
labeled vibrissa (whisker) hair follicles to unlabeled nude
mice. New vessels grew from the transplanted follicle, and
these vessels increased when the local recipient skin was
wounded. The ND-GFP-expressing structures are blood ves-
sels, because they display the characteristic endothelial-cell-
specific markers CD31 and von Willebrand factor. This
model displays very early events in skin angiogenesis and
can serve for rapid antiangiogenesis drug screening [43].

We visualized tumor angiogenesis by dual-color fluores-
cence imaging in ND-GFP transgenic mice after transplanta-
tion of the murine melanoma cell line B16F10 expressing
RFP. ND-GFP was highly expressed in proliferating endo-
thelial cells and nascent blood vessels in the growing tumor
(Fig. 1). Results of immunohistochemical staining showed
that the blood vessel-specific antigen CD31 was expressed in
ND-GFP-expressing nascent blood vessels. ND-GFP expres-
sion was diminished in the vessels with increased blood
flow. Progressive angiogenesis during tumor growth was
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readily visualized during tumor growth by GFP expression.
Doxorubicin inhibited the nascent tumor angiogenesis as
well as tumor growth in the ND-GFP mice transplanted with
B16F10-RFP [44].

The nestin ND-GFP gene was crossed into nude mice on
the C57/B6 background to obtain ND-GFP nude mice. ND-
GFP was expressed in the brain, spinal cord, pancreas, stom-
ach, esophagus, heart, lung, blood vessels of glomeruli,
blood vessels of skeletal muscle, testis, hair follicles, and
blood vessel network in the skin of ND-GFP nude mice.
Human lung cancer, pancreatic cancer, breast and colon can-
cer cell lines as well as a murine melanoma cell line express-
ing RFP were implanted orthotopically, and a RFP-expre-
ssing human fibrosarcoma was implanted s.c. in the ND-GFP
nude mice (Fig. 2). These tumors grew extensively in the
ND-GFP mice. ND-GFP was highly expressed in proliferat-
ing endothelial cells and nascent blood vessels in the grow-
ing tumors, visualized by dual-color fluorescence imaging
(Fig. 3). The ND-GFP transgenic nude mouse model enables
the visualization of nascent angiogenesis in human and
mouse tumor progression [45].

Dual-color fluorescence imaging visualized tumor angio-
genesis in the ND-GFP transgenic nude mice after orthotopic
transplantation of the MIA PaCa-2 human pancreatic cancer
line expressing RFP. Mice were treated with gemcitabine at
150 mg/kg/dose on days 3, 6, 10, and 13 after tumor implan-
tation. At day 14, mice were sacrificed and mean nascent
blood vessel density and tumor volume were calculated and
compared to control mice. The density of nascent blood ves-
sels in the tumor was readily quantitated. Gemcitabine sig-
nificantly decreased the mean nascent blood vessel density in
the tumor as well as decreased tumor volume. The dual-color
model of the ND-GFP nude mouse orthotopically implanted

~= ND-GFP-expressing blood

\“_L

vessels growing into
tumor mass

100 um

Fig. (1). On day 14 after implantation of RFP-expressing mouse melanoma cells subcutaneously, ND-GFP-expressing blood vessels (white
arrows) could be seen in the growing tumor. After implantation of RFP-expressing mouse melanoma cells subcutaneously, nascent ND-GFP
blood vessels (white arrows) were forming a network in the growing tumor. At day 14 after tumor-cell implantation, the ND-GFP blood ves-
sels were forming networks in the growing RFP tumors. Bar, 100 um [44].
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Models to visualize angiogenesis using ND-GFP
trasgenic nude mice

Subcutaneous transplant

Human fibrosarcoma, expressing RFP—Skin
Murine melanoma, B16F10-RFP—Skin

Murine mammary tumor, MMT-RFP—Mammary fat pads

Orthotopic transplant

Human glioma, U87-RFP—Brain
Human pancreatic tumor, Bx-PC3-RFP—Pancreas
Human colon cancer, HCT-116-RFP—Colon

Tumor mass
(1mm3)

RFP expressing human and mouse tumor cells

Human tumor cells, expressing RFP,
implanted in the subcutis of nude mice.

Fig. (2). Color-coded fluorescent imaging of angiogenesis using ND-GFP trasgenic nude mice. Human lung cancer, pancreatic cancer, and
colon cancer cell lines expressing red fluorescent protein were implanted orthotopically, and human fibrosarcoma, murine melanoma and
breast cancer tumor cell lines expressing red fluorescent protein were implanted subcutaneously in the ND-GFP transgenic nude mice [45].

anexp@sing blood vessels growing in tumor massy

o
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Fig. (3). Fluorescence imaging of tumor angiogenesis in transgenic ND-GFP nude mice. Human HT1080 fibrosarcoma on day 14 after s.c.
injection. Dual-color tumor cells expressing GFP in the nucleus and RFP in the cytoplasm are polarized towards ND-GFP-expressing blood

vessels (white arrows) growing in the tumor mass. Bar, 100 um [45].

with RFP-expressing pancreatic tumor cells enabled the si-
multaneous visualization and quantitation of tumor angio-
genesis and tumor volume. These results demonstrated for
the first time that gemcitabine is an inhibitor of angiogenesis
as well as tumor growth in pancreatic cancer. The results
have important implications for the clinical application of
gemcitabine in this disease [46].

Nascent angiogenesis was imaged in pancreatic cancer
liver metastasis in the ND-GFP transgenic nude mice,
formed after intra-splenic injection of xPA-1 human pancre-
atic cancer cells expressing RFP, using dual-color fluores-
cence. ND-GFP was highly expressed in proliferating endo-
thelial cells and nascent blood vessels in the growing liver
metastasis. The density of nascent blood vessels in the tumor
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was readily quantitated. Gemcitabine significantly decreased
the mean nascent blood vessel density in the pancreatic liver
metastases [47].

Angiogenesis in experimental lung and liver metastases
was imaged in the ND-GFP transgenic mice. The murine
melanoma cell line, B16F10 expressing RFP, was injected
i.v. in ND-GFP mice. ND-GFP was highly expressed in pro-
liferating nascent blood vessels in the tumors that developed
in the lung after tail vein injection, and in the tumors that
developed in the liver after portal vein injection of RFP-
expressing melanoma cells. Liver metastasis and angiogene-
sis were imaged intravitally (Fig. 4). Doxorubicin signifi-
cantly decreased metastatic angiogenesis (Fig. 5) [48].

The antiangiogenic efficacy of CPT-11 was evaluated in
ND-GFP nude mice using dual-color fluorescence imaging.
We orthotopically implanted ND-GFP nude mice with the
human cancer cell line HCT-116 expressing RFP. The mice
were treated with CPT-11 at 40 mg/kg on days 7, 10, 14.
Tumor angiogenesis was imaged and visualized by dual-
color fluorescence imaging on day 17, three days after the
last CPT-11 treatment. Tumor volume and the mean nascent
blood vessel density were determined and compared to the
control mice. The nascent blood vessels were highly fluores-
cent and their density was determined. ND-GFP nude mice
that were administered CPT-11 showed significant reduction
in the mean nascent blood vessel density and tumor volume.
The results showed that CPT-11 is an effective inhibitor of
angiogenesis and provided strong implications for wider
clinical application of CPT-11 for colon cancer [49].

Angiogenesis of the HT-1080 human fibrosarcoma cell
line, expressing RFP, was imaged in the ND-GFP mice. Tu-
mor cells were injected into either the muscle or the bone.
Nestin was highly expressed in proliferating endothelial cells
and nascent blood vessels in the growing tumors, including
the surrounding tissues. CD31 colocalized in ND-GFP-
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expressing nascent blood vessels. The density of nascent
blood vessels in the tumor was readily quantitated. The mice
were given daily i.p. injections of 5 mg/kg doxorubicin after
implantation of tumor cells. Doxorubicin significantly de-
creased the mean nascent blood vessel density in the tumors
as well as decreased tumor volume. These data suggest tar-
geting angiogenesis of sarcomas as a promising clinical ap-
proach [50].

Imageable Model of Lymphangiogenesis

Cancer cells labeled with both GFP in the nucleus and
RFP in the cytoplasm or with GFP only or RFP only were
injected into the inguinal lymph node of nude mice. The la-
beled cancer cells trafficked through lymphatic vessels
where they were imaged via a skin flap in real time at the
cellular level until they entered the axillary lymph node. The
bright fluorescence of the cancer cells and the real-time mi-
croscopic imaging capability of the Olympus OV100 small-
animal imaging system enabled imaging of the trafficking
cancer cells in the lymphatics. Using this imaging technol-
ogy, we also investigated the role of pressure on tumor-cell
shedding into lymphatic vessels. Pressure was generated by
placing 25- and 250-g weights for 10 s on the bottom surface
of a tumor-bearing footpad. Tumor cell fragments, single
cells, and emboli shed from the footpad tumor were easily
distinguished with the labeled cells and OV100 imaging sys-
tem. Increasing pressure on the tumor increased the number
of shed cells, fragments, and emboli. Pressure also deformed
the shed emboli, increasing their maximum major axis. Im-
aging lymphatic trafficking of cancer cells can reveal critical
steps of lymph node metastasis [51].

We have utilized monoclonal antibodies and fluorescent
proteins, respectively, to color-code lymphatic vessels and
the cancer cells inside them in a living animal. Monoclonal
anti-mouse LYVE-1 antibody was conjugated to a green

Fig. (4). On day 15 after injection of RFP-expressing mouse melanoma cells into portal vein, newly formed ND-GFP-expressing blood ves-
sels (white arrowheads) are growing along the RFP-expressing tumor in the liver (red arrowheads) [48].



Color-Coded Fluorescent Protein Imaging of Angiogenesis Current Pharmaceutical Design, 2008, Vol. 14, No. 36 3815

A

_Day-10 NaCl; egntral tumor
= y ¥ —
l".‘

P'*'!D_—GFP nascent blood vessels
\r:.zf “ \ - ,,/ ';_4:“ __,,»-"’
5, ND-GFP naseent* ¥ "~ .

N\

blood vessels®g +

Day-10 doxorubicin; central tumor Day-10 doxorubicin; marginal area of the tumor

'3';2*."'- ~"

- -

f J.'f

. ND-GFP nascent blood vessels

m

Day-10; mean nascent vessel length/mm?2 (mm)
o

doxorubicin

Fig. (5). Effect of doxorubicin on tumor angiogenesis. A, on day 10 after implantation of tumor cells, the ND-GFP nascent blood vessels
(white arrows) were forming a network in the central tumor. B, in the marginal area of the tumor, many newly-formed nascent ND-GFP blood
vessels were growing. The nascent ND-GFP blood vessels (white arrows) had many branches and were connected to each other. C and D, the
mice were given daily i.p. injections of 5 ug/g of doxorubicin at days 0, 1, and 2 after implantation of tumor cells. C, by day 10 after implan-
tation of tumor cells, the nascent ND-GFP blood vessels were not seen in the central area of the tumor. D, in the marginal area of the tumor,
ND-GFP blood vessels (white arrows) were growing slightly. E, number of nascent blood vessels per tumor volume was less than NaCl solu-
tion-injected mice (P < 0.05). Bars, 100 um [44].
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fluorophore and delivered to the lymphatic system of a nude
mouse, allowing imaging of mouse lymphatics. Tumor cells
expressing RFP were then imaged traveling within the la-
beled lymphatics in real time. AlexaFluor-labeled mono-
clonal anti-mouse LYVE-1 created a durable signal with
clear delineation of lymphatic architecture. The duration of
fluorescent signal after conjugated LYVE-1 delivery was far
superior to that of FITC Dextran or control fluorophore-
conjugated 1gG. Tumor cells engineered to express RFP de-
livered to the inguinal region enabled real-time trafficking of
tumor cell movement within the green fluorescent-labeled
lymphatic vessels. This technology offers a powerful tool for
the in vivo study of real-time trafficking of tumor cells
within lymphatic vessels, the deposition of the tumor cells in
lymph nodes, as well as for screening of potential anti-tumor-
lymphatic therapies [52].

Nestin-Expressing Hair-Follicle Stem Cells are Angio-
genic

We have shown that nestin is expressed in hair follicle
stem cells in ND-GFP mice and is expressed in a dermal
microvasculature network (Fig. 6). Furthermore, ND-GFP
was visualized by fluorescence in proliferating endothelial
cells and nascent vessels. ND-GFP also labels developing
skin blood vessels that appear to originate from hair follicles
and form a follicle-linking network. This is seen most clearly
by transplanting NDGFP-labeled vibrissa (whisker) hair fol-
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licles to unlabeled nude mice. New vessels grow from the
transplanted follicle, and these vessels increase when the
local recipient skin is wounded. The ND-GFP-expressing
structures are blood vessels, because they display the charac-
teristic endothelial-cell-specific markers CD31 and von
Willebrand factor. This model displays very early events in
skin angiogenesis and can serve for rapid antiangiogenesis
drug screening [43].

Chemotherapy Targets the Hair-Follicle Vascular Net-
work

Chemotherapy can induce anagen hair follicles to de-
velop abnormalities that are termed hair-follicle dystrophy
[53-55]. The hair-follicle vascular network has an important
role in hair-follicle cycling.

Doxorubicin causes disruption of the hair-follicle-asso-
ciated blood vessel network resulting in a greatly reduced
density of these blood vessels. Dystrophic hair follicles were
also observed with abnormal melanogenesis in the mice
treated with doxorubicin. Visualization of the effects of
doxorubicin on hair-follicle angiogenesis was made possible
by the use of ND-GFP mice. The hair-follicle stem cells did
not appear to be affected by doxorubicin, which may explain
why hair regrows after chemotherapy. These results suggest
that inhibition of hair-follicle-associated angiogenesis by
doxorubicin may be an important factor in hair-follicle dys-
trophy associated with chemotherapy-induced alopecia. The

ND-GF’P-expressing hair follicle blood vessel
network interconnects hair follicle stem cell areas.

ND-GFP-expressing cells in hair follicle stem
cell area

Sebaceous glands

Fig. (6). ND-GFP-expressing hair follicles are interconnected by an ND-GFP-labeled dermal vascular network visualized in ND-GFP trans-
genic mice. View is from the dermis side imaged with a confocal fluorescent microscope [43].
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ND-GFP mouse model is thus useful for the study of the role
of angiogenesis in the hair-follicle cycle and the effect of
drugs on processes associated with chemotherapy-induced
alopecia [56].

Rapid In Vivo/Ex Vivo Nascent Angiogenesis Assay

We developed a very convenient imageable in vivo angi-
ogenesis assay after transplantation of Gelfoam® (Pharmacia
& Upjohn Company, Kalamazoo, MI, USA) in the ND-GFP
mice [57]. Gelfoam is rapidly vascularized with GFP-
expressing vessels in the presence of an angiogenesis stimu-
lator. Anti-angiogenesis agents inhibit this process. Thus,
this rapid and simple new in vivo assay can rapidly identify
angiogenesis stimulators and inhibitors. Gelfoam was treated
with and without § fibroblast growth factor. The treated Gel-
foam was then transplanted into the subcutis on both flanks
of the ND-GFP transgenic mice. The mice were given daily
intraperitoneal (ip) injections of doxorubicin or NaCl solu-
tion at day 0, 1, and 2 after transplantation of Gelfoam. Skin
flaps were made at day 7 after transplantation of Gelfoam
under anesthesia. Angiogenesis was quantified by measuring
the length of ND-GFP-expressing nascent blood vessels in
the Gelfoam in the skin flap by in vivo fluorescence micros-
copy imaging (Fig. 7). The vessels on the surface were
counted under fluorescence microscopy. Each experimental
group consisted of five mice. Co-localization of ND-GFP
fluorescence and CD31 in frozen sections of the vascularized
Gelfoam was observed. Gelfoam implanted in the ND-GFP
mice was rapidly vascularized with ND-GFP-expressing
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blood vessels. Angiogenesis was quantified in the Gelfoam
by measuring the total length of ND-GFP-expressing nascent
blood vessels by fluorescence imaging. At day 7 after trans-
plantation, the NDGFP-expressing nascent blood vessels were
observed forming a network on the surface of the bFGF-
treated Gelfoam in the skin flap (Fig. 7). Implanted Gelfoam
that was not treated with bFGF was not vascularized. The
ND-GFP vessels in the Gelfoam stained positively for CD31,
demonstrating the presence of endothelial cells. Day 7 was
chosen as an arbitrary time point to measure the GFP vessels
in the implanted Gelfoam. The Gelfoam can be analyzed at
any time point, and an optimal time for measurement would
depend on the angiogenesis drug being tested. ND-GFP mice
that received ip injections of doxorubicin (5 pg/g) at day 0,
1, and 2 after transplantation of Gelfoam, with or without
bFGF, had fewer ND-GFP-expressing nascent blood vessels
than NaCl-treated mice [57]. Future experiments will address
the destruction of preformed vessels in Gelfoam by vascular
disrupting agent (VDA) [58].

CONCLUSIONS

This review demonstrates the power of fluorescent pro-
teins to visualize angiogenesis in mouse models. The ability
to color code blood vessels, including nascent vessels, and
their associated tumor cells, adds exquisite resolution to fluo-
rescence imaging technology. Fluorescence imaging tech-
nology can additionally be applied to visualize lymphatic
vessels. The technology is well suited to readily evaluate
inhibitors and stimulators of angiogenesis in the living

Newly formed ND-GFP-expressing
blood vessels

Fig. (7). Angiogenesis of implanted Gelfoam with GFP-expressing vessels. NDGFP mice were given daily intraperitoneal (ip) injections of
0.9% NaCl solution at day 0, 1, and 2 after transplantation of Gelfoam with or without p fibroblast growth factor (bFGF). (a) At day 7 after
transplantation of Gelfoam with bFGF, the ND-GFP-expressing nascent blood vessels formed a network on the surface of Gelfoam in the
skin flap. The ND-GFP-expressing nascent blood vessels had many branches that were connected to each other. (b) The Gelfoam-
transplanted ND-GFP mice were treated with 5 pg/g doxorubicin (DOX) at day 0, 1, and 2 after transplantation. Doxorubicin significantly
decreased the blood-vessel density in the presence of bFGF at day 7. Scale bar, 500 pm [58].
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mouse. We can expect important new anti-angiogenesis
drugs to be discovered in the future with the technology de-
scribed in this review.
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ABBREVIATIONS

bFGF = Basic Fibroblast Growth Factor

GFP = Green Fluorescent Protein

I.P. = Intraperitoneal

ND-GFP = Nestin-regulatory-element-driven Green
Fluorescent Protein

RFP = Red Fluorescent Protein

SOl = Surgical Orthotopic Implantation

VEGF = Vascular Endothelial Growth Factor
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