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Introduction: Convenient animal models are

needed to study the progression and treatment

of human tumors in vivo. Luciferase-based

bioluminescent imaging (BLI) enables research-

ers to monitor tumors noninvasively and is

sensitive to subtle changes in tumors.

Methods: Three human breast cancer models

in nude mice were established by using

luciferase-expressing MDA-MB-231-luc cells.

They were subcutaneous xenografts (n58),

mammary gland xenografts (n55), and lung

metastases (n53). The tumors were imaged in

live mice by using a highly sensitive BLI system.

The relationship between the intensity of

bioluminescence from the tumor was analyzed

with respect to tumor volume. Bioluminescent

signals from lung metastases were studied to

determine the threshold of detectability.

Results: Tumors growing in the mice’s backs

and mammary gland fat pads were imaged

dynamically after administration of D-luciferin.

The bioluminescent intensity from the tumors

gradually increased and then decreased in a

one-hour span. The time to reach maximum

signal intensity differed significantly among

tumors and was independent of tumor volume

and unrelated to maximum signal intensity. A

significant correlation was observed between

tumor volume and maximum signal intensity in

tumors from both sites. Lung metastatic lesions

of .3–.5 mm in diameter were clearly detectable

through the entire animal imaging process.

Conclusion: The animal models established

with luciferase-expressing cancer cells in com-

bination with BLI provide a system for rapid,

noninvasive, and quantitative analysis of tumor

biomass and metastasis. This biosystem simpli-

fies in vivo monitoring of tumors and will be

useful for noninvasive investigation of tumor

growth and response to therapy. (Ethn Dis.

2008;18[Suppl 2]:S2-65–S2-69)
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INTRODUCTION

Bioluminescent imaging (BLI) is an
optical imaging modality that enables
rapid in vivo analyses of a variety of
cellular and molecular events with
extreme sensitivity.1–3 This imaging
technique is based on light-emitting
enzymes, such as luciferase, as internal
biological light sources that can be
detected externally as biological indica-
tors. As a result of recent developments
in techniques for high-sensitivity detec-
tion of bioluminescence, BLI has been
recently tested in the detection and real-
time observation of primary tumor
growth and metastasis in living sub-
jects.4–6 Luciferase-based light-emitting
animal models have also been used to
develop therapeutics that target the
molecular basis of disease.7 Importantly,
BLI provides a biosystem to test the
spatial-temporal expression patterns of
both target and therapeutic genes in
living animals where the contextual
influences of whole biological systems
are intact.8,9 In this study, we estab-
lished three bioluminescent animal
models of human breast cancer using
MDA-MB-231-luc cell line, which has
been stably transfected with the lucifer-
ase gene. The primary and metastatic
lesions were analyzed through whole-
animal imaging, and the tumor volume
was evaluated in relationship with the
bioluminescent signal intensity.

METHODS

Cell culture and animal models
MDA-MB-231-luc human breast can-

cer cell line and D-luciferin were obtained
from Xenogen (Alameda, Calif). This cell
line has been stably transfected with

luciferase gene for luciferase-based BLI.
Cells were routinely maintained in Dul-
becco minimal essential medium/F-12
medium supplemented with 10% heat
inactivated fetal bovine serum and 50 mg/
mL each penicillin, streptomycin, and
neomycin (Invitrogen, Carlsbad, Calif).
Female athymic nude mice of 8–10 weeks
of age (n516) were purchased from
Harlan (Indianapolis, Ind). Three animal
models were developed. The subcutaneous
solid tumor xenograft model was devel-
oped by subcutaneous injection of 13107

subconfluent cells in 100 mL Dulbecco
phosphate buffered saline (DPBS) in the
right lower back of each mouse (n58).
The mammary gland fat pad tumor model
was developed by injection of 13107

subconfluent cells in 100 mL DPBS into
the right fifth mammary gland fat pad
(n55). Matrigel or other anchoring matrix
was not used to produce the tumors. The
lung metastasis model of breast cancer was
developed by tail vein injection of 13106

tumor cells (n53). The tumors in subcu-
taneous tissue and mammary gland fat pad
were imaged and analyzed when they
reached a certain size (3–11 mm diame-
ter). For lung metastatic model, whole
animals were checked weekly and autop-
sied when tumor signal from the lung
region was detected.

In vivo BLI
Luciferase-based BLI was performed

with a highly sensitive, cooled charge-
coupled device camera mounted in a
light-tight specimen box (Xenogen IVIS
200 imaging system). Imaging and
quantification of signals were controlled
by the acquisition and analysis software
Living Image (Xenogen). Mice were
placed onto the warmed stage inside
the light-tight camera box with contin-
uous exposure to 2% isoflurane. After a
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baseline image was taken, animals were
given the substrate D-luciferin by
intraperitoneal injection at 150 mg/kg
in DPBS. Then the whole animal was
imaged at an interval of 2 minutes for
more than one hour. Imaging time was
one minute. The light emitted from the
mouse was detected, integrated, digi-
tized, and displayed by the IVIS camera
system. Regions of interest from the
displayed images were identified and
measured around the tumor sites. The
signal was quantified and expressed as
photons per second by using Living
Imaging software (Xenogen).

All animal protocols were conducted
according to National Institutes of
Health guidelines for humane use and
care of animals. The animal protocols
were approved by the institutional
animal care and use committee of
Howard University.

Histopathology
To confirm whether the detected

signal from whole-animal imaging orig-
inated from the metastatic lesions in the
lung, the animal was autopsied as soon
as the signal was detected. The lung was
examined and fixed by intrabranchial
perfusion of 10% neutralized formalin
solution. Paraffin-embedded sections
were stained using hematoxylin and
eosin for microscopic evaluation.

Statistical Analysis
Statistical analysis was performed by

using statistical software OriginPro 7.0
(OriginLab, Northampton, Mass). A P
value ,.05 was considered to be a
significant difference between any two
sets of data.

RESULTS

Individual Difference in
Dynamics of Tumor
Bioluminescent Signals

After inoculation of the tumor cells
into the subcutaneous tissue and mam-
mary gland fat pads of the mouse,

<90% of the mice developed tumor

nodules at the inoculated sites within

one month. To a certain degree, the

tumors varied with respect to size and

rate of growth. In the present study, the

tumors were allowed to grow to a

desired size and used for BLI. A total

of eight tumors in the subcutaneous

tissue in the backs and five tumors in

the mammary gland fat pads of athymic

nude mice were analyzed. The maxi-

mum diameter of the 13 tumors was 3–

11 mm. After administration of D-

luciferin, the bioluminescent signal in

tumors was clearly detectable as early as

two minutes and showed a dynamic

change of gradual increase and then

decrease over time (Figure 1). In most

of the tumors, the signal became very

weak or undetectable within 60 min-

utes. There was a significant difference

among tumors for the peak intensity

time, which is defined as the time for

luminescence intensity of tumor to

reach the maximum, ranging from 5

to 24 minutes. A similar phenomenon

was observed for tumors located in the
backs and mammary fat pads. There

was no correlation between the peak

intensity time and tumor volume

(R52.13, P5.76 in subcutaneous and

R5.67, P5.21 in mammary gland
xenografts). Also, there was no correla-

tion between the peak intensity time

and maximum tumor signal intensity

(R52.18, P5.67 in subcutaneous and

R5.74, P5.15 in mammary gland

xenografts). These results indicate that
the dynamic change of tumor biolumi-

nescent signal after D-luciferin admin-

istration might be related to the differ-

ences of individual mice.

Close Correlation between
Bioluminescent Signal Intensity
and Tumor Volume

The maximum tumor signal mea-

sured at the peak intensity time point

was selected for further analysis because

of the significant difference in the
dynamics of tumor bioluminescent

signals among mice. There was a

Fig 1. Dynamic change of the bioluminescent signal in tumors after administration
of D-luciferin, showing gradual increase and then decrease over time. Panels A to E
represent the whole animal images taken separately at 0, 10, 15, 30, and 40 minutes
after luciferin administration. Panel F shows the plot of signal intensity from tumor
as a function of time after injection of luciferin.
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significant correlation between the max-

imum signal and the tumor volume for

tumors located both subcutaneously

(R5.85, P5.007, Figure 2B) and at

the mammary gland fat pad (R5.90,

P5.035, Figure 2A). This result indi-

cates that the bioluminescent signal

intensity reflects tumor size. The max-

imum signal intensity could be used as

an indicator of tumor growth. The

background signal was at a negligible

level and significantly less than the

signal from the tumor (Figure 1).

Highly Sensitive in vivo
Detection of Lung
Metastatic Lesions

In three mice, the tumor cells were

injected through the tail vein, and whole

animal imaging was performed every

week. Clear signal of the tumors was

first detected in the lung area at

approximately one month after tail vein

injection of tumor cells. After recording

the images, the mice were autopsied

immediately, and pathology studies of

the lung were performed. In one mouse,

two distinct tumor signals were ob-

served bilaterally (Figure 3A). However,

many lesions with different sizes and

distributed in bilateral sides of the lung

were observed under microscopy. The

largest lesion located at the right lower

lobe was .5 mm in diameter, corre-

sponding to the signal on the right side

of the bioluminescent image, and the

second largest lesion located at the left

upper lobe was .3 mm in diameter,

corresponding to the left side tumor

signal in whole animal imaging (Fig-

ure 3C). In another mouse, a single

tumor signal was detected, and pathol-

ogy examination revealed a tumor mass

of .6 mm in diameter located near the

left pulmonary hilus (Figure 3B). Mul-

tiple microscopic metastatic lesions were

also observed in the third mouse with

very weak tumor signals. Identifying

lesions ,.3 mm in diameter and differ-

entiating one small lesion from another
based on imaging alone was difficult.

DISCUSSION

Luciferase has served as a reporter in
a number of targeted gene expression
experiments in the last two decades.1,2

In recent years, luciferase-based BLI is
becoming an important and rapidly
advancing field to visualize and quantify
the proliferation of tumor cells in
animal models.10,11 Luciferase labeling
is superior to other reporters, such as
green fluorescent protein for tracing the
progression of neoplastic growth from a
few cells to extensive metastasis.12,13 In
spite of the remarkable progress made,
much more remains to be done with
luciferase-based visualization of tumors
in vivo. In the present study, we
established three animal models of
human breast cancer using stably lucif-
erase-transfected cells. Regardless of the
tumor sites in subcutaneous tissue or in
mammary gland fat pad, the tumors
could be clearly imaged with extremely
low background by whole-animal imag-
ing. Interestingly, the dynamics of the
tumor signal intensity were significantly

Fig 2. Close correlation between maximum signal of tumors and tumor volume. A)
Solid tumor xenografts in the mammary gland fat pads of mice. B) Subcutaneous
tumors in the backs of mice.

Fig 3. Detection of lung metastasis through whole animal imaging. Panel A is the
image from one mouse showing signals in bilateral sides of the lung. Panel B is the
image from a mouse with signal from one tumor in the left upper lobe of the lung.
Panel C represents the pathologic finding of the left tumor in panel A (hematoxylin-
eosin stain, 340).
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different among tumors. Some tumors

quickly reached the maximum intensity,

whereas others took more time. The

time to reach the maximum signal was

independent of tumor volume and was

also not related to the maximum tumor

signal. There were individual differences

in light emission following adminis-

tration of D-luciferin. The tumor

heterogeneity with respect to size,

vascular density, blood supply, and

other factors may affect accessibility

and retention of luciferin and conse-

quently the kinetics of light emission.

Hypoxia and necrosis that are common-

ly observed in large tumors can lead to

decreased synthesis of luciferase and

ATP. The signal intensity is largely

dependent on ATP and luciferase levels

in the tumor and the tumor volume. In

small tumors, the influence from hyp-

oxia and necrosis may be less significant.

In the present animal models, tumors

,1.2 cm are more suitable for BLI

because excessive necrosis was not

observed under microscope. A signifi-

cant correlation was observed between

bioluminescent signal and tumor vol-

ume. The bioluminescent signal could

be used as an indicator of tumor

biomass. However, as tumors become

larger, the correlation between tumor

volume and bioluminescent signal be-

comes inferior. Another issue of concern

is the selection of the time point to

measure the signal intensity after lucif-

erin administration. In the previous

studies, the bioluminescent signal at

the five-minute time point was arbi-

trarily used to represent the tumor in

various analyses.4,5 Based on our dy-

namic analysis, it was clear that the

signal at five-minute time point was less

likely to reflect the real signal intensity

of the tumors. The maximum signals at

peak intensity time point may be a

better indicator for tumor volume

because of the strong correlation be-

tween the maximum intensity and the

volume.

One potential use of BLI is the

detection of metastasis in animals. The

animals can be monitored through

whole-animal imaging. Wetterwald et

al showed by using a bone metastasis

model, that micrometastasis of .5-

mm3 volume can be detected, which

reveals greater sensitivity than radio-

graphic methods.14 A study by Edin-

ger et al using luciferase-expressing

HeLa cells demonstrated that 13103

cells in the peritoneal cavity, 13104

cells at subcutaneous sites, and 13106

circulating cells could be observed

immediately after injection of the

cells.15 In the present study, clear

signaling from metastatic lesions could

be detected when pulmonary metastat-

ic lesions approached .3 mm in diam-

eter. The lesions at this stage were still

difficult to differentiate from the vessel

spots in magnetic resonance imaging

(data not shown). All of these studies

with different models confirmed the

high detection sensitivity of metastatic

lesions using BLI. To date, the con-

ventional methods used to test the

efficacy of novel therapies on primary

tumors and metastasis in vivo are labor

intensive and time consuming. Lucif-

erase-based BLI is highly sensitive,

real-time, noninvasive, and significant-

ly correlated with the tumor growth.

These characteristics simplify such

kinds of in vivo analysis that rely on

animals.16 The therapeutic efficacy of

a drug can be assessed without having

to sacrifice the mice to search for

tumor growth at primary and meta-

static sites. Statistically significant

results can be achieved by using a

small number of mice, since multiple

measurements can be made over time.

Although metastatic lesions above a

certain critical size in the lung can be

detected using BLI, a major limitation

of BLI is the difficulty in quantifica-

tion of multiple micrometastatic le-

sions and comparative analysis of

lesions in different parts of the body

due to the photon characteristics as

well as the tissue differences along the

photon pathway.
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