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Background andObjective: The goal of this study was to
use an inexpensive macroscopic imaging system to monitor
tumor progression in mouse models in real-time with
minimal intervention.
Study Design/Materials and Methods: Illumination is
provided via a xenon arc lamp and a fiber optic probe which
delivers white light or quasi-monochromatic excitation via
specific bandpass filters. Fluorescence emission from SCID
and nude mice following mammary fat pad injection of red
fluorescence protein (RFP)-expressing human breast can-
cer cell lines was recorded and quantified using a single lens
reflex (SLR) digital camera.
Results: This simple system enabled the verification of
successful tumor take and temporal quantification of tumor
progression in mouse models.
Conclusion:The macroscopic fluorescence imaging system
represents an inexpensive and portable tool to facilitate non-
invasive in situ cancer detection with the potential to
monitor fluorescent tumor formation and investigation of
the efficacy of potential cancer therapeutics. Lasers Surg.
Med. 38:928–938, 2006. � 2006 Wiley-Liss, Inc.
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INTRODUCTION

Breast cancer is estimated to account for 32% of the new
cancer cases in woman in 2005 and is the second major
cause of cancer deaths after lung cancer. If diagnosed early,
while the disease is still localized to one area with no distant
metastases, the 5-year survival rate is 97.9%. However, as
the disease progresses to include surrounding tissues and
distant metastases, the survival rate falls to 26.1%. The
metastatic spread of breast cancer complicates treatment
and lowers patient prognosis drastically [1]. The use of
mouse models is a common and effective research tool to
study breast cancer progression, potential oncogenes and
tumor suppressors involved in the metastatic process, and
to investigate prospective therapeutics to specifically
target metastatic spread [2–5]. Conventional methods for
studying cancer progression and therapeutic agent efficacy

include end point analysis of metastases following primary
mammary tumor induction in mouse models.

Analyzing tumor progression and the efficacy of thera-
pies via these conventional methods has many limitations.
Specifically, mouse mammary fat pad injection does not
always lead to 100% successful tumor establishment.
Verification of successful tumor establishment requires
observation of the injection site for visible and palpable
growth over several weeks. Scar tissue formation at the site
of injection can often obscure this examination. Analysis of
the efficacy of therapies and identification of potential
metastatic sites for further histological examination is
difficult for those not trained in pathology and often must
occur after mouse sacrifice. Therefore, our goal was to adapt
a macroscopic imaging system to verify successful mam-
mary fat pad tumor implantation and monitor tumor
growth over time.

We describe a preliminary study using an inexpensive
macroscopic imaging system for real-time in vivo image
analysis of tumor formation by red fluorescent protein (RFP)
expressing breast cancer cells in mice. This system used a
fiber optic probe to deliver excitation light to the mouse in
order to verify successful mammary fat pad tumor take and
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temporally monitor tumor progression via fluorescence
intensity. This method allowed us to confirm tumor
take and tumor progression before visual and palpable
evidence of the tumor became available. Images were
acquired with a digital single lens reflex (SLR) camera with
an exposure time of 8 seconds or less per image. The short
image acquisition time allowed us to image the mice using
only physical restraintwithout theneed for anesthesia, which
permittedmore frequent imagingthanwouldbeallowedif the
animals were anesthetized for each imaging session. The
macroscopic fluorescence imaging system thus represents an
inexpensive and portable tool to facilitate in situ cancer
detection without the need to anesthetize the animal.

MATERIALS AND METHODS

Cell Culture

The SUM 149 inflammatory breast cancer (IBC) cell line
used for the study was developed from pleural effusions of
breast cancer patients [6,7] and was a generous gift of Dr.
Stephen Ethier, The University of Michigan, MI. SUM 149
cells were cultured in F-12 Hams medium (GibcoTM,
Carlsbad, CA) supplemented with 5% fetal bovine serum
(Tissue Culture Biologicals, Tulare, CA), insulin, and
hydrocortisone, and were cultured in a humidified 5%
CO2 atmosphere at 378C. The human breast cancer cell line
MDA-MB-435a6HG6 was selected according to a6 expres-
sion and metastatic efficiency in the nude mouse model as
described in Reference [8] and was the kind gift of Dr. Janet
E. Price, MD Anderson Cancer Center, Houston, TX. MDA-
MB-435a6HG6 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (GibcoTM, CA) with 10% fetal
bovine serum (Tissue Culture Biologicals, CA) and cultured
in a humidified 5% CO2 atmosphere at 378C.

Vector Construction

SUM 149 cells were transfected with pIRESneo2 DsRed2
(Discosoma sp., RFP) and the MDA-MB-435 a6HG6 cells

were transfected with pIRESpuro3 DsRed2 (RFP) using
Lipofectamine as per the manufacture’s protocol (Invitro-
gen, Carlsbad, CA). RFP-SUM 149 cells were selected in
neomycin and RFP-MDA-MB-435-a6HG6 cells were
selected in puromycin. The MDA-MB-435a6HG6 cells
stably expressing RFP were further selected via flow
cytometry. RFP expression of both cell lines remained
stable at approximately 99% expression in cells that were
maintained for 2–3 months in cell culture and approxi-
mately 95% in cell lines that were restarted following
storage in liquid nitrogen for at least a year.

Macroscopic Imaging System

A schematic of the macroscopic imaging system is shown
in Figure 1. Light from a 300 W Xenon arc lamp with an
integrated parabolic reflector (Perkin Elmer, Wellesley,
CA) was directed by a cold mirror to the excitation filter
wheel (Oriel Instruments, Stratford, CT). The cold mirror
rejected radiation below 300 nm and above 625 nm, pre-
venting ultraviolet and infrared radiation from reaching
the excitation filter. A bandpass filter centered at 545 nm
with a bandwidth of 30 nm was used to select the desired
excitation wavelengths (HQ545/30x, Chroma Technology,
Rockingham, VT). One filter slot remained open for white
light illumination to visualize the position of the mouse.
Excitation light was focused onto a flexible fiber optic light
guide 5 mm in diameter and 2.5 m long (Multimode Fiber
Optics Inc., East Hanover, NJ) for delivery to the mouse.
With the 545 nm excitation filter in place, approximately
75 mW of light exited the light guide and diverged rapidly to
illuminate a large region of the mouse. The intensity in-
cident on the mouse was 10 mW/cm2. Fluorescence emis-
sion from the mouse was recorded using a Canon EOS-D30
digital SLR camera equipped with two emission filters, a
bandpass filter centered at 610 nm with a bandwidth of
75 nm (HQ610/75m, Chroma Technology) and a 570 nm
longpass filter (Schott OG570, Newport Industrial Glass,

Fig. 1. Schematic of macroscopic fluorescence imaging system. Light from a Xenon arc lamp is

directed by mirror to the excitation filter wheel with a bandpass filter centered at 545 nm.

Excitation light enters a flexible fiber optic light guide for delivery to the mouse. Fluorescence

emission from the mouse is recorded using a digital SLR camera fitted with two emission

filters, a bandpass filter centered at 610 nm and a 570 nm longpass filter.
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Inc., Stantor, CA), attached prior to the camera lens. The
filters were easily removed for imaging with white light
illumination.

The excitation and emission bandpass filters were chosen
based on peak excitation and fluorescence emission
wavelengths from RFP-SUM 149 cells in suspension, as
demonstrated by their excitation–emission matrix (Fig. 2).
The peak excitation for the DsRed RFP is 560 nm and the
peak emission is 585 nm. In order to excite as much of the
RFP as possible, a bandpass filter ranging from 530 to
560 nm was chosen for the excitation filter. Due to the small
Stoke’s shift between the excitation and emission peaks, a
bandpass filter ranging from 579 to 647 nm was chosen for
the emission filter, to gather the peak emission from the
RFP without allowing any of the excitation light to leak
through.

In vivo Imaging of RFP-Expressing Cells

All mouse experiments were approved by and performed
in accordance with the Institutional Animal Care and Use
Committee (IACUC) at The University of Texas at Austin.
For in vivo imaging of SUM 149 breast cancer progression,
1�106 cells of RFP-SUM 149 or non-RFP expressing
parental SUM 149 cells suspended in PBS were injected
into the mammary fat pad of three 6-week-old
female severe combined immunodeficient (SCID) mice
(CBySmn.CB17-Prkdcscid/J, Charles Rivers, MA) per
group. Only one mouse per group was followed through
the entirety of the study due to early death and problems
with tumor take. For image analysis of MDA-MB-435
breast cancer progression, 2�106 RFP-MDA-MB-
435a6HG6 cells suspended in PBS were injected into the

mammary fat pad of three 6-week-old female nude
immunocompromised mice (nu/nu, Charles Rivers, MA).
Tumors were established in two mice which were used for
the study.

The areas surrounding the tumors in the SCID mice were
shaved with an electric razor prior to imaging. Mice were
manually restrained and imaged under white light illumi-
nation to define the animal’s position. After fitting the
camera with the emission filter, the mice were imaged
under RFP excitation light. Images were obtained at
multiple exposure times, ranging between 1 and 8 seconds,
from each animal. Positive and negative standards were
also imaged at the same set of exposure times under the
same conditions as the mouse at each imaging session.
Rhodamine, a stable laser dye, was used as the positive
standard and a frosted cuvette was used as the negative
standard. Imaging occurred 2–3 times per week.

Digital images were checked for saturation in each color
channel. Unsaturated images of the RFP mice with the
longest exposure time were chosen for further analysis.
Images corresponding to the same exposure time were
chosen for the control mice and the Rhodamine standard.
These images were converted to grayscale using Matlab
(The MathWorks, Natick, MA). The tumor area was
manually traced in each grayscale image three separate
times by one investigator. The fluorescence from the RFP
tumors was outlined by hand based on the signal from the
RFP cells. The boundary of the tumor was defined where
there was at least a 1.25-fold increase in signal across
the boundary. The standard deviation of the intensity of the
regions on each side of the boundary did not overlap,
showing confidence in the chosen boundary. Additionally,
there was at least a 1.5-fold increase in the average
intensity of the entire tumor region compared to the
surrounding background. The tumor area of the non-RFP
control animals was more difficult to outline. Since the
tumor could not be defined by a region of fluorescence, the
corresponding white light images were overlaid onto
the fluorescence images, and the region of cell injection
was traced. As the tumor grew, the tumor visualized in the
white light image was outlined in the fluorescence image.
The traced tumor area (in pixels) and average intensity
were acquired through the Image J software (NIH,
Bethesda, MD).

The average tumor fluorescence intensity was then
normalized to account for the different exposure times
used and any variation in light intensity by dividing the
average intensity of the tumor by the average Rhodamine
intensity at the same exposure time. The normalized
grayscale intensity value of the tumor was then plotted
versus time. The traced tumor area was converted from
pixels to mm2, using an image of a ruler to define the mm/
pixel ratio, and plotted versus time.

RESULTS

To verify the expression of RFP and the lack of
fluorescence in the parental, non-RFP breast cancer cells,
we viewed cell pellets containing 4�106 cells with the
macroscopic imaging system prior to mammary fat pad

Fig. 2. Excitation–emission matrix for RFP-expressing SUM

149 cells. Fluorescence intensity is plotted as a function of

excitation and emission wavelengths for the RFP-expressing

SUM 149 cells in suspension. Contour lines connect points of

equal fluorescence intensity and display the RFP peak

excitation and emission wavelengths at 560 and 585 nm,

respectively.
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injection (Fig. 3A,B). All of the RFP-tagged breast cancer
cells that were used for this study expressed RFP at a 99–
100% efficiency. Figure 3A illustrates cell pellets viewed
under RFP excitation for SUM 149 (Fig. 3A left tube) and
RFP-tagged SUM 149 (Fig. 2A right tube) cells. MDA-MB-
435a6HG6 cells were also pelleted (Fig. 3B left tube) and
imaged along side a RFP-tagged MDA-MB-435a6HG6 cell
pellet (Fig. 3B right tube). No fluorescent signal was
detected under RFP excitation by our system for either of
the parental, non-RFP-expressing cell lines. RFP and
parental MDA-MB-435a6HG6 cells were also imaged by
fluorescence microscopy (Fig. 3D and F). Again, no RFP
fluorescence was detected under 100� magnification from
the parental cell line (Fig. 3D) while the RFP-tagged MDA-
MB-435a6HG6 cells exhibited uniform red fluorescence at
100% efficiency (Fig. 3F).

Figure 4 represents white light and fluorescent images of
stably expressing RFP-SUM 149 IBC human breast cancer
establishment and progression in the mammary fat pad of
female SCID mice. White light images represent the

location and relative size of the mammary tumor. Nodules,
such as the one observed in the white light image at 2 days
after mammary fat pad injection, may represent scar tissue
or inflammation rather than an actual tumor. Using our
macroscopic fluorescence imaging system to excite RFP
fluorescence, we were able to visualize the site of breast
cancer cell injection in the mammary fat pad and tumor
take and survival in the SCID mouse host staring from time
of injection. At Day 2, potential tumor formation at the
injection site was evident in the fluorescence image. At Day
21, the fluorescence image shows successful mammary
tumor establishment after a slight decrease in the fluores-
cence intensity due to the death of some of the injected
cells. At Day 35, the same tumor demonstrated a sub-
stantial increase in red fluorescence and a discernable
mammary tumor in the corresponding white light image
(Fig. 4A).

In parallel, female SCID mice were also injected in the
mammary fat pad with non-RFP-expressing SUM 149
human breast cancer cells. Two days post-injection, a
region of potential mammary tumor formation by the
injected non-fluorescent breast cancer cells was perceived
in the white light image and, as expected, there was no
detectable fluorescence signal under RFP excitation illu-
mination. By Day 34, a non-RFP-expressing SUM 149
tumor was clearly visible under white light in the
mammary fat pad of the SCID mouse. As expected, no
RFP emission was detected under fluorescence imaging
(Fig. 4B).

Using the macroscopic fluorescence imaging system, we
monitored RFP-tagged SUM 149 mammary tumor growth
in SCID mice over time by analyzing changes in tumor
fluorescence intensity. Fluorescent images of the RFP-
tagged SUM 149 tumors were converted to grayscale and
the fluorescent tumor area traced three separate times. The
mean grayscale pixel value within the traced tumor area
was normalized for variations in exposure time and light
intensity, as described in Materials and Methods section,
and plotted for each image (Fig. 5A). An increase in
fluorescence intensity was evident with increased mam-
mary tumor size. A small, initial decrease in fluorescence
intensity was observed near Day 8; possibly due to the
death of some of the injected RFP expressing cancer cells
that did not successfully take within the mammary tissue.
After this initial decrease, the fluorescence intensity
steadily increased as the RFP-tagged tumor grew in size.

A similar analysis was conducted on images of the non-
RFP-expressing SUM 149 tumors (Fig. 5A). Autofluores-
cence from the non-RFP-expressing tumor and overlying
skin and shaved hair was substantially low compared to the
RFP-tagged tumor. Interestingly, the untagged tumor
exhibited diminished background fluorescence with time.
This may be due to the degradation of fluorescent
connective tissue components, such as collagen cross-links,
during tumor progression.

In addition to measuring the increase in fluorescence
intensity, the progression in mammary tumor area was
determined by analyzing the number of pixels included in
the tumor region defined in the fluorescence images. The

Fig. 3. Verification of red fluorescence of human breast cancer

cells stably expressing RFP. A: Fluorescence images of cell

pellets (4�106 cells) of non-RFP (left tube) or RFP-tagged (right

tube) SUM 149 cells using the macroscopic imaging system.

B: Fluorescence images of cell pellets (4�106) of non-RFP (left

tube) and RFP-tagged (right tube) MDA-MB-435a6HG6 cells.

C: Bright field micrograph of non-RFP MDA-MB-435a6HG6

cells at 100� magnification. D: Fluorescence micrograph of

non-RFP MDA-MB-435a6HG6 cells at 100� magnification.

E: Bright field micrograph of RFP-tagged MDA-MB-

435a6HG6 cells at 100� magnification. F: Fluorescence

micrograph of RFP-tagged MDA-MB-435a6HG6 cells at

100� magnification. [Figure can be viewed in color online via

www.interscience.wiley.com.]
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area in pixels, as determined using Image J software, was
converted to mm2 and plotted versus time (Fig. 5B). From
this analysis, the RFP-tagged SUM 149 tumor demon-
strated a decrease in tumor area at Day 8, corresponding to
the decrease in fluorescence intensity and the expected
death of some of the injected RFP expressing cancer cells
that did not successfully take within the mammary tissue.
Beyond Day 8, the size of the tumor increased as a function
of time until Day 44 and reached a plateau. The observed
difference in the time-dependent changes of the fluores-
cence intensity and the tumor area are likely due to the fact
that the fluorescence intensity represents fluorescence
from the three-dimensional tumor whereas the traced
tumor area defines the tumor as a two-dimensional object.

Tumor growth was also determined for both RFP-tagged
and non-RFP-expressing tumors by a more conventional
method, using caliper measurements (Fig. 5C). The
fluorescence imaging system detected RFP-SUM 149 cells
from Day 0. However, the tumor size could not be reliably
determined by caliper measurements until Day 30
when the tumors reached a mean area of 3�3 mm2,
illustrating the utility of the imaging system for early

tumor detection. The tumor site was inspected by palpation
at each imaging session. When the tumors reached
approximately 1–5 mm2, they were considered large
enough to measure with calipers. Caliper measurements
of the RFP-SUM 149 tumor (Fig. 5C) demonstrated an
increase followed by a decrease in tumor area around Day
40, similar to the corresponding area measurements
derived from outlining the tumors in the fluorescence
images (Fig. 5B). However, the tumor area defined by
the fluorescence images was larger than the caliper
measurements. Inflammatory breast cancer often mani-
fests itself as an inflammatory response on the skin and not
as a localized tumor. Therefore, tumor area measurements
derived from fluorescence images may represent tumor
invasion on the skin surface, which was detected by the
imaging system but not by conventional caliper measure-
ments. The tumor area defined from the images for the non-
RFP-SUM 149 tumors actually yielded a slightly smaller
tumor size than the caliper measurements. This is likely
due to error made while outlining the tumors in the images.
These data also demonstrate that the decrease in auto-
fluorescence of the non-RFP tumor region was not due to a

Fig. 4. Images of RFP- and non-RFP-expressing SUM 149

mammary tumors in female SCID mice. A: Tumors created

from RFP-tagged SUM-149 cells. Top row, images under white

light; bottom row, fluorescence images at 580 nm emission. Left

column, 2 days; center column, 21 days; right column, 35 days

following injection. Images for Day 2 were taken with 6-second

exposure time and images for Days 21 and 35 were taken with

3-second exposure. B: Tumors created from non-RFP SUM

149 cells. Top row, images under white light; bottom row,

fluorescence images at 580 nm emission. Left column, 2 days;

center column, 20 days; right column, 34 days following

injection. Images for Day 2 were taken with 6-second exposure

time and images for Days 20 and 34 were taken with 3-second

exposure. All images shown are raw images and have not been

normalized. Arrowheads indicate tumor site. [Figure can be

viewed in color online via www.interscience.wiley.com.]
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decrease in tumor size because at 48 days following
inoculation, the RFP-tagged tumor was 5.75�5.2 mm2 in
size while the non-RFP-expressing tumor measured at
6.4�5.8 mm2.

Here, we have demonstrated that the macroscopic
imaging system enabled a direct analysis of tumor growth
over time by monitoring the increase in fluorescence signal.
We also demonstrated that the RFP-expressing SUM 149
cell line successfully maintained fluorescence in a mouse
over an extended period of time. As expected, the non-RFP-
expressing SUM 149 mammary tumors showed no increase

in fluorescence signal as the tumor increased in size over
time. The low background fluorescence measured can be
attributed to autofluorescence signal from fluorescent
components of the skin and shaved hair of the SCID mouse.
Interestingly, a modest decrease in autofluorescence
intensity was seen in the non-RFP SUM 149 tumor. This
may have been due to the degradation of fluorescent
connective tissue components that contribute to the
autofluorescence of SCID mouse skin and by an increase
in angiogenesis surrounding the tumor, and thus absorp-
tion of the light by hemoglobin.

A similar set of experiments were performed using a
highly metastatic RFP-tagged human breast cancer cell
line in a different immunocompromised mouse strain to
illustrate the versatility of our system. Figure 6 presents
white light and fluorescent images of stably expressing
RFP-MDA-MB-435a6HG6 human breast tumors in the
mammary fat pad of female athymic, nude mice. In the Day
7 fluorescent image, RFP emission was obvious at the site of
injection, indicating successful MDA-MB-435a6HG6
tumor cell take and survival in the nude mouse host. At
Day 71, the white light image of the same mouse showed a
clearly discernable mammary tumor. The image of this
tumor under RFP excitation on Day 71 showed a sub-
stantial increase in fluorescence signal. In parallel, female
nude mice were also injected in the mammary fat pad with
non-RFP-expressing MDA-MB-435a6HG6 human breast
cancer cells which emitted no fluorescence above back-
ground autofluorescence of the skin.

We monitored RFP-tagged MDA-MB-435a6HG6 mam-
mary tumor growth in nude mice over time by analyzing
increases in tumor fluorescence intensity (Fig. 7A). Parallel
linear increases in fluorescence intensity as a function of
time were observed for both of the RFP-expressing MB-435
tumors. Figure 7B shows the tumor area measured in the
fluorescence images. The RFP-expressing tumor 1 shows
an increase in tumor area with time. Tumor 2, however,
does not show this same increase in area, despite the
increase in fluorescence. This is due to the fact that this
tumor protruded from the skin more than it spread
laterally, and this three-dimensional growth was not taken

Fig. 5. Fluorescence intensity and area of RFP- and non-RFP-

expressing SUM 149 mammary tumors in SCID mice as a

function of time. A: SCID mice with RFP and non-RFP tagged

SUM 149 mammary tumors were imaged under RFP excita-

tion using the macroscopic imaging system. Images were

converted to grayscale and mean grayscale pixel value from the

traced tumor area was plotted versus time. Error bars indicate

the standard deviation within three separate measurements of

the tumor intensity. B: The traced tumor area was measured

and converted to mm2. The tumor area is plotted versus time.

Error bars indicate the standard deviation within three

separate measurements of the tumor area. C: The areas of

same RFP and non-RFP tagged SUM 149 mammary tumors

were measured using calipers starting at Day 30 following

injection when the tumors were quantifiable by caliper

measurements.
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into account in the two-dimensional tumor area analysis. In
this case, quantification of the increase in fluorescence
intensity of the tumor provided a more accurate evaluation
of tumor size. Therefore, the macroscopic fluorescence
imaging system can be conveniently used to non-invasively
quantify fluorescent tumor progression of a metastatic
breast cancer cell line.

Figure 8 presents images of distant fluorescent metas-
tases. We were able to detect areas of distant metastases by
whole-body imaging; however, intravital imaging where a
skin flap is opened over the areas of interest, as described in
Reference [9], was necessary for a complete analysis of
metastatic lesions by the system in the current configura-
tion. Following necropsy, red fluorescence signal from
distant lung metastases was easily detected by our system;
verifying the existence of metastatic lesions. Therefore this
system can be easily used to detect and quantify metastases
without prior histopathology.

DISCUSSION

We have detailed the utilization of a macroscopic
fluorescence imaging system to monitor RFP-tagged
human tumor progression in immunocompromised mice

in real-time with no or minimal intervention. Using this
system, we can determine if RFP-expressing human breast
cancer cells have successfully established a mammary
tumor in the mouse at a much earlier time than visualizing
tumor growth post-injection as a means to verify successful
implantation. Furthermore, such methodology can be used
to monitor tumor growth over time by measuring an
increase in fluorescence intensity from the RFP-tagged
tumor. Finally, this system can successfully locate the
fluorescence signal from metastatic tumors and thus
facilitate identification of regions of interest for further
examination by histopathology.

The development and optimization of this system was not
without complication. The mouse diet (Harlan Teklad,
Madison, WI) was found to fluoresce under excitation for
RFP and can be seen in the intestinal tract of many of the
mouse images (data not shown). While this did not hinder
analysis of tumor take and tumor growth over time, this can
easily be reduced by feeding mice a corn-based diet devoid of
the chlorophyll responsible for this background fluores-
cence. Also, we found it necessary to use the SCID mouse for
RFP-SUM 149 experiments because of limited success with
tumor establishment in nude mice. To avoid the strong

Fig. 6. Images of RFP- and non-RFP-expressing MDA-MB-

435a6HG6 mammary tumors in female athymic, nude mice.

Left column, images under white light; right column, fluores-

cence images at 580 nm emission. Top row, non-RFP-tagged

MDA-MB-435a6HG6 mammary tumors. Middle row, RFP-

tagged MDA-MB-435a6HG6 mammary tumor at Day 7 post-

mammary cancer cell injection. Bottom row, RFP-tagged

MDA-MB-435a6HG6 mammary tumor at Day 71. Images for

Day 7 were taken with 8-second exposure time and images for

Day 71 were taken with 1-second exposure. All images shown

are raw images and have not been normalized. Arrows indicate

tumor site.
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fluorescence signal of the hair of the SCID mice, we shaved
them prior to imaging. However, we could still successfully
detect tumor take and monitor tumor growth over time.
With the highly metastatic human breast cancer cell line
RFP-MDA-MB-435a6HG6, we could utilize nude mice and
successfully monitor tumor take and progression with
results similar to those obtained with the RFP-SUM 149
tumors in SCID mice. Therefore, we believe this system can
be successfully employed with many different mouse
strains.

So far, few studies have utilized RFP to image cancer and
most of these studies have used surgical orthotopic
implantation (SOI) to transplant fragments of RFP-tagged
tumors into rodent models [10]. Sorg et al. [11] used window
chamber tumors to study RFP-tagged tumor progression by
injecting a suspension of tumor cells into the dorsal skin
flap prior to implanting a coverslip window over the
exposed skin. In this study, we describe the use of RFP-
tagged cells to establish mammary tumors in mouse models
through subcutaneous injection. We used DsRed as the
fluorescent tag because it fluoresces at a longer wavelength
than other available fluorescent proteins, which yields
reduced interference from autofluorescence of endogenous
fluorophores compared to the emission wavelengths of
other fluorescent proteins. DsRed (RFP) also has broader
excitation and emission spectra than other fluorescent
proteins, which provides a broader range of illumination
and detection wavelengths that can be used with a white-
light lamp excitation source. Patterson et al. reports that
the extinction coefficient of green fluorescent protein (GFP)
EGFP is 55,000 M�1 cm�1 and the quantum yield is 60%.
Similarly, the extinction coefficient of DsRed (RFP) is
72,500 M�1 cm�1 and the quantum yield is 68% [12].
Therefore, the fluorescence intensity, the product of the
extinction coefficient and the quantum yield, of DsRed is
comparable to that of GFP, supporting our choice for using
DsRed. One of the disadvantages of imaging DsRed is that
its fluorescence emission lies within an absorption peak of
hemoglobin. Therefore, some of the fluorescence is likely to
be absorbed by hemoglobin in surrounding blood vessels.
However, Yamauchi et al. [13] have recently shown that
cells expressing RFP can be clearly imaged in a blood vessel.
The sensitivity of our system to detect a minimum of 1�105

RFP-tagged cells in situ was moderate at 6–7 times over the
autofluorescence signal, but this may be improved by the
use of GFP tags as previously described [9,10,14–27], due to
increased sensitivity of most detectors to green wave-
lengths compared to red, or improved RFP constructs.

An interesting and unexpected result of this study was a
decrease in background fluorescence over time from the
non-RFP mouse tumor. Although collagen fluorescence is
not at its peak within the emission bandpass (589–647 nm)
used, some collagen fluorescence may still be detected.
Therefore, the observed decrease in fluorescence could be a
result of the degradation of fluorescent collagen cross-links
and extracellular matrix components as well as an increase
in angiogenesis leading to an increase in the absorption of
light by hemoglobin.

Imaging of optically tagged cancer cells in mice has been
successfully utilized to study the growth and metastatic
spread of a variety of cancers and to test the efficacy of
potential chemotherapies [9,10,14–32]. Hoffman et al.
employ a light box system with fiber optic probe delivery
of blue light for low resolution, whole body imaging of SOI
GFP- and RFP-tagged tumors in mice. This system is
similar to the one used for this study but employs a cooled
color charge-coupled device (CCD) for detection [9,10,14–
24]. In vivo bioluminescence imaging systems, such as the
one developed by Contag et al., detects light emitted from

Fig. 7. Fluorescence intensity and area of RFP-expressing

MDA-MB-435a6HG6 mammary tumors in nude mice as a

function of time. RFP-MDA-MB-435a6HG6 cells were injected

into the mammary fat pads of female athymic, nude mice.

Tumor growth was monitored via fluorescent image analysis

using the macroscopic imaging system. A: Images were

converted to grayscale and the mean grayscale pixel value for

the traced tumor area was plotted versus time. Figure shows

two plots, both from RFP-expressing tumors. Error bars

indicate the standard deviation within three separate mea-

surements of the tumor intensity. B: The traced tumor area

was measured and converted to mm2. The tumor area is plotted

versus time. Error bars indicate the standard deviation within

three separate measurements of the tumor area.
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bioluminescent cells within mice using an intensified and/
or ultra-cooled CCD camera. Bioluminescent imaging has
been utilized to detect cancer cells from the time of
inoculation through tumor progression and to evaluate
cancer therapies [28–32]. Bioluminescent systems typi-
cally use the firefly luciferase gene as the cell reporter. In
order to bioluminesce, the cells need access to oxygen to be
metabolically active and require external luciferin as a
substrate unless engineered to produce it in situ [29].
Luciferase produces low photon flux yielding low light
levels, but signal is only produced where luciferase is
present with little or no background signals, which makes
this method attractive. The low photon flux produced,
however, requires a light tight enclosure and a very
sensitive camera capable of long exposure times, typically
on the order of 1–5 minutes [28,29,33], and low thermal and
read-out noises for imaging. This can be accomplished with
an intensified and/or ultra-cooled CCD, but these are
generally expensive cameras. Also, the long exposure
times require sedation of the animal prior to imaging

[9,22,23,26–28]. Fluorescence imaging of protein-tagged
cells, meanwhile, requires an external light source which
may induce a brighter background which arises from
intrinsic autofluorescence. However, a much brighter
signal is produced by the fluorescent protein-tagged cells
which allow much shorter exposure times, on the order of a
few seconds [34], and less sensitive cameras to be used for
imaging without the need to anesthetize or sedate the
animals.

The inexpensive system described herein enabled non-
invasive examination of fluorescent breast cancer progres-
sion in vivo without the need for sedation of the animals.
The largest advantage of our system is the fact that it uses a
commercially available digital SLR camera to acquire the
images rather than a CCD, which greatly reduced the
overall cost of the system. Although the digital SLR camera
has a lower sensitivity than the CCD, we were still able to
acquire images using exposure times of 8 seconds or less per
image. This in turn enabled us to image the mice using only
physical restraint without the need for anesthesia. The lack

Fig. 8. Images of lung metastases from RFP-tagged MDA-MB-

435a6HG6 mammary tumors. RFP-tagged MDA-MB-

435a6HG6 human breast cancer cells were injected into the

mammary fat pad of female, nude athymic mice. The

mammary tumor was allowed to grow for 71 Days. Left column,

images under white light; right column, fluorescence images at

580 nm emission. Top row, mouse with open chest cavity.

Bottom row, excised lung with metastases seen as white

nodules (black arrows) under white light and RFP-expressing

metastatic lesions verified by fluorescent imaging (white

arrows).
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of anesthesia allowed us to image the mice every 2–3 days
rather than once per week as had been done in previous
studies [28,33]; yielding more data points throughout the
time course of the study. More time points provide the user
with more information regarding the rate of growth of the
tumor and spread of the disease, and can be used to analyze
the rate of reduction in the tumor size after therapy has
been administered. Our system did not clearly detect
distant metastases through the skin of nude mice. Use of
a CCD camera would improve the sensitivity of this
imaging system and extend its capabilities to noninvasively
image distant metastases. However, as demonstrated in
the present configuration, it can be used to conveniently
image and quantify number and size of distant metastases
following necropsy.

Finally, the macroscopic fluorescence imaging system
described is inexpensive and easy to assemble. We utilized a
consumer-grade digital SLR camera to obtain images
which can be purchased for less than $800. Although we
used a filtered arc lamp as a source of excitation, several
inexpensive alternatives could be used. For example,
excitation light can be provided by a Helium–Neon laser,
a diode pumped solid state (DPSS) laser, or a Light
Emitting Diode (LED). HeNe and DPSS lasers provide
very narrow linewidth excitation. For lower powers, a
HeNe laser costs as little as $500 (Melles Griot) and a DPSS
laser can be purchased for as little at $800 (Midwest Laser).
Recently, a blue LED flashlight was used as an inexpensive
alternative for whole-body imaging of GFP- or RFP-tagged
tumors in nude mice [24]. An LED, yielding 60 mW of
power, with driver and necessary accessories costs approxi-
mately $80 (TheLEDLight.com). The total cost of our
system was under $4,000, including the camera. However,
if a LED is used as the excitation source rather than the arc
lamp, the cost of the system decreases to under $1,850,
making this a very inexpensive intravital imaging
modality.

Clearly, the mouse model of breast cancer in conjunction
with advances in intravital imaging affords many advan-
tages over traditional in vitro and in vivo assays in the
study of metastatic breast cancer progression. Intravital
imaging can be performed with simple tools, and affords the
ability to follow tumor progression over time in a single
animal. Thus, studies can be carried out with fewer animals
reducing artifacts due to biological variability. This macro-
scopic imaging system will be used in future applications to
investigate the efficacy of potential anti-cancer therapies.
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