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Imaging has become an indispensable tool in the study of cancer biology and in clinical
prognosis and treatment. The rapid advances in high resolution fluorescent imaging at
single cell level and MR/PET/CT image registration, combined with new molecular
probes of cell types and metabolic states, will allow the physical scales imaged by each
to be bridged. This holds the promise of translation of basic science insights at the single
cell level to clinical application. In this article, we describe the recent advances in
imaging at the macro- and micro-scale and how these advances are synergistic with new
imaging agents, reporters, and labeling schemes. Examples of new insights derived from
the different scales of imaging and relevant probes are discussed in the context of cancer
progression and metastasis.

I
maging has become an indispensable tool in

cancer research, clinical trials and medical

practice. The last three decades have seen an
explosive growth in the number and appli-

cations of different imaging technologies

(Fig. 1). Imaging systems can be grouped by
the energy used to derive visual information

(X-rays, positrons, photons, sound waves), the

spatial resolution attained (macro-, meso-, mi-
croscopic), or the type of information obtained

(anatomic, physiological, molecular/cellular).
Macroscopic imaging systems providing ana-
tomic and physiological information are now

in widespread clinical and preclinical use (com-

puted tomography, CT; magnetic resonance
imaging, MRI; ultrasound, US), while mole-

cular imaging systems are either in clinical

(positron emission tomography, PET; sin-

gle-photon emission computed tomography,

SPECT) or experimental use (fluorescence re-
flectance imaging, FRI; fluorescence-mediated

tomography, FMT; bioluminescence imag-

ing, BLI; laser-scanning confocal microscopy,
LSCM; multiphoton microscopy, MPM). Ulti-

mately, it is hoped that some of the molecu-

lar imaging systems will allow clinicians to not
only see where a tumor is located in the body,

but also to visualize the expression and activity

of specific molecules (e.g., receptors, protein
kinases, proteases), cells (e.g., T cells, macro-

phages, stem cells), and biological processes

(e.g., apoptosis, angiogenesis, metastasis) that
influence tumor behavior and/or responsive-

ness to therapeutic drugs.
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Perhaps the biggest growth area is fluores-

cence imaging, with different microscopic and
macroscopic technologies being adapted to in

vivo use. Indeed, we are on the verge of being

able to address some big questions in molecular
oncology: How does the molecular machinery

of signaling pathways interact in real time;

what are the kinetics and flux rates of such
networks; what are the differences between

networks in malignant cells and normal tissues;

can we exploit differences to make less toxic
and more efficacious drugs; what are the

“hubs” that will translate into most efficient

read-outs of cancer development and thera-
peutic efficacy; and what is the spatial and tem-

poral extent of tumor microenvironments that

cause metastasis? In this article, we highlight

applications of imaging technologies for breast

cancer. Some recent review articles provide
more in-depth information on clinical imaging

technologies (Neves and Brindle 2006; Torigian

et al. 2007) and cellular nanoimaging (Deis-
seroth et al. 2006; Soon et al. 2007).

MACROSCOPIC IMAGING
TECHNOLOGIES

Table 1 summarizes the type, spatial resolution,

depth penetration, imaging time, and cost

of currently available common systems. MRI,
PET, SPECT, and CT are useful for routine

clinical practice and for testing therapeutic

drug efficacy in therapeutic trials. Adapta-
tions of these systems at much higher spatial
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Figure 1. Imaging technologies used in oncology. Severalmacroscopic imaging technologies (above date line) are
in routine clinical use and have advanced tremendously in their capabilities to obtain anatomic and functional
information. Microscopic and other intravital optical techniques (below date line) have evolved over the last
decade and now allow experimental studies of genetic, molecular, and cellular events in vivo (reproduced
with permission from Nature).
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Table 1. Overview of imaging systems

Technique Resolution Depth Time Quantitation

Multi
channel
imaging Imaging agents Target Cost

Primary small
animal use Clinical use

MR imaging 10–100 mm No limit Min–hours Absolute No1 Paramagnetic

chelates,

magnetic

particles

A, P, M $$$ Versatile imaging

modality with

high soft tissue

contrast

Yes

CT imaging 50 mm No limit Min Absolute No Iodine A, P, M2 $$ Primarily for

vascular, lung,

and bone

imaging

Yes

Ultrasound

imaging

50 mm Cm Sec–min Absolute No Microbubbles A, P, M2 $$ Vascular and

interventional

imaging

Yes

PET imaging 1–2 mm No limit Min–hours Absolute No F-18, Cu-64, C-11

and Ga-68

labeled

compounds

P, M $$$ Versatile imaging

modality with

many different

tracers

Yes

SPECT imaging 1–2 mm No limit Min–hours Absolute Two Tc-99m, In-111,

I-131-labeled

compounds,

Ga-67, Tl-201

P, M $$ Commonly used to

image labeled

antibodies,

peptides, or

perfusion, etc.

Yes

Fluorescence

reflectance

imaging (FRI)

1 mm ,1 cm Sec–min Relative Multiple Photoproteins,

fluorochromes

P, M $ Rapid screening of

molecular events

in surface-based

disease

Yes

Fluorescence

mediated

tomography

(FMT)

1 mm 2–3 cm Mins Absolute Multiple Near infrared,

fluorochromes

P, M $$ Quantitative

imaging of

targeted or

“smart”

fluorochrome

reporters

In development

Continued
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Table 1. Continued

Technique Resolution Depth Time Quantitation

Multi
channel
imaging Imaging agents Target Cost

Primary small
animal use Clinical use

Bioluminescence

imaging

Several

mm–cm

cm Sec–min Relative Multiple Luciferins,

coelenterazines,

luminol

M $$ Gene expression,

cell and bacterial

tracking, protein

processing, and

MPO activity

Potentially in

development

Intravital

microscopy

(e.g., confocal,

multiphoton)

1 mm ,400–800 mm Sec–hours Relative Multiple Photoproteins,

fluorochromes

A, P, M $$$ All of the above at

higher

resolutions but

at limited depths

and coverage

In development

(endoscopy,

skin)

The Resolution and Cost columns refer to high-resolution, small animal imaging systems and are different for clinical imaging systems. Quantitation: “absolute” and “relative” refer to

techniques that generate signals that are depth independent and dependent, respectively. “Relative” quantitation techniques typically require extensive controls; however, some of them

(e.g., multiphoton microscopy, MPM) can be used to derive truly quantitative parameters (e.g., cell velocity, interaction time). Target: area(s) that a given imaging modality interrogates;

(A) anatomic, (P) physiologic, (M) molecular. Cost of system: ($) ,100 K, ($$)100–300 K, ($$$) .300 K.
1Dual channel imaging has been described. 2A limited number of molecularly targeted agents have been described. (Adapted from Rudin and Weissleder, 2003, Nat Rev Drug Discov,

2, 123–31.)
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resolutions have become available for use in

experimental mouse models and have enabled

the development of newer translational imag-
ing probes. Because each individual techno-

logy has its unique strengths and limitations,

hybrid imaging platforms such as PET-CT,
FMT-CT, FMT-MRI, and PET-MRI are being

developed to improve data reconstruction and

visualization.
Magnetic resonance imaging (MRI) is a

noninvasive, tomographic imaging modality

that offers exquisite soft tissue contrast. MRI
is based on the manipulation of the inherent

nuclear magnetic moment of endogenous nu-

clei (most commonly 1H in H2O). Images are
obtained by exposing nuclei to a static magnetic

field, and within that static field, perturbing a

steady-state equilibrium with time and space
varying magnetic fields. After perturbation, all

nuclei relax by two unique and co-dependent

relaxation mechanisms: T1 (spin-lattice rela-
xation) and T2 (spin–spin relaxation). Recent

advances in MRI equipment (higher field

strengths, optimized pulse sequences, and bet-
ter coil design, especially for the breast) have

made this modality a procedure of choice for

imaging many cancers. Coupled with the use
of small molecule paramagnetic agents and

magnetic nanoparticles, different tumor pro-

cesses can now be probed. Imaging of angio-
genesis, apoptosis, and specific targeting are

all within the realm of experimental imaging.

Dynamic contrast enhanced MRI (DCE-MRI)
is being increasingly used clinically to detect

breast cancers in dense or postoperative breast

tissue, for invasive breast cancers, for screening
in patients with a .20% greater lifetime risk of

developing breast cancer (Saslow et al. 2007),

for relapse monitoring, to detect metastatic
disease, and for therapy evaluation (Costelloe

et al. 2009; Lehman et al. 2009).

Positron emission tomography (PET) im-
aging detects positrons originating from the

decay of systemically administered radiotra-

cers containing 18F, 11C, or 13N. A considerable
number of cancer-relevant metabolic substra-

tes, drugs, and antibodies have thus been

labeled (Kumar et al. 2008; Miller et al. 2008;
Dunphy and Lewis 2009). Clinically, one of

the most successful tracers is fluorodeoxy-

glucose (18FDG), and 18FDG PET-CT is now

rapidly becoming the key clinical tool for the
staging and assessment of cancer recurrence

(Ben-Haim and Ell 2009). PET-CT has also

gained widespread acceptance as an important
tool for demonstrating early responses to inter-

vention and therapy. In contrast to normal

differentiated cells, which rely primarily on
mitochondrial oxidative phosphorylation to

generate the energy needed for cellular proc-

esses,many cancer cells switch to aerobic glycol-
ysis, have increased metabolic demands, and

internalize 18FDG. Metabolic pathways active

in proliferating cells are directly controlled by
signaling pathways involving known oncoge-

nes and tumor suppressor genes. Our current

understanding of how glycolysis, oxidative
phosphorylation, the pentose phosphate path-

way, and amino acid metabolism are intercon-

nected in proliferating cells is slowly emerging
(Vander Heiden et al. 2009). Small molecules

that disrupt PI3K signaling lead to decreased

glucose uptake by tumors as measured by
18FDG-PET, and the ability to inhibit tumor
18FDG uptake correlates with tumor regression

(Engelman et al. 2008). The primary use of
18FDG PET-CT imaging in breast cancer today

is thus for cancer staging (Ben-Haim and Ell

2009; Foster et al. 2009) and to monitor treat-
ment response in clinical trials (Ellis et al. 2009).

Fluorescence imaging systems rely on pho-

tographic principles to collect low-light level
images. Tomographic fluorescence systems (flu-

orescence molecular tomography, FMT) are

quantitative and use transillumination to re-
construct 3D maps of fluorochromes based on

sophisticated reconstruction algorithms (Ntzia-

christos et al. 2005). FMT is often combined
with CT or MRI for improved photon re-

construction and image visualization (Grimm

et al. 2005; McCann et al. 2009; Nahrendorf
et al. 2009). A considerable number of near

infrared-emitting fluorochromes and imaging

agents have been developed for FMT imaging
(Table 2) (Jaffer et al. 2009). Tomographic

fluorescence systems have also been adapted to

reconstruct fluorescent proteins (fluorescence
protein tomography, FPT) (Zacharakis et al.
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Table 2. Overview of agents

Class Subtype Examples Substrate Primary use Ex/Em

Turn-on/

shift Clinical Modality Limitations

Genetic tags GFP eGFP NA Fusion, reporter 484/507 Yes No IVM Limited to proteins; no

human use

RFP mCherry NA Fusion, reporter 587/610 Yes No IVM lower QY compared to

GFP

mRaspberry NA Fusion, reporter 598/625 Yes No IVM, FMT lower QY compared to

GFP

Katushka NA Fusion, reporter 588/635 Yes No IVM, FMT lower QY compared to

GFP

IFP Biliverdin Fusion, reporter 684/708 No IVM, FMT Emerging

Photo-

conversion

Dendra NA Cytoplasmic, 490/507
green

No IVM No human use

Cell position 553/573
red

Luciferases Firefly Luciferin Reporter broad em Yes No BLI Limited to proteins; no

human use

Renilla Coelenterazine Reporter broad em Yes No BLI Limited to proteins; no

human use

Gausia Coelenterazine Reporter broad em Yes No BLI Limited to proteins; no

human use

Antibodies IgG EGFR NA Cell surface

marker

TD Possible Yes PET, IVM,

FMT

Delivery barriers;

limited efficacy in

vivo

Her2/neu NA Cell surface

marker

TD Possible Yes PET, IVM,

FMT

Delivery barriers;

limited efficacy in

vivo

Fragments Fab NA Cell surface

marker

TD Possible Yes PET, IVM,

FMT

Delivery barriers;

kinetics

Diabody NA Cell surface

marker

TD Possible Yes PET, IVM,

FMT

Delivery barriers;

kinetics

Minibody NA Cell surface

marker

TD Possible Yes PET, IVM,

FMT

Delivery barriers;

kinetics
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Small molecules Metabolites FDG, FLT, acetate NA Metabolism TD No Yes PET Limited number agents

Steroids NA Reporter TD No Yes PET Limited number agents

Hyperpolarized

Molecules

NA Metabolism — — Yes MRI Time limitation

Drugs Taxol-NBD NA Intracellular

targets

TD Possible No PET, IVM,

FMT

Limited number of high

affinity agents

Prodrugs Cathepsins, luminol NA Enzymes TD Yes Yes FMT, BLI Limited number of high

affinity agents

Peptides RGD, collagen NA Receptors TD No Yes PET, IVM,

FMT

Limited number of high

affinity agents

Tags CFSE, VT680 NA Cell tags TD Yes No IVM, FMT Ex vivo labeling

Cy dyes NA Generic labeling TD Yes Planned IVM, FMT

Environment pH NA Hypoxia,

endosomes

TD Yes No IVM, FMT Limited number of high

affinity agents

Nanotechnology Q-dot CdSe NA Cell surface

marker

TD Yes No IVM, FMT Possible delivery

barriers

Magnetic MION NA Macrophages TD DMR Yes MRI Possible delivery

barriers

CLIO NA Cell surface

marker

TD DMR No MRI Experimental use only

Ferumoxytol NA Macrophages TD DMR Yes MRI Possible delivery

barriers

Polymers Prosense NA Proteasses TD Yes Planned FMT Possible delivery

barriers

Angiosense NA Vascualrity TD No No FMT Experimental use only

Bionano Phage NA Cell surface

marker

TD No No FMT, MRI Experimental use only

Bioorthogonal Staudinger triarylphosphine Azide Proteins,

carbohydrate

TD No No IVM Limited in vivo

experience

3,2 click alkyne Azide Proteins TD No No FMT, IVM,

PET

Limited in vivo

experience; reaction

slow

4,6 Click Norbornene Tetrazine Many targets TD No No FMT, IVM,

PET

Emerging

TCO Tetrazine All targets TD Yes Planned FMT, IVM,

PET

Emerging

TD ¼ depends on attached fluorochrome (VT, Alexa, Cy, etc.) or other tracer (18F, 11C).
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2005). Newer FPT systems can image model

organisms at mesoscopic resolution (Vinegoni

et al. 2008). In breast cancer research, the pri-
mary use of FMT systems is for therapy eva-

luation, tumor/metastasis detection, imaging

of microcalcifications or proteases, and hybrid
molecular/anatomic imaging (Bremer et al.

2005; Montet et al. 2005; Bhushan et al. 2008).

Fluorescence reflectance imaging (FRI) systems
consist of an excitation source, filters, and a

charge coupled device (CCD) camera to obtain

planar images. They are useful for imaging
events in surface tumors (xenografts), surgically

exposed organs, or for intra-operative imag-

ing, but have limited depth resolution beyond
3–5 mm from the surface and, unlike FMT,

are not quantitative.

Bioluminescence imaging (BLI) has emer-
ged as a useful experimental imaging technique

for small animals. The imaging signal depends

on expression levels of a luciferase, the presence
of an exogenously administered substrate (a

luciferin), ATP, O2, and depth. Numerous

luciferase/luciferin pairs have been harnessed
for in vivo imaging: firefly/luciferin pairings,

in particular, have been used on account of

their high wavelength and quantum yields;
Renilla reniformis/coelenterazine and Gaussia

luciferase/coelenterazine have also been used

because of their flash kinetics and ability to gen-
erate photons outside cells (Table 2). In these

experiments, luciferin (.100 mg/kg i.p) is

injected immediately prior to data acquisition.
Unlike fluorescence techniques, there is no

inherent background with bioluminescence,

which makes this technique highly sensitive.
However, the method currently does not allow

absolute quantification of target signal. Rather,

BLI’s primary uses are in binary mode (yes/no
luciferase expression) or as an imaging tool

to follow the same animal under identical

conditions (including positioning) to provide
semiquantitative biological data (Gross and

Piwnica-Worms 2005a). BLI is primarily used

in experimental breast cancer research for imag-
ing gene expression, therapy evaluation (Kalra

et al. 2009; Shah et al. 2008; Szafran et al.

2009; Viola et al. 2008; Wang et al. 2009), or
for imaging peroxidase activity in vivo (Chen

et al. 2004; Gross et al. 2009). Bioluminescence

microscopy is a recently emerging technology

and is now gaining increasing interest among
cell biologists for its ability to image cells under

low light, eliminating the need for fluorescent

molecules (Kammerloher 2008).

MICROSCOPIC IMAGING TECHNIQUES

Types

Several microscopic imaging approaches, previ-

ously established for cell imaging, have recently
been adapted to in vivo imaging. Confocal

microscopy uses a pinhole in front of a detector

to collect photons coming from in-focus points
within the sample. Confocal microscopy setups

have become more widespread as they are user-

friendly and less expensive. However, penetra-
tion depths are typically limited to ,100 mm.

Multiphoton microscopy (MPM) imaging sys-

tems typically achieve depth resolutions of
500–800mm,yield tomographic z-stacks inmul-

tiple channels (typically 3–5), and are increas-

ingly being used for intravital imaging (Wang
et al. 2002; Halin et al. 2005; Wyckoff et al.

2009). With the advancements in multiphoton

microscopyand thedevelopmentofbothfluores-
cent xenograft and transgenic tumor models

in mice, our understanding of the behavior of

tumorcells has been greatly enhanced (Condeelis
and Segall 2003; Sahai 2007). Due to the ability

of the multiphoton microscope to penetrate

deep into solid tissue (Condeelis and Segall
2003; Andresen et al. 2009) and provide single

cell resolution, tumor progression during meta-

stasis can now be followed at the single cell level
(Wang et al. 2002, 2007a; Sahai et al. 2005). The

ability to image in multiple colors allows the

simultaneous imaging of stromal and tumor
cells, which has led to a better understanding of

the role of the microenvironment in metastasis

(Sahai et al. 2005; Wyckoff et al. 2007).

Techniques and Mammary Models

For imaging of mammary glands and tumors,

the most common technique for preparing

an optical path is called the “skin-flap”method.
This technique involves exposing the tissue

J. Condeelis and R. Weissleder
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directly to the microscope objective by making

a small incision, and folding the skin back to

remove the stratum germanitivum portion of
the skin from the optical light path to minimize

light scattering (Jain et al. 2002; Condeelis

and Segall 2003; Hoffman 2005). This method
normally allows for up to 6 hours of imaging in

one animal, requiring the compilation of data

from several animals to complete the analysis.
Through hydration, physiologic monitoring,

and careful control of temperature, imaging

times of up to 24 hours can be achieved (Egeblad
et al. 2008). To extend the duration of imaging

in a single animal over multiple days or weeks,

a reversible skin flap (Yang et al. 2002), which
is repeatedly opened and closed, has been used.

However, this practice runs the risk of inducing

an inflammatory response in the tissue being
imaged. Another approach to extend duration

is to use a dorsal skinfold chamber (Lehr et al.

1993) in which the tumor is grown in the space
between the skin and glass coverslip on the

back of the mouse. This preparation is conven-

ient for imaging over extended times (Jain et al.
2002). However, a significant disadvantage is

that most tumors must be grown ectopically

and tumor size and shape is constrained by the
size of the chamber, which may produce artifacts

in the tumor microenvironment.

Recently, several new techniques have been
described that extend the duration of intravital

imaging of the same mammary tissue from

hours to days without the above disadvantages
(Gligorijevic et al. 2009). These new approaches

offer information on cell–cell and cell–extra-

cellular matrix interactions, as well as fate
mapping of individual tumor cells and cell pop-

ulations. An extension of this is the recently

developed combined approach using a mam-
mary imaging window and photo-conversion

in vivo to visualize and quantify invasion and

intravasation in orthotopic mammary tumors
(Fig. 2) (Kedrin et al. 2008). The Mammary

Imaging Window (MIW) allows imaging of

the same tumor over multiple imaging sessions
spanning multiple days. Positioning of the

animal and maintaining the orientation over

several sessions is achieved via a stereotactic
imaging box (Fig. 2A). The MIW (Fig. 2B) is

sutured into the skin over the tumor tissue, pre-

venting the tissue from drying or becoming

infected and allowing imaging of the tumor at
the orthotopic site without constraining tumor

size and shape due to its soft material.

New Multiphoton Microscope Designs

In order to visualize many of the new proteins

and injectable probes, it will be necessary to
develop new “broad band” multiphoton plat-

forms. In general, the far red probes cannot be

imaged using currently available commercial
systems. Several of these far red probes are dis-

cussed to illustrate the technical design issues
in dealing with their excitation and emission.

For example, the excitation peaks of

mKate2 and mCherry are at 588 nm, which
suggests amaximalmultiphoton cross section at

≏1176 nm, while tdTomato peaks at 554 nm

(suggests a maximal multiphoton cross section
≏1108 nm). The 2-fold greater transmission

depth of excitation light in these multi-photon

wavelength ranges makes these probes of value
for deep tissue imaging. To cover the tuning

range from 1100–1600 nm, various investiga-

tors (Kao 2004; Andresen et al. 2009; Vadakkan
et al. 2009; Wyckoff et al. 2009) use a Ti:Sap-

phire pumped Optical Parametric Oscillator

(OPO) as an extension of the typical Ti-Sap-
phire laser light source used in multipho-

ton microscopes (Pelouch et al. 1992). The

gap between the Ti-Sapphire and OPO light
sources, which spans 1050–1100 nm, can be

eliminated through use of the second harmonic

of the OPO idler beam (Makarov et al. 2008).
Considering the high cost of femtosecond lasers

and the large amount of power they generate,

a sensible design is to split the light path from
the Ti:Sapphire laser to use 90% of the laser

power for pumping the OPO and the other

10% for the excitation of lower wavelengths.
However, if the goal is to image rapid events

such as cell motility in multiple colors, two

separate laser systems are required to simul-
taneously excite fluorophores in the range

of 650–1600 nm. This is the approach taken

by the Condeelis laboratory as illustrated in
Figure 3 (Wyckoff et al. 2009). Because this
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system utilizes two separate laser light sources,

it does not suffer from the same restrictions

of tunability and intensity control found in
systems that split light from one femtosecond

source both for pumping an OPO and illumi-

nating a sample.
The use of the OPO-based extension of

wavelengths makes room for the use of future

far-red fluorescent proteins and other probes,
excited from 1100–1600 nm (≏700–800 nm

in the single photon microscopes). As pre-

viously demonstrated, red-shifted probes are
particularly useful in overcoming green au-

tofluorescence and light scattering in tissues

(Muller-Taubenberger and Anderson 2007).

Support Software for Multiphoton
4D Imaging

Until recently, most image processing tools

available were not optimized for intravital or
4D imaging. They were commonly designed

for two-dimensional images or time-lapse se-

quences without measurement of axial move-

ments or ability to follow movement of the
same cell throughout a Z-stack. Image process-

ing software design is complicated by difficulty

in the display of 4D (3D information over time)
images as well as difficulty in analysis of 3D data

due to decreased resolution in the z versus the

x and y dimensions. Also, results of intravital
imaging often include slight drifts in one or

more of the x, y, z dimensions as well as irregular

animal breathing artifacts. As the number of
groups imaging in vivo or in vitro 3D cultures

is growing, solving these issues is becoming

increasingly important and initial steps have
been made. For example, to follow the traffick-

ing of T-cells,Miller et al. (2003) have developed

a color-coded scheme based on different axial
positions, and analyzed cell movement in lateral

versus axial directions. More recent examples of

immune cell motility analyses (Mempel et al.
2004; Peters et al. 2008) use the commercially

3.000A

C

B

D

4.400

2.344
∅ .405

.125

Figure 2.Combination ofMIWand photoconversion allowsmonitoring of the behaviorof tumor cells in specific
microenvironments. (A) An imaging box allows for reproducible animal positioning and environmental control
(bottom, side, and full views). Amouse is placed in the box and theMIWis secured in place between two sliding
doors on the bottom of the box. Anesthesia flow is established. (B) Photograph of the form fitting MIW. The
MIW is cast in silicon molds from polyester resin. Scale bar, 4 mm. (C) Tumor cell behavior is controlled
by the microenvironment. Images are shown of an area photoconverted next to a major blood vessel (white
dotted line) taken at 0 h (left panel), 6 h (middle), and 24 h (right panel) after photoconversion. Photoconverted
tumor cells disappear or move closer to the blood vessel at 24 h and appear in the lung (not shown). Scale bar,
50 mm (see Kedrin et al. 2008). (D) Four channel multiphoton imaging allows the visualization of interactions
betweenmacrophages and tumor cells in specific microenvironments. Images were taken after photoconversion
of Dendra2 tumor cells. Channels collected: collagen (white, SHG), tumor cells (green and red, Dendra2), and
macrophages (blue, AlexaFluor647 dextran 10 K). Scale bar, 10 mm. Figures courtesy of Bojana Gligorijevic of
the Gruss-Lipper Biophotonics Center.
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available Imaris or Volocity packages combined

with custom Matlab scripts to analyze motility

in 4D. However, all reported techniques are
based on the ability of software to automatically

segment and threshold images based on fluores-

cence intensity. Unfortunately, this is a task
that cannot be fully automated for cells in solid

tissues such as tumors where the cells are packed

close to each other in three dimensions. These
reasons make automated segmentation and

thresholding of single cells in tumors an ex-

tremely challenging task.
To this end, there has been an effort to

develop software that facilitates the tracking of

tumor cells in three dimensions and over time
(Wyckoff et al. 2009). To fully leverage existing

capabilities and minimize development time,

this software was developed as a plug-in for the
open-source image processing package, ImageJ

(Abramoff et al. 2004). The plug-in is designed

to allow users to easily outline and track the
location of cellular features as the features pro-

gress throughout time and change in depth

within the 4 dimension data. The marking of
these features can be donewith a variety of types

of selection tools, including point, polygon, or

freehand selections. Hence, a particular cellular
feature is followed and marked throughout

time and depth of the image set, to form a track.

Multiple features may be followed in a single
set of images by creating a multitude of tracks.

In addition, if reference points can be identified

within the 4D data, their locations may serve as
the basis of a reference track that may be used to

compensate overall x,y,z drift within the image

set (Wyckoff et al. 2009).

IMAGING AGENTS, REPORTERS, AND
LABELING

Normal and cancer cells cannot be easily dis-

tinguished by in vivo imaging with few ex-
ceptions. Consequently, molecules and cells of

interest need to be labeled to become visible

by imaging. There are three principle strategies:
(1) encoding with genetic reporters (e.g., pho-

toproteins or PET and MR detectable reporter

genes), (2) radiotracer, fluorochrome, or mag-
netically tagged affinity molecules (e.g., labeled

antibodies or smallmolecules), and (3) biortho-

gonal reporter strategies. Table 2 summarizes

the different labeling techniques, types of affin-
ity molecules, primary use, and some of the

limitations of each.

Genetic reporter strategies using fluorescent
(green and red-shifted fluorescent proteins),

photoconvertible fluorescent proteins, bio-

luminescent (Firefly, Click beetle, Renilla, and
Gaussia, and other luciferases), or other fu-

sion proteins (Herpes simplex virus-1 thymi-

dine kinase, transferin receptor, somatostatin
receptor type 2, dopamine receptor type 2,

human Na/I symporter) are largely limited

to mouse models of cancer but have enjoyed
widespread use in basic sciences (Gross and

Piwnica-Worms 2005b; Giepmans et al. 2006).

Optical reporter genes are cloned into promo-
ter/enhancer regions or engineered as fusion

proteins and thus allow longitudinal studies

of biological processes. Such reporters are
particularly valuable in genetically engineered

mouse models with temporal and tissue-spe-

cific control of activation of oncogenes and/or
tumor-suppressors, because they permit the

study of oncogenic transformation and to assess

drug action, resistance, and toxicity (Sharpless
and Depinho 2006; Ventura et al. 2007). In

recent years, there has been an increasing

number of new and improved fluorescent pro-
teins with higher brightness and red-shifted

wavelengths, making them desirable probes

for MPM and FMT imaging (Drobizhev et al.
2009). Fluorescent proteins in the orange and

red part of the visible spectra (Shaner et al.

2004) have been improved (Shaner et al. 2008)
and were followed by development of far-

red emitting tdKatushka, mKate, and mKate2

(Shcherbo et al. 2007, 2009). Most of these
proteins can be photoconverted using single-

or multiphoton illumination (Kremers et al.

2009), which allows for additional applications
for fate mapping of single cells and populations

in vivo, and for long duration imaging ex-

periments by optical microscopy (Kedrin et al.
2008).

Injectable imaging agents with specificity

for molecular targets have the advantage of
being useable translationally from mouse to
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man but currently exist for ,5% of cancer

targets of interest. This is largely because in

vivo imaging agents face much more stringent
design criteria compared to in vitro reagents.

The basic underlying difficulty is to design

agents with high target-to-background ratios
in vivo. Ideal agents should contribute mini-

mally to background signal (e.g., nonspecific

tissue extravasation, internalization intomacro-
phages, renal or hepatic elimination obscuring

adjacent organs, in vivo delivery barriers), but

should yield high local concentrations at in-
tendedmolecular target sites. For these reasons,

current in vivo agent designs often harness

amplification strategies using chemical (multi-
valency, quenching, covalent target bind-

ing, magnetic relaxation switching, uncaging,

relaxivity changes, FRET) or biological means
(cellular trapping, enzymatic conversion, pre-

targeting). All of the injectable imaging agents

rely on reporter molecules such as fluoro-
chromes (indocyanines, quantum dots), radio-

tracers (18F, 11C, 111In, 99mTc), or magnetic

labels (Gd-chleates, magnetic nanoparticles,
hyperpolarized molecules) to be detected.

Hyperpolarization is a new technique that is

being increasingly employed to improve the
signal-to-noise ratio in MR imaging and is

showing promise for advancing the identifica-

tion of biomarkers and metabolic alterations
for a variety of diseases in real time (Golman

et al. 2003).

Bioorthogonal ligation strategies for cou-
pling materials in the presence of complex

biological milieu are of great interest to imaging

because of their selectivity, easier delivery, and
timing insensitivities. In general, these strat-

egies can result in highly selective labeling

of proteins and can be combined with pre-
targeting approaches. To date, only a few bio-

orthogonal reactions have been reported, the

most popular being the Staudinger ligation
and the f3+2g cycloaddition “click” reaction

between azides and alkynes (Prescher et al.

2004). Several ring strained dienophile deriva-
tives that do not require a copper catalyst and

are much faster, have recently been reported

for imaging and offer exciting new technical
possibilities (Devaraj et al. 2008, 2009a,b).

APPLICATIONS IN CANCER BIOLOGY AND
CLINICALONCOLOGY

The following sections review the role ascribed
to cellular and molecular players in tumor pro-

gression based on in vivo studies, and high-

light some of the main applications and recent
advances in tumor imaging at single cell resolu-

tion. Several other review articles have covered

the use of established clinical imaging technol-
ogies (Quon and Gambhir 2005; Neves and

Brindle 2006; Torigian et al. 2007).

Studying Invasion and Metastasis by MPM

In general, to take full advantage of the capabil-

ities of the multiphoton microscope it is ne-

cessary to have animal models with multiple
fluorescently encoded cell types that are relevant

to the biological problem of interest. For exam-

ple, using MPM imaging, a paracrine loop
between tumor cells and macrophages has

been observed in mammary tumors in vivo

(Wyckoff et al. 2004, 2007). This was possible
because of the development of a MMTV-

PyMT � MMTV-iCre/CAG-CAC-EGFP trans-

genic mouse in which only the tumor cells are
fluorescently labeled (Ahmed et al. 2002).

When imaged by MPM, following an intrave-

nous injection of Texas red-labeled dextran,
which the macrophages endocytose, it was

found that tumor cell invasion and intravasa-

tion require the interaction between a tumor
cell and a macrophage and that intravasation

of tumor cells occurs at the site where a peri-

vascular macrophage is located on a blood ves-
sel (Wang et al. 2004; Wyckoff et al. 2004). By

correlating MPM with expression profiling of

live cells capturedwith the in vivo invasion assay
described below (Wang et al. 2004; Wyckoff

et al. 2004), the interaction between tumor cells

and macrophages was shown to be mediated by
a paracrine signaling loop.

These results have been confirmed by the

more recent development of two-color fluores-
cent mice with mammary tumors in which

the genotype, MMTV-PyMT � MMTV-iCre/
CAG-CAC-ECFP � c-fms-GFP, allows for im-
aging the interactions between CFP-labeled
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mammary tumor cells and GFP-labeled macro-

phages simultaneously and at single cell re-

solution (Fig. 4) (Wyckoff et al. 2009). This
approach allows one to circumvent the possibil-

ity that injection of markers, such as Texas red,

only marks a sub-population of cells (Wyckoff
et al. 2007; Egeblad et al. 2008). In these 2-color

tumors, macrophages are observed to move at

speeds ranging from 1–8 mm/min and interact
with tumor cells to initiate their migration

(Fig. 4A,B). In addition, tumor cells andmacro-

phages are observed to move toward each other
creating cell groups (Fig. 4C) that migrate

collectively (Fig. 4D). Such collective behavior

is consistent with signaling between tumor cells
and macrophages involving a paracrine loop

(Wyckoff et al. 2004).

A role for macrophages in the invasion of
the mammary fat pad by the terminal end bud

epithelial cells in normal developing mammary

glands has been observed using MPM (Ingman
et al. 2006). This interesting result suggests that

tumor cell invasion and metastasis may share

strategies for macrophage-mediated epithelial
cell migration during normal morphogenesis.

This insight begs for more extensive parallel

analysis of normal morphogenesis of the mam-
mary gland in comparison to mammary tumor

cell behavior, to detect further similarities be-

tween morphogenesis and tumor invasion and
metastasis.

These results illustrate how subpopulations

of macrophages can be differentiated and their
spatial relationships with tumor cells defined.

In the future, activity probes and biosensors

for both macrophage and tumor cell invasive
activity (Nahrendorf et al. 2007; Blum et al.

2009; McIntyre and Matrisian 2009), such

as markers for podosomes and invadopods,
respectively, can be used to image invasive activ-

ity at the sites of invasion and intravasation

(Oser et al. 2009; Sameni et al. 2009). Further-
more, genetically encoded probes for multipho-

ton imaging of additional cell types are in

development by many laboratories, including
all-cell fluorescent mice (Egeblad et al. 2008;

Tran Cao et al. 2009; Yang et al. 2009) and

mice with fluorescent dendritic cells, activated
T-cells, and endothelial cells surrounding blood

vessels (Motoike et al. 2000; Amoh et al. 2005;

Egeblad et al. 2008). These new animal models

will make it possible to explore the consequen-
ces of the interactions between tumor cells and

stromal cells during tumor progression and

between stromal cells and normal epithelial cells
during normal morphogenesis in vivo.

Correlation of Tumor Cell Behavior In Vivo
with Gene Expression and Clinical Markers
of Metastatic Risk

A new technology is to correlate MPM with
expression profiling of tumor cells within the

microenvironments imaged to identify path-
ways and genes that code for the behaviors

of tumor cells in vivo. For example, it was found

that paracrine chemotaxis of tumor cells to-
ward macrophages is essential for invasion in

primary mammary tumors of mice while para-

crine chemotaxis of tumor cells toward peri-
vascular macrophages is essential for intrava-

sation (Wyckoff et al. 2004, 2007; Goswami

et al. 2005). The point at which tumor cells
migrate through the endothelium of blood

vessels was identified to be the site of docking

on the blood vessel of at least one peri-vascular
macrophage (Wyckoff et al. 2007).

The in vivo invasion assay (reviewed in

Wyckoff et al. 2009) was developed to collect
the tumor cells that were observed in the multi-

photon microscope to migrate toward and

intravasate into blood vessels (Wyckoff et al.
2004, 2007). The in vivo invasion assay has

been coupled to expression profiling of small

numbers of invasive cells to reveal the identities
of the genes correlated with the survival, ad-

juvant-resistance, and chemotaxis to macro-

phage-supplied epidermal growth factor (EGF),
for all phenotypes of these migratory tumor

cells (Goswami et al. 2004; Wang et al. 2004,

2007a). These genes fall into well-defined path-
ways and are coordinately regulated in meta-

static tumor cells (Condeelis et al. 2005; Wang

et al. 2005, 2007a). These pathways are collec-
tively called the Invasion Signature.

MPM has been used to test the importance,

in invasion and metastasis, of the pathways
identified in the Invasion Signature, including

J. Condeelis and R. Weissleder

14 Cite this article as Cold Spring Harb Perspect Biol 2010;2:a003848

 on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


ϕ

ϕ

ϕ

Φ

∗ ∗

BV

A

B

C

D

Figure 4. Multiphoton imaging of mammary tumors in two color mice. The genotype of this mouse is
MMTV-PyMT � MMTV-iCre/CAG-CAC-ECFP � c-fms-GFP where mice expressing CFP in tumor cells
(white) and GFP in macrophages (green) allows the visualization of interactions between tumor cells and
macrophages in living tumors. (A, B) Tumor cells interacting with macrophages in the invasion
microenvironment. In the two sequences of still frames (left to right in time over 8 min) from two time lapse
movies (A, B), interactions between tumor cells and macrophages (V) are observed during the
macrophage-mediated initiation of tumor cell migration. Scale bars, A and B ¼ 10 mm. (C) Tumor cells
interact with peri-vascular macrophages in a relay pattern. In the first three panels (0, 4, 8 min) taken from a
movie, a peri-vascular macrophage (V) adjacent to a blood vessel (line marks the wall of blood vessel [BV])
is attracting two tumor cells (arrows), which in turn attract another macrophage (* in second and third
frame) all converging on the peri-vascular macrophage (pseudo coloring of tumor cells is purple;
macrophages are green). (D) Tumor cells and their accompanying macrophages collectively migrate in single
file in mammary tumors. In this sequence of still frames taken at 0, 7, and 14 min, a tumor cell (yellow
outline) is followed closely by a macrophage (green outline), which in turn is followed by a tumor cell. This
type of migration is believed to result from relay chemotaxis involving the EGF/CSF1 paracrine loop. Scale
bars, C and D ¼ 25 mm. Figure courtesy of Jeffrey Wyckoff, Gruss-Lipper Biophotonics Center.
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the ZBP1 (Z-DNA-binding protein 1 [Wang

et al. 2004; Lapidus et al. 2007]), ROCK (Wyck-

off et al. 2006), Mena (Pilippar et al. 2008),
cofilin (Wang et al. 2006, 2007b), and EGF

receptor (Xue et al. 2006; Kedrin et al. 2009)

pathways. The results of these studies confirm
that themotility pathways are synergistic to create

tumor cells that have passed through epithelial-

mesenchymal transformation and are capable of
chemotaxis to EGF and penetration of basement

membrane barriers using invadopodia (reviewed

inOser et al. 2009). They also led to a new insight
that the motility pathways of invasive mammary

tumor cells converge through the Mena pathway,

making theproteinMena a potentially important
marker for prognosis and therapy (Philipparet al.

2008; Goswami et al. 2009).

Asdescribed earlier,MPMhaddemonstrated
that invasive carcinoma cells in mouse and rat

mammary tumors intravasate when associated

with peri-vascularmacrophages. This thus serves
to identifya tumormicroenvironmentof intrava-

sation as an anatomical landmark in tumors

(Wyckoff et al. 2007; Kedrin et al. 2008). Using
this MPM-defined anatomical landmark com-

posed of an invading carcinoma cell marked by

Menaoverexpression, and aperi-vascularmacro-
phage as a guide, it was possible to define a triple

stain marker for use in anatomic pathology

with antibodies against Mena, macrophages,
and endothelial cells to find the same landmark

in human breast tumors (Robinson et al. 2009).

In humans, this landmark for intravasation is
called TMEM (Tumor Microenvironment of

Metastasis) and its density is correlated with

metastatic risk in breast cancer patients (Robin-
son et al. 2009). This work illustrates the power

of combining multi-photon imaging at single

cell resolution with mouse models of breast
cancer to develop new insights into the mecha-

nisms of human breast cancer metastasis and

new prognostic markers for clinical use.

Fate Mapping of Tumor Cells at High
Resolution In Vivo

Due to changes in tissue shape during growth

and in the case of tumors, cell migration, a
way of marking tumor cells, is essential for

identifying the same cells in multiple imaging

sessions, which may be separated by days. To

address this, tumor cells have been used that
express the photoconvertible protein Dendra2

throughout the cytoplasm, allowing them to

be photoconverted from green to red using
blue light (405 nm single photon or 810 nm 2-

photon). This approach was used to quantify

and comparemetastatic behaviors of cells in dif-
ferent microenvironments within the same

tumor (Kedrin et al. 2008). In Figure 2C, tumor

cell behavior in the microenvironment sur-
rounding a major blood vessel is shown at 0,

6, and 24 hours after photoconversion. The

time window for visualizing a group of pho-
toconverted cells in areas surrounding major

blood vessels is limited here to 24 hours by

the high cell motility and intravasation rates of
the tumor cells when near a large blood vessel.

However, in areas where only microvessels are

present, cell invasion of the surrounding en-
vironment can be monitored for up to seven

days due to the relative absence of intravasa-

tion (Gligorijevic et al. 2009). In addition, the
composition of the microenvironment res-

ponsible for such dramatic events can be in-

vestigated by four channel MPM, using the
microscope design described earlier (Fig. 3),

of dendra-photoconverted tumor cells, extrac-

ellular matrix, and macrophages, as shown in
Figure 2D.

In adifferent approach (Perentes et al. 2009),

serial multiphoton imaging sessions were com-
bined with the dorsal chamber model to study

the mechanism of collagen fiber remodeling

by tumor-associated fibroblasts. Collagen was
utilized as an internal landmark to recognize

and image the same tumor region in imaging

sessions over a 9-day period. As mentioned,
collagen fibrils are visible by second harmonic

generation (SHG) imaging without any addi-

tional labeling. Based on the SGH signal from
fibers, images were corrected for different

animal orientations and tissue changes over

serial imaging sessions and aligned based on
similar bulk distribution of collagen fibers.

Individual fibers were then analyzed for a

decrease in length and an increase in overlap
with fibroblasts.
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In order to analyze cell motility of several

subpopulations of myeloid cells in mammary

tumors, Egeblad et al. (2008) developed an opti-
mized version of the “skin-flap” technique,

which allows for a single time-lapse imaging

session extending for up to 27 hours by careful
temperature, anesthesia, and hydration control.

Use of a spinning disc confocal microscope

allowed very fast image acquisition. Software
was used to control the fully motorized stage,

which collected images of several adjacent

fields, resulting in the mosaic view of five
combined fields in four-channels and three

Z-sections at 45 frames/hour. However, this

approach is limited to imaging of approxi-
mately 2 cell diameters in depth into the tissue.

It is also not suitable for dimmer probes as only

1% of the excitation light reaches the sample
(Nakano 2002).

Mitosis

A number of morphological cell markers such

as chromatin-fluorescent fusion proteins (e.g.,
H2B-RFP) and fluorescent spindle proteins

(e.g., tubulin-GFP, centrin-GFP) have been

described, primarily for cellular imaging in
vitro (Kapoor et al. 2000; Yarrow et al. 2003;

Orth et al. 2008). More recently, however,

some of these constructs have been used for in
vivo imaging of mitosis and mitotic arrest fol-

lowing systemic administration of antimitotics

such as taxol or kinesin-5 inhibitors. The major
challenge for imaging these cancer-cell-associ-

ated traits has been physiological movement

and the need to image over prolonged periods
of time. Newer immobilization techniques, res-

piratory compensation algorithm, and motion

suppression software as described earlier are
facilitating these explorations.

Apoptosis and Therapeutic Response

Real-time imaging of apoptosis (cell death) is a

coveted application to assess cytotoxic drug
efficacy and to potentially monitor toxicity of

these drugs on normal tissues. Successful new

generation drugs will likely exploit differen-
ces (rather than similarities) in activating the

apoptotic machinery between malignant and

normal cells. The ability to image such effects

in vivo could thus have far reaching implica-
tions for therapeutic efficacy and toxicity asse-

ssment. Strategies to image cell death include

the use of recombinant photoprotein reporters
activatable by caspase-3-cleavage (Bullok and

Piwnica-Worms 2005) or as reporters of the

mitochondrial outer membrane permeabiliza-
tion (MOMP) (Spencer et al. 2009). Alternative

approaches to image apoptosis at the single

cell level include labeling of cells with fluoro-
chromes in the cytoplasm and nucleus and

monitoring of cytoplasm/nucleus fluorescence
(Cf/Nf ) ratio over time. Dead cells typically
show decreased Cf/Nf ratio due to loss of cell

membrane integrity and DNA fragmentation

(Mempel et al. 2006). An alternative includes
visualization of cell morphology as cell body

condensation and membrane blebbing are

characteristic of cells entering apoptosis. These
approaches have been used successfully to

elucidate in vivo dynamics of T lymphocyte-

mediated killing and themechanisms employed
by suppressor T lymphocytes to blunt cyto-

toxic functions (Mempel et al. 2006; Mrass

et al. 2006).
Macroscopic imaging technologies often

rely on fluorescent (Ntziachristos et al. 2004)

or radiolabeled (Blankenberg et al. 2006) lig-
ands such as Annexin V with high affinity for

apoptotic cells since the morphology of indi-

vidual cells cannot be resolved. In the clinic,
analysis of PET glucose metabolism (18FDG)

is also progressively exploited as a surrogate

for treatment efficacy (Engelman et al. 2008;
Avril et al. 2005; Ben-Haim and Ell 2009; Vander

Heiden et al. 2009).

Intraoperative Imaging

Complete surgical resection of neoplasia re-
mains one of themost efficient tumor therapies.

However, malignant cell clusters are often left

behind during surgery due to the inability to
visualize and differentiate them against host

tissue. Given the significant advances in micro-

scopy and probe development detailed earlier,
strategies are now being developed to harness
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some of these for clinical “intraoperative imag-

ing” at cellular resolution levels. Emerging ap-

plications include better definition of tumor
margins and identifying small metastases to

improve accuracy of resections, sentinel lymph

node mapping, or simply defining anatomy
during surgical intervention. Most systems are

based on reflectance imaging at video rate com-

bined with the use of near infrared fluoro-
chromes. Tumor margins have been visualized

usingdifferentfluorescent strategies that include

targeting of cancer cells (Koyama et al. 2007), or
the proteolytic or phagocytic activities of peri-

pheral host cells (Kirsch et al. 2007). Sentinel

nodal mapping has been improved through
the use of near infrared fluorochrome-labeled

albumin (Tanaka et al. 2006), red-shifted quan-

tum dots (Kim et al. 2004; Frangioni et al.
2007), and fluorescent nanoparticles also de-

tectable by other imaging modalities (Pittet

et al. 2006). In a recent study, multicolor fluo-
rescence intraoperative live microscopy (“color-

FILM”) has been introduced as a method to

bring the powerofmodern experimentalmicro-
scopy to bear on clinical surgical oncology

(Thurber et al. 2009).
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