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Abstract Advances in optical imaging technologies that
allow the subcellular resolution of undissected tissue have
begun to offer new clues into the biology of development
and disease. For cancer, such advances mean that the
primary tumor is no longer a black box and that the disease
can be studied throughout the metastatic cascade and not
just as an endpoint. In this review we examine the advances
in multiphoton imaging technology that have been used to
define the microenvironment and its role in delineating the
invasion and intravasation steps of metastasis inside living
mammary tumors. Results show that the tumor microenvi-
ronment is a dynamic place where interactions between
tumor cells, macrophages, blood vessels, and extracellular
matrix fibers define the metastatic phenotype.
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Introduction

One out of three cancers diagnosed among US women is
due to breast cancer; 212,920 new invasive breast cancer
cases and an additional 61,980 in situ breast cancer cases
are expected to be diagnosed in 2006. Around 40,970
women are expected to die from breast cancer in 2006
(American Cancer Society, Breast Cancer Facts and Figures
2006). The metastasis of 10—15% of patients with breast
cancer can be aggressive and can take between 3 and
10 years to be manifested after the initial diagnosis [1]. The
interest in mechanisms behind invasion and metastasis of
breast cancer has lead to the use of animal models with
tumors that mimic breast cancer in human patients. Animal
models employed to study breast cancer have been used for
more than 75 years [2], but only recently have these models
been improved to employ genetically encoded fluorescent
proteins that allow the optical imaging of cells within living
primary tumors. The importance of these animal models is
that they allow one to recapitulate the different stages of
tumor progression, from hyperplasia to late-stage carcinoma,
and define the cellular players that lead to tumor metastasis
throughout these stages.

An important advance in the study of tumor biology is
the use of optical imaging techniques in visualizing, at
subcellular resolution, the intricate steps of invasion and
metastasis in vivo. Early studies were limited by two
hurdles: the poor penetration of whole tissue by short
wavelengths used for excitation of fluorescence and the
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Figure 1 Multiphoton micros-
copy allows for greater penetra-
tion and less photobleaching
during intravital imaging. a and
b) intravital imaging of a mam-
mary tumor of the rat resulting
from the injection of MTLn3
adenocarcinoma cells into the
mammary gland. a Z-series of
confocal (left panels) and multi-
photon (right panels) shows that
the multiphoton microscope
gives a superior image to a
greater depth in breast tissue.
The confocal microscope can
only image to approximately

36 pm into a living tumor. The
first panel of the multiphoton
images (fop right panel) begins
at 36 pm giving a clearer image
than the confocal even at the
surface (0 um) (top left panel).
Arrows point to a single cell.
Double arrow points to ECM
seen only in multiphoton mi-
croscopy due to second har-
monic generation. b An
identical z-series taken 30 mins
later in which images were taken
every minute shows consider-
able bleaching in the confocal
image (left panels) compared to
the multiphoton image (right
panels). Scale bar =25 um.
Taken from [12].

photo damage of tissue during imaging. The development
of multiphoton microscopy has circumvented these limi-
tations and opened fluorescent animal models of cancer to
high resolution studies during invasion and metastasis in
vivo. In this review, we focus our discussion on the
advanced in vivo techniques that are being utilized to study
the mechanisms of invasion and metastasis of breast cancer.

Multiphoton Microscopy and Intravital Imaging

The ability to image single cells in vivo has been used to
understand both normal development and disease. Meta-
static potential has been studied in the liver by both
intravital video microscopy [3] and high-frequency ultra-
sound imaging [4]. The role of platelets and coagulation
for tumor cells to adhere and grow in the lung along
with the intravascular growth of metastasis has been
studied using an intact lung microscopy technique ex vivo
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[5, 6]. Tumor growth and metastasis was followed in a low
resolution whole animal imager that can track single cells in
the blood, using GFP-cells injected into nude mice [7].
Angiogenic growth, vessel density and vessel diffusion
have been studied using FRAP and multiphoton microsco-
py in a transparent dwelling chamber in mice [8§—10]. While
tumor cell motility, invasion and intravasation have been
imaged using conventional confocal microscopy [11], only
recently, with the advent of multiphoton microscopy, has it
been possible to image these events in live undissected
tumors [11, 12].

Multiphoton microscopy is unique because it provides
the depth of imaging and high temporal and spatial
resolution necessary to study the mammary tumor
microenvironment and demarcate the importance of the
different steps of cancer cell invasion and metastasis [13,
14]. The rational behind multiphoton microscopy dates
back to the hypothesis made by Goppert-Mayer in 1931,
which won her, with Hans Hensen, a Nobel prize for
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Figure 2 Methodological
approaches for studying tumor
cell behavior inside live animals.
Cell graft model: tumor cells
stably expressing GFP are
injected orthotopically into the
mammary gland of either rats or
mice. After 3 weeks, the tumors
can be imaged while the animals
are kept alive under anesthesia.
Transgenic model: mammary
gland specific promoters like
MMTV promote expression of
GFP and oncogenes resulting in
spontaneous mammary tumors
that are fluorescent. This model
allows for inspection of stages
of progression. Otherwise it is
imaged using methods identical
to the cell graft model.

tumor cell lines

wait for ~ 3 weeks

physics in 1963. This theory predicts that the simulta-
neous absorption of two “low energy” photons could result
in the combination of their energies in order to produce the
transition of fluorophores to an excited state [15].

Multiphoton imaging is notable in its ability to image
with clarity at greater depth (300 um) compared to
traditional confocal microscopy (<40 pm) [12, 16, 17].
Figure 1 shows that in a living tumor multiphoton mi-
croscopy allows for the imaging of many cell layers in a
living tumor, while conventional microscopy allows for
only the imaging of a single cell layer with any clarity.
Multiphoton imaging makes use of non-linear dependence
of excitation on photon density in a single plane of focus,
while the traditional confocal microscope employs a
pinhole aperture to eliminate out-of-focus contributions
(and 98% of the light), which renders the multiphoton
imaging more efficient than traditional modalities [13, 16].
In addition, the longer wavelengths that are used for
excitation in multiphoton imaging are less scattered from
the different refractive indices inside live tissues; thus the
images generated are less degraded [13, 16].

The lack of fluorophore excitation in regions outside
the focal plane is an important asset of multiphoton
microscopes because it reduces the photobleaching and
the generation of toxic by-products produced by the

Fluorescently labeled

(GFP or CFP) cultured

Inject into animal model

Transgenic PyMT-
oncogene mice with
mammary tumors

Wait until the tumor
is palpable

~
A

Image intravitally,
using multiphoton microscopy,
to define invasive phenotype

Fluorescent tumor

Objective

imaging procedure, which can be harmful to the live
tissues being imaged [11, 13, 16]. Another important asset
of the multiphoton excitation is the ability to image
certain alpha helix containing proteins without a fluo-
rophore due to a second harmonic generated (SHG)
polarized light [18]. The SHG signal can be excited with
wavelengths of 760-960 nm, and can be imaged through
filters with a 450—480 nm cutoff [14, 19]. The ECM inside
the tumor can be visualized using SHG because SHG is
formed by the scattering of polarized light of asymmet-
rically arranged electron orbitals in amino acids in «-
helical proteins like collagen and elastin which are found
in the ECM of tumors [13, 20]. Additionally, multipho-
ton-based-SHG has been used to visualize many struc-
tures within different species, such as isolated scales of
black tetra fish, tissue layers of mouse ears, extracellular
and intracellular structures within mouse leg muscle
tissue, C. elegans muscles, and proteins in C. elegans
embryos [21].

Furthermore, the advantages brought by using multi-
photon microscopy have been important in fields other
than tumor biology, for example in studying the role of
lung epithelium in tissue remodeling, which can be
central to important lung diseases such as interstitial
pulmonary fibrosis and bronchial asthma [18, 22].
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Multiphoton imaging has also been important in imaging viable
T cells, B cells, and APCs in intact lymphoid organs [23].

Animal Models Used for Mutiphoton Imaging

Transgenic and orthotopicaly-injected animals have been
used extensively as models for breast cancer invasion and
metastasis [24—26]. Figure 2 shows how both models are
used in imaging to probe the tumor microenvironment.
Transgenic models are well suited for the study of cancer
because the growth of tumors in these model animals
mimics the growth of tumors in human disease [25]. The
interest in understanding the function of certain molecular
players in invasion and metastasis has led to the use of
specific promoters that can define their expression in a
spatial and/or temporal manner. For example, to study
mammary tumors, the mouse mammary tumor virus
(MMTV) promoter is used because it can limit oncogene
expression to mammary epithelium [2]. The MMTV
promoter has been used to induce breast tumor formation
by targeting the expression of oncogenes like the ERB2
and the polyoma middle T (PyMT) oncogenes, and also
GFP expression, to the mammary gland [13]. The use of
fluorophores, like GFP, CFP, and YFP as reporters has
been indispensable in the imaging of these tumor models
because their expression has been shown to have no
effect on tumor growth and progression [11]. In addition
to the labeling of tumor cells, other transgenic models
have been established that allow for imaging other cell
types involved in tumor growth, angiogenesis and
metastasis. These include the Tie2-GFP mice with
fluorescent endothelial cells [27] and the lys-GFP [28],
and C-fms-GFP mice [29] that label macrophages and
granulocytes [30].

Orthotopic models have also been used for in vivo
imaging of breast cancer. While their histology is not
directly comparable to spontaneous tumors, orthotopic
models have the advantage of being faster growing and
have a higher throughput in the evaluation of the invasive
and metastatic potential of over expression and other
mutant tumor cell lines. For example, fluorescently labeled
mammary tumor cells, when injected into the mammary
glands of rats and mice, generate fluorescent tumors that
can be imaged using a multiphoton microscope after
3 weeks of growth [31], compared to 20 weeks for a late
stage carcinoma in the PyMT derived mammary tumors.
Also, the transfection of target genes allows for direct
studies of the effects of these genes on invasion, in-
travasation and metastasis [32]. Furthermore, co-injection
of different cells, alternately labeled by expression of
GFP and CFP, into the same mammary fat pad allows
for the direct comparison of the behavior of parental cells
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and cell lines harboring mutations in key genes in
different microenvironments of the tumor [19].

The Tumor Microenvironment and its Architecture

The mosaic nature of the mammary tumor microenviron-
ment is very important in defining the fate of cancer
cells and in determining the steps in which they
participate during invasion and metastasis. The microen-
vironment is comprised of tumor cells, tumor-associated
cells—such as macrophages, fibroblasts, adipocytes,
neutrophils, basophils, dendritic cells, mast cells, T cells
and B cells—an array of ECM fibers, and blood vessels
that nourish the stroma of the tumor [33]. Consequently,
assessing the importance of the tumor microenvironment
in determining the metastatic outcome involves studying
interactions between each of these cell types and with the
surrounding ECM network and blood vessels inside the
undissected living tumor. Using multiphoton intravital
imaging (MPIVI), one can observe these interactions in
real time in live tumors. What follows is a description of
these interactions, the microenvironments that they define
and how they contribute to metastasis.

ECM Fibers Support Blood Vessels and Provide
a Scaffolding for Tumor Cell Motility to Vessels

The extracellular matrix inside tumors is important
because it enhances cell migration by acting as a
substratum for cells [12, 13]. The role of ECM in cell
migration depends on the cell type and ECM substrate
involved, and can be regulated by integrins which bind
to different components of the ECM network, such as
fibronection, laminin, collagen, and vitronectin. The
degradation of ECM by matrix metalloproteases (MMPs),
can aid the migrating cells in their invasion of the matrix
by releasing peptides that stimulate cell motility [34].
MMP activity has also been argued to determine the mode
of cell migration [35].

Using the second-harmonic generation imaging in the
multiphoton microscope, the presence of collagen and other
alpha helix containing ECM proteins can be detected. The
multiphoton microscope, using an excitation of 860—
880 nm, is exquisitely sensitive to collagen, and collagen
production and its remodeling by proteolysis can be studied
directly in normal mammary development [36] and during
invasion and metastasis in mammary tumors [8]. In normal
mammary tissue, it has been shown that macrophages play
a role in collagen fibrillogenesis that defines the terminal
end bud’s 3-dimensional structure (Ingman et al., Devel-
opmental Dynamics, in press) and by remodeling the
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Figure 3 The microenvironment of a mammary tumor can be imaged
using multiphoton microscopy. a Tumor cells with GFP-labeled Mena
(green) are seen growing as an epithelial layer and have Mena-GFP at
the cell periphery. Collagen (purple) is imaged by second harmonic-
generated polarized light. b Tumor cells (green) are associated with
ECM fibers (purple). ECM fibers not only support the tumor cells and
blood vessels but also act as roadways used by the tumor cells to
crawl toward blood vessels (arrow). Image is a 60 um thick z-
projection. Scale bar for a and b =25 pm.

matrix to aid in the epithelial cells’ invasion during
morphogenesis [33].

In mammary tumors, collagen fibers become more
numerous and support the blood vessels of the tumor as
dense arrays of fibers that surround the vessels (Fig. 3).
These collagen fibers are co-opted by the carcinoma cells as
a highway system to migrate within the tumor and ulti-
mately to reach the blood vessels themselves[13, 26, 31].

On the other hand, the dense ECM that makes up the
basement membrane of blood vessels acts as a barrier
preventing the movement of tumor cells into blood vessels
[13].

Motility is Imperative in Determining Tumor Cell Fate
Inside the Primary Tumor

Tumor cell motility in vivo determines the microenviron-
ment in which the tumor cell is located, and hence its
invasion, intravasation and metastatic potential. During
movement, the cancer cell generates cycles of actin
polymerization which are important to determine cell
direction and for each of the consecutive steps of the
motility cycle [37]. Tumor cells in mammary tumors are
challenged by extracellular stimuli which originate from
their immediate microenvironment, such as neighboring
cancer cells, macrophages, and blood vessels. This stimu-
lation causes localized actin polymerization and protrusion
[37] followed by cell-ECM adhesion, contraction of the cell
body creating a tension between the adhesion sites, and
subsequently cell translocation [37] resembling an inch
worm-like motion (Fig. 4). Migrating cells need to degrade
and remodel the ECM in order to invade neighboring
tissues and basement membranes that surround blood
vessels; this process involves their ability to extend
protrusions into the ECM [38—40]. Recently, invadopodia
have been characterized as important in the metastasis of
cancer cells. These specialized structures contain many
actin-regulatory proteins, including N-WASP (WASP in
macrophages), and cofilin, adhesion molecules, signaling
proteins, and matrix degrading proteins (MMPs) [39].

Cell Motility Inside Tumors Involves an Array
of Different Cell Types Moving in Relation to ECM
and to Each Other

Multiphoton-based intravital imaging has shown that cancer
cells inside mammary tumors migrate as solitary amoeboid
cells, not as a collection of adherent cells, and at much
higher speeds than that seen in vitro (~3.4 vs. 0.45 pm/min,
respectively) [12, 26]. The high velocity of tumor cell
motility in vivo may be explained by a combination of
factors, including the absence of a dense network of ECM
in tumor tissue, the presence of linear ECM fibers as a
substratum, and the unique gene expression pattern of
invasive tumor cells which makes them more motile and
chemotactic [12, 13, 26]. Current work has analyzed the
motility behaviors inside mammary tumors in vivo, derived
either from the injection of tumor cells into the mammary
glands or from spontaneous tumors of transgenic animals
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Figure 4 Tumor cells use ECM
fibers for high velocity migra-
tion. a In a single optical sec-
tion, tumor cells (green, white
arrows) are seen translocating
along ECM fibers (purple) in a
living tumor using an inch
worm-like movement. The
frames are from movies gener-
ated from Time-Lapse Z-series
of tumor cells in a tumor
(ErbB1-MTLn3-GFP) derived
from EGFR over expressing
MTLn3 cells in mice and are

6 min apart. Scale bar=25 pm.
b Time lapse imaging shown as
a z-series projection demon-
strates motility of tumor cells in
a ErbB1-MTLn3-GFP tumor.
GFP-expressing tumor cells
(green) are seen crawling on
ECM fibers (purple). White
arrows track two cells present
during the entire sequence;
orange arrowheads show their
original position. Other cells
move into the field of view from
a lower plane. Images shown are
20 min apart. Scale bar=25 um.
Figure 4b is taken from [45].

(Table 1). In both cases cancer cells were readily observed
by their GFP fluorescence, while comigrating host cells
were observed either as shadows crawling on the GFP
expressing cells or directly visualized as macrophages in
animals with GFP-labeled macrophages [12, 26]. Tumor

cells and macrophages showed motility that is directed by
ECM fibers (Fig. 4 and Table 1) and motility that is
independent of obvious large ECM fibers (Fig. 5 and
Table 1). ECM fiber independent movements included
tumor cells and host cells moving on the surface of other

Table 1 Differences in cancer cell properties in mammary tumors from both orthotopic and transgenic models.

Average number of events observed/time series”

Translocation Protrusive Orientation toward
movement blood vessels® (%)
Cancer cell movement Host cell movement
Tumor Cancer cells on Cancer cells on Host cells not on Host cells on
type other cancer cells ECM fiber ECM fiber ECM fiber
GFP-MtLn3 0.03 0.25 2.32 0.53 0.68 57+6
GFP-MTC 0.00 0.1 0.24 0.05 0.52 24+4
ErbB1- 1.00 5.00 10.75 3.92 5.58 69+3
MtLn3 GFP
WAPCre- 0.80 1.25 0.30 0.35 2.95 NA®
GFP-PyMT

#Scores are the total number of events visualized in time-lapse movies of living tumors divided by the number of movies collected.
®Percent orientation was determined as the percentage of blood vessels per 200 um imaging field with four or more directly adjacent cells
polarized toward the vessel. Percent orientation was corrected for randomly polarized fields of cells by subtracting from the above value the

percentage of blood vessels with both adjacent and nonadjacent cells polarized toward the vessel [55].

¢ Orientation in the PyMT model cannot be scored since areas of the tumor are at different stages, and cell orientation only occurs in areas where
the tumor is late stage carcinoma. Protrusive movement includes the protrusion of pseudopods and invadopods without locomotion.
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Figure 5 Tumor and host cells
migrate when not associated
with large ECM fibers. a A
time-lapse movie of tumor cells
in a ErbBI-MTLn3-GFP tumor
shows a cell moving across
other cells in a living tumor.
Arrow in first panel shows the
starting position of the cell. The
white line delineates the cell
boundary in the other panels.
Frames are 5 min apart. b A host
cell (black shadow, white
arrows) is seen moving inde-
pendently of large ECM fibers.
Frames are 3 min apart. ECM
fibers are purple in both a and
b. Scale bars for a and b=

25 pm.

tumor cells. Accordingly, macrophage and tumor cell
translocation was scored in relation to their movement on
ECM, other cells, and in relation to each other. Results
show that highly metastatic (MTLn3 cell-derived) mam-
mary tumors have more ECM fiber associated host cell
movement than non-metastatic (MTC-derived) mammary
tumors (Table 1).

EGF Receptor Over Expression Enhances Cell Motility
Inside Tumors

The epidermal growth factor family of receptors form
subclass 1 of the receptor tyrosine kinase family, which
includes EGFR (also known as ErbB1), ErbB2, ErbB3, and
ErbB4 [41]. The ErbB receptors are important for normal
physiological processes, but elevated expression status of
ErbB1 or ErbB2 in tumors is an indicator of poor prognosis
[42, 43]. Though many drugs have been designed to inhibit
ErbB receptors, clinical trials have shown limited success in
inhibiting the growth of tumors. The effect of these
inhibitors on invasion and metastasis has not been widely
studied. Thus the need for more thorough understanding of
the role of the ErbB receptors in cancer progression, and
their role in metastasis, in particular, is essential.

Animal models in which ErbB family members are
specifically expressed are valuable because they mimic
human breast cancers of poor prognosis [25, 44]. Of
particular note, mammary tumors derived from ErbB1 over

expressing adenocarcinoma cells show an increase in
intravasation and lung metastasis [45]. Ligands for the
EGF receptor, such as EGF, produced by tumor-associated
macrophages, and the presence of hydrolysable EGF-like
repeats in some components of the ECM fibers, have been
shown to play a role in the chemotaxis of carcinoma cells in
metastatic tumors [12, 13, 26]. Interestingly, pathways
involved in invadopod production can also be stimulated
through the EGF receptor in mammary epithelia-derived
cancer cells [39, 40]. The involvement of EGF and its
receptor is not unexpected because it is a physiological
stimulus that can induce chemotaxis and invasion of cancer
cells, and is also involved in cell motility [41, 46].
Furthermore, invasive MTLn3 cells collected from mam-
mary tumors express high levels of EGFR when compared
to non-invasive cells from the same tumor [32]. In addition,
non-metastatic MTC cells show increased metastatic ability
when EGFR is exogenously expressed in them [47—49].
To understand the relationship between EGF-receptor
expression and breast tumor metastasis, tumors derived
from MTLn3 cells over expressing the ErbB1 receptor
(ErbB1-MTLn3) were imaged using multiphoton micros-
copy. Results show that cells over expressing the EGF
receptor have a higher frequency of invasive cell move-
ments and higher percentage of cell orientation toward
blood vessels (Fig. 6 and Table 1). EtbBI-MTLn3 cells
exhibit an increase in both host and tumor cell movements
on ECM fibers when compared to the tumors derived from
cells expressing the plasmid only (PLXSN-GFP), 11 and 5
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Figure 6 EGFR-overexpressing MTLn3 (ErbB1-MTLn3-GFP) cells
show higher frequency of motility in vivo. Time lapse images of a
tumor derived from GFP-MTLn3 cells (green) co-injected with
ErbB1-MTLn3-GFP (EGFR over expressing) cells (white). One
GFP-MTIn3 cell has moved into the invasive front of the tumor (¥),

fold, respectively, [45] and also an increase in movement of
both tumor and host cells that is not along ECM fibers, 33
and 4.6 fold, respectively (Table 1). In addition, ErbB1-
MTLn3 tumors contained cells that showed an eight fold
increase in the protrusive behavior over those in parental
cell derived tumors (Table 1).

A Paracrine Loop is Required for Tumor Cell
Migration and Intravasation in Mammary Tumors

The tumor microenvironment is essential for the survival,
growth, invasion and intravasation of cancer cells into the
tumor blood vessels. Several reports have shown that
stromal cells are important in defining signaling pathways
that tumor cells use for the various steps of metastasis.
Tumor-associated macrophages (TAMs) have been identi-
fied as major players in invasion, angiogenesis, immuno-
suppression, and metastasis of tumors [33, 50]. Detailed
studies have shown that TAMs are distinct from macro-
phages in healthy tissues, which suggests an alteration in
their immunological functions [50, 51].

The expression in mammary tumors of EGFR and
related family members is known to be a poor prognostic
factor for human breast cancer patients [52]. A possible link
of this correlation to mechanism has been recently
discovered as a paracrine loop between cancer cells and
macrophages involving EGFR [14] (Fig. 7). In this para-
crine loop, cancer cells in the primary tumor express the
EGF receptor and CSF-1 ligand, which is stimulatory and
chemotactic for macrophages, and macrophages in turn
express the CSF-1 receptor and EGF, which is stimulatory
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while numerous ErbB1-MTLn3-GFP cells have moved over the same
interval (numbered 1-5). ECM is purple in images. Numbers and * in
left panel show starting positions. White lines delineate distance cells
have moved. Time between images is 8 min. Scale bar=25 pm.

and chemotactic to cancer cells thereby completing the
paracrine loop [14, 53]. Results show that this paracrine
loop is also important for the co-migration of both macro-
phages and tumor cells on the collagen I matrix that is
elaborated in mammary tumors [53]. Using multiphoton
microscopy with either cell injection or PyMT derived
mammary tumors, the significance of the tumor cell-
macrophage paracrine loop was examined in determining
if it is required for intravasation. In order to image the
interaction between tumor cells and macrophages, intrave-
nous injections of texas red-dextran were used to specifi-
cally label macrophages by phagocytosis. Results show that
perivascular tumor cell motility is linked to the presence of
neighboring macrophages and that perivascular macro-
phage clusters in mammary tumors are sites of tumor cell
intravasation (Wyckoff et al., Cancer Research, in press).
These observations demonstrate that the paracrine loop
between macrophages and tumor cells creates a microenvi-
ronment that is involved in both the invasion and intra-
vasation of cancer cells in mammary tumors [33].

Tumor Cell Intravasation Predicts the Metastatic
Potential of Mammary Tumors

Tumors need a functional blood flow for growth, intra-
vasation and metastasis. Since angiogenesis has been used
as a target for many cancer therapies, understanding how
cells get to and enter the vascular system is crucial.
Therefore, new techniques of imaging the tumor’s vascu-
lature and its dynamics have been developed. Intravital
imaging again aids in the ability to follow angiogenesis and
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Figure 7 A paracrine loop
exists between macrophages and
tumor cells. a Images from a
time lapse sequence, taken at

8 min intervals, of a tumor cell
(green) moving into a perivas-
cular macrophage cluster (red)
in a live animal with a WAP-
Cre/CAG-CAT-EGF/MMTV-
PyMT generated tumor. The first
panel illustrates the vessel
(white lines-oval marks the lu-
men of the vessel), the green
tumor cell (arrow), and the red
macrophages (arrowheads).
Asterisks mark the starting point
of the tumor cell. Arrow in last
panel shows endpoint of the
tumor cell. Scale bar=25 um.
b Model for the cooperative
function of invadopodia and
podosomes in tumor invasion.
Tumor-associated macrophages
secrete EGF and express the
CSF-1 receptor, while carcino-
ma cells secrete CSF-1 and
express the EGF receptor to
establish an EGF/CSF-1 para-
crine loop. This paracrine loop
enhances chemotactic cell mi-
gration and matrix remodeling
required for tumor invasion
through the coupled formation
of invasive membrane protru-
sions, podosomes and invado-
podia. WASP and N-WASP
each play an important role in
the regulation of podosome and
invadopodium formation in
macrophages and tumor cells,
respectively, and are, therefore,
critical in the development of
tumor invasion and metastasis.
Taken from [59].

Podosomes

vascular density within a tumor, along with the ability to
follow blood flow and determine diffusion within and the
leakiness of vessels. To study the microvasculature density
inside a tumor, multiphoton microscopy has been used to
assemble 2D and 3D reconstructions of the complex
vasculature of a xenograft tumor placed in a viewing chamber
in a living mouse [ 10]. The diffusion coefficients for transport
within a tumor were calculated using multiphoton FRAP [8].

Mammary tumors derived from both metastatic MTLn3
cells and PyMT oncogene expression show rounded and
non-polarized cancer cells, except near blood vessels,
where cancer cells are highly polarized, while the tumors
derived from non-metastatic MTC cells contain cancer cells
that are elongated to form tight sheets, where their polarity
is unrelated to the position of the blood vessels [11, 12, 31,

Invadopodia

Cell migration and matrix remodeling

Tumor invasion

54]. Using multiphoton microscopy as a tool shows that the
organization of cancer cells inside mammary tumors and
their relation to ECM and blood vessels is an important
factor in the fate of these cells (Fig. 8). Current observa-
tions indicate that cell orientation toward blood vessels and
the ability to cross the vessel wall as an intact cell are re-
lated properties and predict the likelihood of cell frag-
mentation during intravasation, which is inversely related to
metastatic efficiency and metastatic potential [31]. The
polarity of metastatic cells toward blood vessels is due to
vessel-mediated attraction for the tumor cells, believed to
involve chemotaxis. In this view, the polarity of tumor cells
toward vessels results from their attraction to an extrinsic
signal emanating from the vessel and/or its associated cells
[12, 14, 31].
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Figure 8 Blood vessels as
sites of intravasation can be
imaged using multiphoton-
based intravital imaging. a Tu-
mor cells (arrowheads) are seen
entering blood vessels (dark
spaces) inside a living tumor of
a WAPCre-GFP-PyMT trans-
genic mouse. Scale bar=25 pum.
b Tumor cells (arrowheads) in a
WAPCre-GFP-PyMT tumor are
seen inside a blood vessel (dark
space) after intravasation. Scale
bar=25 um. ¢ Macrophages
phagocytically loaded with Tex-
as Red-dextran are seen lining a
blood vessel (delineated by
dashed lines) in a living tumor.
Scale bar=25 um.

b

The Future of Novel Approaches for Imaging
and Analyzing the Mammary Tumor Microenvironment

The great advance of using multiphoton microscopes in
visualizing live tissues is the ability to detect cell behavior
in vivo in undissected mammary tumors. One of the few
limitations in the use of these microscopes is the limited
availability of fluorophores that can be used to detect cells
or proteins of interest at sub-cellular resolution within the
power spectrum of commercially available lasers. Fluoro-
phores like GFP and CFP which can be genetically encoded
in imaged cells, for example, have been used to analyze the
behavior of cancer and host cells inside tumors [12, 13, 19].
While RFP has been imaged along with GFP in conven-
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tional microscopy and whole body imaging [7], the high
intensity laser used in multiphoton imaging produces light
only in the 720—-980 nm range, which makes it impossible
to excite fluorophores like RFP using multiphoton methods
[19]. Additionally, using different variants of RFP, tetra-
meric and dimeric, experiments have shown that they are
not suitable for live cell imaging mainly because they cause
aggregates inside cells, which ultimately can cause loss of
cell viability [19]. In addition, the YFP fluorophore is not a
successful candidate because it is poorly excited by the
wavelength used for excitation in multiphoton microscopes.
Thus the challenge is to find fluorophores that can be
simultaneously used to image more than two colors in vivo
in the multiphoton microscope.
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Newly developed variants of mRFP that shift the
excitation toward the orange and yellow wavelengths show
promise in multi-color multiphoton imaging. Since the
challenge is to find a fluorophore that is excitable by
wavelengths around 960—980 nm, but that do not crosstalk
into GFP filters, proteins such as mOrange and tdTomato
hold the most promise, as both have excitations within the
power spectrum of conventional 2-photon lasers [55].

The use of a GRIN (gradient index) lens will greatly
enhance the ability to image even deeper into the mouse.
GRIN lenses use a negative gradient to focus light and can
be up to 16 mm long with varying numerical apertures. In
combination with the multiphoton microscope, in vivo
imaging of organ systems anywhere in the living mouse
can be achieved. A recent example of this procedure is the
use of GRIN lens in deep brain imaging [56]. While the
field size of GRIN lens is greatly reduced, cell—cell
interactions can be imaged. This approach will lead to
better understanding of cell morphology, protein localiza-
tion, and the microenvironments in many types of tissues
without dissection of the subject animal.

Recently, there is a growing awareness of the importance
of defining the microenvironment of metastasis. Thus there
is a need for new techniques, such as multiphoton
microscopy, to probe the complex world of the tumor
micro-architecture and tumor-stromal cell interactions.
Current advances using expression profiling of subpopula-
tions of cells in tumors are focusing on the understanding of
the different determinants behind tumor cell and stromal
cell interactions in the primary tumor by finding a gene
expression signature of metastatic tumor cells, and relating
these findings to current clinical observations.

A novel technique for studying the invasion of cancer
cells inside tumors is the in vivo invasion assay which
utilizes a microneedle filled with ECM, and chemoattrac-
tants, such as EGF or CSF-1 [26]. This method is very
useful in mimicking the chemotaxis and signaling that takes
place between cancer cells and blood vessels during
intravasation [12, 26]. When studied using intravital
imaging, the in vivo invasion assay showed that macro-
phages and tumor cells migrate together toward the micro-
needles, which further supported the importance of the
paracrine loop between these two cell types for invasion in
vivo [14]. Results show that macrophages and cancer cells
are the only cells that migrate into the microneedles in
mammary tumors, and that this co-migration is independent
of how the mammary tumor was formed (i.e., using either
transgenic oncogene expression or orthtopically injected
tumor cell lines) [14]. Microarray-based gene expression
profiling of tumor cells collected from the microneedles led
to the discovery of the invasion signature, a gene ex-
pression pattern of invasive tumor cells that predicts
metastatic outcome in animal models [32, 57] and con-

firmed that these cells had up-regulated genes for chemo-
taxis and repression of apoptosis, and simultaneously down
regulated pro-apoptotic genes. The invasive cells were also
characterized as being non-proliferative and resistant to
chemotherapy [58]. These observations led to the ‘tumor
microenvironment invasion model’ [59], which attributes
the progression of tumors to the development of different
microenvironments within the tumor that can elicit the
transient expression of genes that lead to invasion [53]. The
challenge for the future will be to apply the in vivo invasion
assay to human tumors to derive an invasion signature that
may be used in the development of diagnostics and ther-
apeutics for use in humans.
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