
 

 

Introduction 
 
Over 1,5 million new cancer cases and 569,490 
deaths from cancer were projected to occur in 
the United States in 2010 [1]. Cancer incidence 
rates have decreased in recent times, but de-
spite progress in detection and treatment the 
death toll remains high and new therapeutic 
approaches are needed.  
 
There are many physiological aspects to cancer 
progression that must be understood if we are 
to fight cancer more effectively [2]. A tumor is 
not just a mass of cancer cells that are prolifer-
ating without control. There are many stresses 
associated with the development of a tumor 
that cancer cells need to overcome such as, for 
example, the lack of oxygen when the tumor 
mass increases (hypoxia) and the resulting de-
crease in extracellular pH (acidification), or even 
the stresses caused by chemo or radiotherapy. 
As a result, a fraction of cancer cells develop 
resistance to various forms of cell death. In ad-
dition, myriad changes take place in the sur-

rounding tissue that apparently promote tumor 
survival.  
 
This concept was proposed by Paget in his fa-
mous ‘seed and soil’ hypothesis as early as 
1889 [3] and has since been supported by large 
amounts of data. While a normal tissue environ-
ment inhibits the proliferation of cancer cells 
and slows down tumor formation, disruption of 
this environment caused by chronic injury, in-
flammation or hereditary alterations in key 
genes regulating tissue remodeling may help 
initiate cancer. In any case, the environment 
found in the vicinity of tumors is hardly normal, 
as the stroma reacts to the presence of cancer 
cells [4, 5]. Stroma changes include the recruit-
ment of cancer-associated fibroblasts, smooth 
muscle cells and endothelial cells, and of im-
mune cells such as tumor associated macro-
phages, tumor-infiltrating lymphocytes and leu-
kocytes [6, 7]. Conversely, stroma cells alter the 
behavior of epithelial cancer cells by secreting 
extracellular proteins, cytokines, growth factors, 
proteases, etc. Dramatic changes in gene ex-

Am J Cancer Res 2011;1(5):674-686 
www.ajcr.us /ISSN:2156-6976/ajcr0000060 
 

Original Article 
Intravital microscopy in the mouse dorsal chamber model 
for the study of solid tumors 
 
Véronique T. Baron, John Welsh, Parisa Abedinpour, Per Borgström 
 
Vaccine Research Institute of San Diego, San Diego, CA 92121, USA 
  
Received April 11, 2011; accepted April 26, 2011; Epub May 1, 2011; published May 15, 2011 
 
Abstract: Intra-Vital Microscopy (IVM) is used to visualize tumors in animals and analyze various aspects of cancer 
physiology such as tumor vascularization, cell migration and metastasis. The main advantages of IVM include the real
-time analysis of dynamic processes with single-cell resolution. The application of IVM, however, is limited by the 
availability of animal models that carry visually accessible tumors. These models have evolved over time to become 
more and more relevant to human tumors. The latest step is the development of a pseudo-orthotopic, syngeneic 
model for tumor growth and metastasis. In this model, tissue from a variety of mouse organs are grafted in a dorsal 
skinfold chamber and allowed to revascularize, whereupon tumor cell spheroids are implanted. These spheroids de-
velop into tumors that bear a much closer resemblance to human tumors than xenografts. Unlike xenografts, the 
vasculature is well-ordered and, because the model is syngeneic, there are no cross-species host immune reactions. 
The use of fluorescence-tagged pseudo-organs and tumor cells allows IVM analysis and provides real-time access to 
the development of tumors that closely resemble the real disease. This model can be used to test therapeutics and 
to image tumor development and stroma-tumor interactions.  
 
Keywords: Intra-Vital Microscopy (IVM), mouse dorsal chamber model, solid tumor, cancer, vascularization, cell migra-
tion and metastasis 



IVM and the dorsal skinfold chamber model of cancer 

 
 
675                                                                                                            Am J Cancer Res 2011;1(5):674-686 

pression can be measured in all cell types dur-
ing cancer progression, including tumor epithe-
lial, stroma endothelial, myofibroblasts, and 
immune cells. In addition, it now appears that 
genetic alterations can also arise in the micro-
environment of tumors (reviewed in [8]). Thus, 
reciprocal interactions take place between stro-
mal and epithelial cancer cells that promote 
cancer progression by increasing cell prolifera-
tion, causing the formation of new blood vessels 
through angiogenesis, remodeling the extracel-
lular matrix, and supporting the metastatic 
spread of the tumor cells [5, 9, 10]. 
 
Metastasis is a complex process in which can-
cer cells leave a primary organ, migrate through 
basement membranes and connective tissue 
into lymphatic or blood vessels, then extrava-
sate into a distant organ to establish a new tu-
mor [11, 12]. Complications resulting from the 
development of metastases are responsible for 
90% of cancer-related death [13]. Designing 
therapeutic strategies to kill metastatic cells or 
to prevent their colonization of recipient tissues 
is, therefore, a major goal of cancer research. 
Despite its clinical relevance however, metasta-
sis is still poorly understood. There are many 
unanswered questions regarding how metas-
tatic cells leave the tumor and establish them-
selves in a new tissue, where they may stay dor-
mant for a long time or immediately grow into a 
new tumor [14, 15]. It is thought that accumu-
lated genetic and epigenetic changes in a sub-
population of tumor cells eventually allow these 
cells to undergo the metastatic voyage. In this 
hypothesis, metastasis is a late result of tumor 
progression. Another hypothesis, supported by 
evidence from epidemiological studies, con-
tends that pre-malignant tumor cells can dis-
seminate early and evolve independently from 
the primary tumor (discussed in [12, 16-18]).  
 
The inability to directly observe dynamic proc-
esses in vivo has been a major obstacle to the 
study of cancer. At present the most relevant 
animal models of human cancer, such as trans-
genic mouse models, do not allow for the visu-
alization of the molecular and microenviron-
mental events that influence tumor formation, 
growth, vascularization and metastasis. Indeed, 
solid tumors are often buried inside the body, 
which precludes direct observation, and metas-
tatic lesions can be detected only once they are 
established and after the animal is sacrificed. 
Histological studies (epidemiologic studies in 

human, or studies in animal models of cancer) 
and measurements of tumor size or number of 
metastatic foci have provided important clues, 
but with a static view. Thus, extensive autopsies 
must be performed to reconstruct a time-
resolved model of progression. Revasculariza-
tion, cell migration or adaptation to a new envi-
ronment during colonization cannot be ob-
served directly, and reconstruction of these pa-
rameters using comparative histology is prob-
lematic because each tumor is different. New 
whole-body imaging technologies represent a 
real progress in cancer research as they now 
measure tumor growth in real-time and detect 
metastasis at relatively early stages [19-22]. 
However, it is still very difficult to detect small 
metastases either in patients or in animal mod-
els, and events that occur at intermediate 
phases of cancer progression cannot be moni-
tored. Intravital Microscopy (IVM) is a powerful 
tool for the real-time visualization of previously 
unobserved mechanisms, thereby providing 
crucial information regarding several aspects of 
cancer progression and metastasis. In this re-
view, we discuss the design of animal models of 
cancer that are compatible with the use of IVM. 
 
Advantages of IVM 
 
Interest in IVM has been renewed by the recent 
availability of very sophisticated imaging tech-
nologies and the constant improvements in mo-
lecular probes and analysis tools.  
 
The history of IVM and new advances in imaging 
techniques are thoroughly reviewed in [23], 
whereas detailed descriptions of imaging tech-
nologies including fluorescent light microscopy, 
laser-scanning confocal microscopy, laser-
scanning multiphoton microscopy, are de-
scribed in [24]. Earlier studies commonly used 
in vivo dyes such as rhodamine-based CMTMR 
to visualize cancer cells or animal tissue. Later 
on, cells were rendered permanently fluores-
cent by stable expression of GFP-fusion pro-
teins. There are now many more options with 
the availability of multiple fluorescence colors, 
FRET, the possibility to distinguish tissues in the 
recipient animals using fluorescent transgenics 
[25, 26], and the possibility to stain tumor cells 
cytoplasm and nucleus with different colors 
[27].  
 
The main advantage of IVM is the real-time visu-
alization of cellular events at a very high resolu-
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tion. IVM permits the direct observation of dy-
namic cellular processes while they are taking 
place and the high magnification of images 
shows transitional mechanisms at the cellular 
level, or even at the molecular level. For exam-
ple Tada et al. successfully tracked single-
particle quantum dots conjugated with HER-
antibodies to analyze the molecular mechanism 
behind the transport of drug carriers in vivo 
[28]. Time scales of observation vary from sec-
onds to several weeks. In a study that strikingly 
illustrates the real-time possibilities of dynamic 
IVM, the binding of fluorophore-conjugated anti-
body to endothelial cells could be visualized in 
vivo, demonstrating that caveolae operate as 
pumps and move the antibody within seconds 
from the blood across the endothelium into lung 
tissue [29]. Events that take place within hours 
are extremely easy to follow, whereas observa-
tions can be made over days or weeks if precau-
tions are taken to “label” the area of observa-
tion and ensure that the same region is being 
observed. For example, in their study in mouse 
mammary chambers, Kedrin et al. “optically 
marked individual tumor cells expressing pho-
toswitchable proteins” to monitor the migration 
of defined groups of cells over time [30].  
 
Importantly, IVM offers the possibility to follow 
tumor growth in a non-invasive, non-destructive 
manner. Tumor-related parameters can be 
measured in living animals and in real-time, 
including tumor growth or regression, angio-
genesis, infiltration by immune cells, tumor cell 
migration, all in the context of the host. Since 
repeated measurements of physiological pa-
rameters can be made from the same animal, 
the technique considerably reduces the number 
of animals needed to obtain a time-resolved 
picture of cancer progression compared to 
methods that require euthanizing animals at 
each time-point.  
 
Unique observations have been made in several 
areas of cancer, particularly angiogenesis and 
cancer cells migration. For example, IVM was 
applied to the study of tumor microcirculation 
and lymphatic systems and showed that the 
tumor vasculature in xenograft tumors is char-
acterized by a variety of structural and func-
tional abnormalities that impair blood flow, re-
sulting in the appearance of zones of necrosis 
and/or hypoxia (reviewed in [31]). The high 
resolution of IVM also allows the visualization of 
microvessels and capillaries. Therefore, very 

detailed studies can be performed about blood 
vessel formation, blood flow, leakage, migration 
of cancer cells through vessel walls during in-
travasation or extravasation (migration of cells 
from the tumor into a blood vessel, or migration 
of tumor cells from the blood vessel into the 
tissue, respectively). The reader will find further 
review of the use of IVM applied to angiogenesis 
research in [32] and [33].   
 
Another remarkable application of IVM is the 
observation of cell migration patterns within 
primary tumors, which is impossible to track in 
real-time using other approaches (See [23, 34] 
for reviews of IVM works on metastasis). Indeed, 
high resolution IVM allows one to visualize how 
cancer cells migrate within a tumor, then break 
away from the tumor and intravasate into blood 
vessels [35, 36]. Tracking cells inside tumors 
using IVM revealed heterogeneity within a tu-
mor, with differences in how cells migrate in 
different areas of the tumor. Sahai’s laboratory 
suggested that cancer cells chose between sev-
eral migratory mechanisms depending on the 
microenvironment. Cancer cells undergo an 
epithelial-to-mesenchymal transition and ac-
quire fibroblast-like migratory properties, or they 
use amoeboid moves similar to leukocytes in 
order to invade surrounding tissue [37, 38].  
 
The mouse dorsal skinfold chamber model  
 
The application of IVM to the study of cancer is 
limited by the availability of animal models that 
bear visually accessible tumors. Therefore, the 
implantation of transparent windows 
(“chambers”) on rodents was invented to en-
able microscopic observations in cancer re-
search. The dorsal skinfold chamber model is 
used extensively with hamsters for the study of 
microcirculation and angiogenesis [39]. Cham-
bers in rats have also been used to investigate 
cancer, but rat models lack the versatility of 
mouse models. The elegant dorsal skinfold 
model was described by Algire in 1943. Recent 
reviews provide an excellent technical descrip-
tion of the model, including apparatus and sur-
gical procedures, examples of applications and 
model variations [24, 40]. Briefly, platinum 
chambers with a viewing transparent window 
are placed by surgery into the dorsal skin of 
mice as shown in Figure 1, an adaptation de-
scribed in [41]. Plastic frames, described re-
cently, are lighter than metal ones while main-
taining the characteristics of the windows [42]. 
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An implanted tumor, blood vessels, and host 
tissue are observed directly through the trans-
parent window. Thus, tumor growth can be visu-
alized and quantified over time along with the 
development of the vasculature, at high resolu-
tion and without tissue damage. This permits 
“chronic” studies in which repeated analysis are 
made over a prolonged period. In our laboratory 
for example, it is now possible to observe tu-
mors for up to 90 days.  
 
Fluorescent tumor-derived cells are implanted 
under the glass of the chambers. Virtually any 
strain of mouse can be used. Nude or SCID im-
munodeficient mice are used to implant human 
cells, whereas syngeneic mice may be used for 
the implantation of mouse cancer cells, such as 
tumor cell lines derived from transgenic models 
of cancer. Alternatively, small pieces of a grow-
ing tumor, originating from xenografts or from 
transgenic mice, can be implanted either disso-
ciated or as small fragments. This provides less 
control over cell composition, since tumors are 
more heterogeneous than cell lines (although 
cells dissociated from tumors can be sorted by 
flow cytometry). However, tumor tissues usually 
do not stably express fluorescent proteins and 
vital dyes need to be used instead, limiting the 
total period of observation.  Alternatively, tumor 
tissue can be obtained from human patients. 
 
A few laboratories, including ours, use tumor 
cells transfected with histone H2B-GFP fusion 
protein, which was initially developed by Kanda 
et al. for the observation of chromosome dy-
namics in living cells [43]. Histone H2B-GFP is 
incorporated into the chromatin without affect-
ing cell cycle progression. Following implanta-
tion of H2B-GFP-transfected cells in mouse 
chambers, the development of the resultant 
tumors is followed by IVM in living animals and 

as a function of time. Tumor cell fluorescence 
allows one to measure angiogenic activity, infil-
tration by immune cells, tumor cell migration, 
and parameters pertaining to tumor growth or 
regression such as mitosis, apoptosis and cell 
cycle arrest [44-47]. The number of cancer cells 
in a growing tumor can be determined accu-
rately from the fluorescence intensity by using a 
calibration curve [47, 48]. H2B-GFP makes it 
very simple to visualize metaphase-telophase 
DNA and apoptotic/pyknotic nuclei using high 
magnification images. Therefore the number of 
cells undergoing mitosis or apoptosis can be 
calculated. Finally, vascular parameters 
(vascular area, vascular length; average tumor 
vessel diameter and vascular density) are ana-
lyzed and calculated from video recordings us-
ing a photodensitometric computer software 
[49, 50]. Dual color analysis is achieved by im-
planting red-fluorescent cells in GFP-mice, or 
green-fluorescent tumor cells into red fluores-
cent mice [26, 51]. This strategy provides high-
resolution images in which the vasculature, the 
host tissue, and immune cells can easily be 
distinguished from the implanted tumor cells.  
 
A major drawback of the dorsal skinfold cham-
ber model, however, lies in its limited relevance 
to tumor physiology. This model is, in fact, quite 
similar to the traditional sub-cutaneous xeno-
graft model and similarly fails to represent many 
aspects of clinical cancer, especially with regard 
to metastasis, drug sensitivity and angiogenesis 
(xenograft tumors are notoriously poorly vascu-
larized). Mouse cancer cells can be implanted in 
syngeneic animals, whereas human tumors can 
be studied using nude or SCID mice  [52], but 
large numbers of human cells, usually between 
106 and 107 cells, have to be injected for the 
tumor to survive and grow. While many human 
tumor cells successfully form tumors in the 
chamber model in these conditions, some cell 
lines fail to grow and undergo massive apop-
tosis [46]. We have found that the human tu-
mors that do grow in the chamber often become 
encapsulated, thereby excluding macrophages 
and other immune cells that normally infiltrate 
the tumor mass. Tumor-associated macro-
phages (TAMs) have a dual influence. On the 
one hand, they may facilitate angiogenesis, tu-
mor cell proliferation, and metastasis during 
tumor progression. On the other hand, TAMs 
also participate in the immune anti-tumor de-
fense through cytotoxic activities [53]. Figure 2 
(A, B) shows micro-photographs obtained after 
implantation of HT1080 human fibrosarcoma 

Figure 1. Cartoon illustrating the dorsal skinfold 
chamber in a nude mouse  
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cells, which became encapsulated. We were 
able to demonstrate that human tumors that 
failed to encapsulate were massively infiltrated 
by macrophages, and that these tumors were, in 
fact, eliminated by the mouse inate immune 
system [46]. In contrast, syngeneic tumors 
formed from mouse LLC cells (Lewis Lung Carci-
noma) were not encapsulated and bone marrow 
cells, including macrophages, were recruited as 
shown in Figure 2C, D. Thus, the inability to ef-
fectively exclude the innate immune system by 
encapsulation was a main impediments to the 
survival of small human micro-tumors in the 
dorsal skinfold chamber in nude mice.  
 
Stroma in the chamber model: the syngeneic 
pseudo-orthotopic dorsal chamber model 
 
There is now a large body of literature indicating 
that the tumor microenvironment is crucial for 
the progression of almost every type of cancer 
and that orthotopic implantation of cancer cells 

recapitulate human disease much more closely 
than subcutaneous implantation [54]. Tumors 
grow faster and develop better vasculature 
when the cancer cells are implanted into the 
relevant organ. In addition, many tumors do not 
form metastases unless they are implanted or-
thotopically. Orthotopic implantation also en-
hances the tumorigenicity with respect to tumor 
growth and penetrance. This explains, in part, 
why the various types of cancer that have been 
modeled in transgenic mice mimic human can-
cer much more faithfully than xenograft models. 
However, many solid epithelial tumors that de-
velop in transgenic animals or following or-
thotopic implantation are difficult to observe 
because they arise deep in the body.  
 
The very distinctive benefit of the chamber 
model is to make possible the visualization of 
tumors that are normally buried and inaccessi-
ble, such as pancreatic, prostate or lung tu-
mors. Still, the dorsal skinfold represents a non-

Figure 2. Growth of human tumor 
cells HT1080 (A, B) and growth of 
mouse tumor cells (C, D) in the 
dorsal skinfold chamber. Non-
fluorescent tumor cells were im-
planted in the dorsal chambers of 
nude mice that had previously 
been irradiated and transplanted 
with GFP+ bone marrow. A suc-
cesfully growing human tumor 
becomes encapsulated (arrow in 
panel A), effectively excluding 
bone marrow-derived cells from 
the tumor, and is poorly vascular-
ized. Mouse tumors do not be-
come encapsulated, but vascular-
ize (V=blood vessel in panel C). 
Note the denser bone marrow-
derived microenvironment (green 
cells) in mouse tumors (panel D) 
compared to human tumors 
(panel B). Yellow bar = 25 µm in 
panels B and D; 100 µm in panels 
A and C. Reproduced with permis-
sion from Frost et al., In Vivo 
(2003) 17(5):377-88. 

 



IVM and the dorsal skinfold chamber model of cancer 

 
 
679                                                                                                            Am J Cancer Res 2011;1(5):674-686 

orthotopic environment for most tumors except 
melanomas. In an insightful study, Shan et al. 
describe a method in which a microscope win-
dow was placed over the mammary gland of 
female rats to examine angiogenesis and the 
proliferation of breast cancer cells in an or-
thotopic environment [55]. Through the use of 
fluorescent tags and “photoswitching” in mouse 
mammary windows, Kedrin et al. stained tumor 
cells differently in various tumor areas to dem-
onstrate that the microenvironment around tu-
mor blood vessels was more supportive of me-
tastatic behaviors than areas away from blood 
vessels [30]. Thus, mammary windows will allow 
one to directly observe cancer cell growth and 
division, migration, invasion and intravasation 
within mammary gland microenvironments. 
While this approach does, indeed, elegantly 
solve the problem of monitoring tumor develop-
ment in the orthotopic environment for mam-
mary tumors, it does not apply to other tumors 
of interest such as prostate or lung cancer.  
 
To resolve this issue, a novel “pseudo-
orthotopic” model has been developed in our 
laboratory. This method emerged from early 
experiments showing that various syngeneic 
tissues grafted in rodent dorsal chambers could 
re-vascularize and survive over long periods of 
time [56]. Successfully grafted tissues include 
spleen, myocardium, spongious bone [56] and 
adipose tissue [57]. Endometrial tissue was 
also successfully implanted in dorsal chambers 
to study angiogenesis and test the efficacy of 
drugs against endometriosis [58, 59]. In our 
“pseudo-orthotopic” model, small pieces of or-
thotopic tissue from donor mice were co-
implanted with the tumor cells into the dorsal 
skinfold chamber of syngeneic C57BL/6 mice to 
mimic the microenvironment of the tumor. We 
observed that various types of tissue implanted 
in the chambers survived and revascularized, 
and that tumor-derived cell lines thrived upon 
co-implantation with their respective stroma. 
For example, we compared the growth charac-
teristics of mouse prostate cancer cells im-
planted in dorsal chambers with or without pros-
tate tissue. The proliferation of tumor cells was 
5 times higher when prostate tissue was pre-
sent. The vascular area, average vessel diame-
ter, and vascular density were also consistently 
higher, whereas tumors implanted without pros-
tate tissue were poorly angiogenic  [47]. Thus, 
co-implanting mouse prostate cancer cells with 
prostate stroma provides the tumor cells with 

an environment that better reflects the clinical 
disease compared to purely subcutaneous mod-
els. Importantly, re-vascularized stromal tissue 
remains viable for long periods of time (up to 2-
3 months in our laboratory).  
 
Using this model we demonstrated that andro-
gen ablation through surgical castration induces 
a profound regression of the vasculature sur-
rounding prostate tumors [47, 60]. Androgen 
ablation is the standard therapeutic approach 
to prostate cancer that progresses after surgery 
and/or radiation therapy. Although control of 
the disease is always achieved at first, almost 
all patients then progress to androgen-
independent disease. It is generally believed 
that the initial population of androgen-
dependent cells undergoes rapid apoptosis 
upon hormone withdrawal. However, our data 
indicate that castration decreases cell prolifera-
tion rather than induce apoptosis, and also has 
anti-angiogenic effects. 
 
The source of the vasculature surrounding the 
tumor was determined by implanting minced 
prostate tissue derived from GFP transgenic 
mice into mouse dorsal chambers. Thus, the 
implanted green-fluorescent stromal cells can 
be distinguished from host tissues. We ob-
served that the GFP-positive endothelium in the 
prostate stroma revascularized with GFP-
positive vessels rather than with host vascula-
ture. Thereafter the GFP-positive endothelial 
cells reattached to the pre-existing vasculature 
underneath the tumor spheroid and flowing red 
blood cells could be seen [47]. In another set of 
experiments, breast cancer cells stably trans-
fected with H2B-mCherry (red) were co-
implanted with mammary fat pad tissue from a 
lactating GFP+ mouse and allowed to grow for 2 
weeks. Intense GFP fluorescence was detected 
in the vasculature of the growing tumor, indicat-
ing that the engrafted tissue provided the blood 
vessels to the tumor (unpublished). Thus, tumor
-associated vascularization occurs through re-
cruitment of vessels from the co-implanted stro-
mal tissue. 
 
A variety of tissues were successfully implanted 
including lymph node, prostate, liver, lung, bone 
marrow, and mammary fat pad. In addition, sev-
eral cancer cell lines have been successfully 
grown in the corresponding tissue such as pros-
tate TRAMP-C2 [47, 60], breast N202 [61, 62], 
ovarian MOVCAR, and renal carcinoma RenCa, 
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most of them generated from relevant trans-
genic models. To improve our prostate cancer 
model, we now use PTEN-P2 and PTEN-CaP2 
mouse carcinoma cell lines. These cells, gener-
ated in Dr. H. Wu’s laboratory, were derived 
from PTEN+/-and PTEN-/-transgenic mice, respec-
tively, [63]. The prostate-specific PTEN-deficient 
mouse model is considered one the most rele-
vant to human prostate cancer. H2B-GFP was 
transfected into these cells and green-
fluorescent PTEN-P2 and PTEN-CaP2 cell sphe-
roids were implanted on top of prostate tissue 
from donor mice in the dorsal chamber of recipi-
ent mice. Figure 3 shows pictures of the PTEN-
P2 and PTEN-CaP2 micro-tumors growing as a 
function of time. Tumor growth was reflected by 
an increase in overall size as well as an in-
crease in the brightness of the tumor area due 
to a higher density of fluorescent cells within 
the tumor. These tumors were highly angio-
genic. Importantly, the growth characteristics 
and hormone-dependency of hormone-sensitive 
prostate tumors (P2 cells) and hormone-
insensitive (CaP2 cells) in the pseudo-orthotopic 
chamber model corresponded to previously pub-

lished data [63]. These tumor cells will be co-
implanted with prostate tissue from a tomato 
mouse [64] for dual-color imaging studies.  
 
Study of metastasis in the chamber model 
 
After cancer cells break away from the primary 
tumor, enter lymphatic and blood vessels and 
circulate through the bloodstream, they extrava-
sate and colonize the microenvironment of the 
distant organ in which they grow into a new tu-
mor [11, 12, 14, 15]. Colonization of distant 
organs is a rate-limiting step to the formation of 
metastatic tumors [65]. This process depends 
greatly on the new microenvironment and on 
the dynamic and reciprocal interactions that 
take place between the tumor cells and the 
stromal cells of the metastatic organ [5, 9, 66]. 
Unfortunately, what happens during the early 
stages of development of a metastatic tumor is 
still unknown. The interactions between dis-
seminated cancer cells and their microenviron-
ment during metastasis have been mostly 
based on correlation and logically inferred since 
most animal models of cancer provide only end-

Figure 3. H2B-GFP-positive PTEN-P2 and PTEN-CaP2 cell sheroids were co-implanted with prostate tissue into mouse 
dorsal chambers. Tumors were imaged at the indicated times using IVM. One can see the increase in tumor size and 
in tissue vascularization. Yellow bar = 1mm in the tumor panels 1 and 3; 100 mm in panels 2 and 4. 
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point outcomes. Transgenic mouse models or 
methods such as tail vein injection of metas-
tatic cells (a model for lung metastasis) do not 
permit the detection of micrometastases or the 
measurement of tumor growth in real time, and 
the metastatic lesions can be analyzed only 
after the mice are sacrificed. Indeed, it is impos-
sible to predict where metastasis will arise and 
metastatic tumors are detected only after they 
are well-established, precluding the study of the 
early steps of the process. Consequently it is 
impossible, for example, to tell whether a small 
tumor in the bone at the time of necropsy is 
new and aggressive or old and relatively slow-
growing. Data must be inferred indirectly and on 
a statistical basis. Certain inferences are im-
practical to achieve because the mouse has to 
be sacrificed for each observation, and there-
fore can only be done on an average basis. IVM 
has the potential to solve this problem almost 
completely by continuous monitoring of individ-
ual tumors, thereby eliminating uncertainties in 
interpolation.  
 
Ex-vivo metastasis assays use fluorescent me-
tastatic cancer cells orthotopically implanted in 
the relevant organ, which then lodge into secon-
dary organs. Cells can also be injected into the 
tail-vein of mice to lodge in the lungs. Animals 
are usually sacrificed and the organs resected 
for IVM measurements as in [67]. Other labora-
tories use tissue perfusion and direct injection 
of tumor cells into the perfusion system to ex-
tend the time of observation [68]. Using a simi-
lar model, Gassman et al. demonstrated that 
CXCL12, expressed in the endothelial cells of 
the liver blood vessels, interacted with CXCR4 
expressed in the tumor cells, and promoted 
tumor cell adhesion to the liver blood vessels 
and extravasation into the liver [69]. A study in 
which the lungs were perfused and sections of 
tissue placed on agarose-based medium for up 
to 21 days, allowing the monitoring of metas-
tatic tumor growth, showed that  the survival of 
cells arriving in lung was the limiting step of 
metastatic efficiency [70]. In these models, the 
tissue architecture is maintained, with stromal 
cells and relevant ECM components. However, 
some aspects of metastatic tumor growth are 
lacking such as vascularization or infiltration 
with immune cells. 
 
This problem is solved, for brain metastasis, by 
the use of cranial windows that were designed 
to provide visual access and to examine the 

microcirculation in the brain environment follow-
ing implantation of glioma cells or breast cancer 
cells, thus mimicking a relevant environment for 
brain tumors or breast cancer metastases to 
the brain [40, 71]. For example, Monsky et al. 
used the cranial window to compare physiologi-
cal parameters including vascularization of 
breast cancer cells implanted in mammary win-
dows (orthotopic environment) or in cranial win-
dows (brain metastasis environment), showing 
among other things that the expression of pro-
angiogenic growth factors in a tumor depends 
on its microenvironment [72].  
 
The pseudo-orthotopic model partially remedies 
the limitation of organ accessibility. In theory, 
tumors can be grown on any grafted tissue, to 
the extent that the pseudo-orthotopic tissue 
retains the properties of the native tissue, and 
analysis of several steps of metastatic tumor 
growth and adaptation can be followed by IVM. 
Thus, we have compared the adaptation and 
the growth of breast cancer cells H2B-GFP/
N202 in several pseudo-organs relevant to 
breast cancer metastasis. To generate a pseudo
-orthotopic metastasis model, minced mam-
mary fat pad, liver, lung and skin obtained from 
lactating female mice were implanted into dor-
sal skinfold chambers of nude mice. H2B-GFP/
N202 cells were then implanted on these tis-
sues. The importance of the microenvironment 
for the growth of N202 tumors was apparent, 
since tumors grew poorly when co-implanted 
with tissues other than mammary fat pad 
(manuscript in preparation). This model thus 
allows one to study many biological parameters 
underlying the real-time adaptation of tumor 
cells to a new environment, particularly in the 
context of a new host tissue relevant to metas-
tasis. 
 
Testing therapeutics in the chamber model 
 
Because vascular events can be accurately 
quantified, IVM in the dorsal chamber model is 
ideally suited to evaluate the efficacy of poten-
tial anti-angiogenic drugs. Treatment of vascu-
larized tumors implanted into dorsal skinfold or 
cranial chambers with neutralizing antibodies 
against growth factor VEGF induced vascular 
regression [44, 45, 73, 74]. It was later shown 
that inhibition of the VEGF receptor (Flk-1) re-
duced angiogenesis in the peritumoral areas 
but not in the intratumoral area [75]. High an-
giogenic activity is required for glioma invasion 
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of adjacent tissue, suggesting that targeting 
angiogenesis in glioma may reduce metastasis. 
Indeed, inhibition of Flk-1 reduced invasion as 
well as angiogenesis [76]. In an attempt to spe-
cifically target the tumor vasculature, a throm-
bogene was linked to the heparin-binding do-
main of VEGF. The drug localized to tumor blood 
vessels in vivo, and had potent anti-angiogenic 
activity [77]. Another work showed that the 
Notch signaling pathway is involved in angio-
genesis because neutralizing one of the Notch 
ligands blocked angiogenesis and pancreatic 
tumor growth [78]. Finally, this model is widely 
used to demonstrate the vascular effects of new 
anti-angiogenic inhibitors [62, 79-86]. In addi-
tion to monitoring the vasculature in real-time, 
IVM discriminates between the direct effects of 
a drug on tumor cells and its effects on the vas-
culature and thus provides a clear picture of its 
mechanism of action [87-91].  
 
Since orthotopic models are much better suited 
to predict the effectiveness of chemotherapy 
than are sub-cutaneous models [54], we argue 
that pseudo-orthotopic chamber models are 
very relevant to drug therapy testing [61, 62]. As 
an example, the effect of COX-2 inhibitor Cele-
coxib (Celebrex) was investigated in the pseudo-
orthotopic dorsal chamber model for prostate 
cancer using H2B-GFP/TRAMP prostate cancer 
cells (derived from the tumors of a TRAMP 
mouse [92]). Celecoxib was administered orally, 
alone or in combination with castration-induced 
androgen-withdrawal. In vitro and in vivo experi-
ments indicated that Celecoxib alone had a di-
rect cytostatic effect on tumor cells in which it 
induced mitotic arrest followed by cell death. 
The drug had but little effect on vascular pa-
rameters in vivo, whereas castration alone 
caused vascular shrinking, as previously ob-
served [47]. Profound tumor regression was 
observed with the combination of Celecoxib and 
androgen-withdrawal, causing a synergistic ef-
fect due to decreased vascularization upon an-
drogen withdrawal on the one hand, and growth 
arrest of tumor cells due mostly to Celecoxib on 
the other hand. Interestingly, the efficacy of the 
combination was much better in vivo than in 
vitro, because of the separate effects of each 
treatment on distinct biological compartments 
that are not represented in cultured cell lines. 
 
To conclude, the pseudo-orthotopic dorsal 
chamber system is a promising model to evalu-
ate novel therapies for the treatment of cancer 

without animal necropsy, and to determine vas-
cular parameters as well as cytostatic or cyto-
toxic effects. The strengths of this system lie in 
the relative speed and mechanistic detail by 
which therapies can be evaluated. In addition, 
this model recapitulates the native three-
dimensional architecture and microenvironment 
(cells and ECM) of the tumor, with the advan-
tages of an observation window. It extends the 
possibilities of the cranial and mammary win-
dows by allowing other types of cancer to be 
studied.  
 
Future directions 
 
Stromal cells in cancer tissue display different 
gene expression patterns than stromal cells in 
normal tissue, a result of the bi-directional inter-
actions that take place between stroma and 
tumor [93, 94]. So far, very few transgenic ani-
mals have been generated that display tissue-
specific alterations of cancer microenviron-
ments. Such models would be extremely useful 
in exploring novel therapeutic strategies. The 
pseudo-orthotopic model, in addition to MIW 
and cranial chambers, will be used to study the 
stroma at early stages of metastatic tumor de-
velopment and to examine the effects of thera-
peutic treatments targeting the tumor microen-
vironment that could have synergistic effects 
when combined with current therapies that tar-
get the tumor cells. As tumor growth parameters 
are tracked in real time, tumors can be har-
vested when they undergo major adaptive tran-
sitions. Thus, it becomes possible to study 
changes in gene expression, signaling path-
ways, etc. 
Finally, the use of donor animals with defined 
genetic modifications (such as knock-out and 
transgenic mice) as source of grafted organ will 
open new avenues of investigation since it will 
be possible to examine the role of defined sig-
naling pathways in the survival and growth of 
metastatic tumors.  
 
Conclusion 
 
New probes and whole-body imaging technolo-
gies are a major step for real-time measure-
ments of tumor growth and for the detection of 
metastases, but still do not accurately visualize 
early events because they do not provide a way 
to access information (or, in case of early me-
tastasis, a way of even knowing where the infor-
mation is). IVM goes beyond whole-body imag-
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ing to measure single-cell mechanisms and 
early events with very high resolution. Thus, it 
has provided us with new, unexpected informa-
tion regarding the mechanisms of angiogenesis, 
lymphogenesis, cell motility and invasion proc-
esses relevant to early steps of dissemination. 
Animal models in which IVM can be used are 
evolving too, allowing a more accurate repre-
sentation of human cancer. Chamber models, 
through the design of observations windows at 
various peripheral locations, have become rele-
vant to the study of stroma-tumor interactions 
and of later steps of metastasis such as coloni-
zation of target organs, which, until recently, 
were not amenable to direct observation.  
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