
 

 

Introduction 
 
Despite improvement in early detection, more 
refined diagnostic modalities, and a better un-
derstanding of the natural history of cancer, 
metastatic disease remains the primary reason 
for treatment failures responsible for the major-
ity of cancer deaths [1-3]. Metastasis is the 
spread of malignant cells from a primary tumor, 
leading to the establishment of secondary tu-
mors at a distant site. The metastatic cascade 
involves a series of sequential steps which a 
tumor cell must perform to establish a secon-
dary growth. These include leaving the primary 
tumor, surviving in the harsh environment of the 
bloodstream, evading host immune surveil-

lance, escaping the circulation, establishing 
metastatic growth, and attracting an independ-
ent blood supply [4, 5]. Given the complexity of 
the process, even when injected directly into the 
blood stream in experimental settings only ~0.1 
to 1% of tumor cells produce metastases [6]. 
Still, roughly two-thirds of cancer patients suffer 
from metastases during their life time [1, 2]. 
 
The critical role of metastasis in cancer patient 
prognosis and management has led to investi-
gations of the process both in vitro and in vivo. 
In vitro assays enable the detailed study of 
some of a tumor cell’s ability to perform a single 
step in the multi-step metastatic cascade in 
depth, while animal models allow the analysis of 
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Abstract: Dissemination of cancer cells is strongly associated with reduction in quality of life, worsening of prognosis, 
and remains the primary cause of therapeutic failure and high mortality in cancer. A crucial factor in the progression 
of metastases is the ability to establish a functioning blood vessel network. Consequently therapeutic strategies 
which selectively target tumor vasculature may hold promise for the treatment of metastatic disease. A complicating 
factor in the assessment of the efficacy of vascular targeting therapies is that the metastatic process can result in 
multiple neoplastic lesions at various stages of growth and vascularity in a single organ. The goal of this project was 
to utilize a rodent squamous cell carcinoma (SCCVII) model to characterize the development of metastatic lung le-
sions and their associated vasculature. Mice were injected with tumor cells via the tail vein to introduce a reproduci-
ble number of lung metastases. At various times after cell injection, lungs were removed and serial sections were 
taken throughout the lobes for morphometric analysis. Tumor volumes were calculated for each nodule using 2 he-
matoxylin and eosin (H&E) stained sections that were a known distance apart. Sections adjacent to those used for 
size determination were reserved for immunohistochemical staining with CD31 to identify blood vessels associated 
with each nodule. The results showed that although the median tumor volume increased from 0.006 to 0.51 mm3 
between 7 and 18 days post SCCVII cell injection, a range of tumor sizes existed at all-times. Irrespective of the time 
of assessment, nodules with volumes  0.5 mm3 had a constant vessel density while those with volumes >0.5 mm3 
showed increasing vessel densities with increasing size. These findings indicate that the methodology outlined in this 
study can identify metastases in various stages of vascular development and could therefore be applied to evaluate 
and distinguish therapeutic interventions that seek to prevent the initiation of blood vessel networks and those tar-
geting already established expanding tumor vasculature. Examining the efficacy of such approaches, alone or in com-
bination, in the treatment of metastases in a preclinical model could lead to the development of more effective thera-
peutic strategies for metastatic disease. 
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the metastatic process as a whole [7]. Thus, 
researchers have developed animal models to 
analyze the metastatic phenotype of tumor cells 
and evaluate the efficacy of anti-cancer agents. 
These metastasis models include the chick em-
bryo metastasis model, transgenic animal mod-
els, xenograft models in SCID or nude mice, and 
syngeneic murine tumor models [7]. Typically, 
xenograft models have a low and highly variable 
rate of metastasis in comparison to syngeneic 
models, which readily develop metastases in a 
predictable manner [7, 8]. 
 
A key factor in establishing successful metas-
tatic growth at a secondary site is the ability of 
tumor cells to initiate angiogenesis. Indeed it 
has been long recognized that when tumors are 
avascular, the diffusion of nutrients and waste 
products limit their growth and for further pro-
gression tumors must develop their own net-
work of microvessels through the process of 
neovascularization [9]. The critical role of vascu-
lature in tumor development and the unique 
features of tumor blood vessels have led re-
searchers to explore treatment strategies which 
selectively target tumor vasculature [3, 10-13]. 
Vascular targeting strategies encompass 2 ap-
proaches: interventions which interfere with 
new blood vessel formation, anti-angiogenic 
agents, and therapies which target existing ne-
ovasculature in expanding tumors, vascular dis-
rupting agents [14]. While these types of thera-
peutic approaches are being extensively studied 
in primary tumor response evaluations in the 
clinic, it is clear that they may have particular 
utility in the treatment of metastatic disease. 
The goal of the present investigations was to 
quantify the vascular development of multiple 
metastatic lesions growing simultaneously in 
the lungs. Since at a given point in time differ-
ent metastatic lesions can concurrently exist in 
various stages of vascular development and 
vascular targeting agent efficacy is dependent 
on the nature of the vasculature at the time of 
treatment, such studies provide important in-
sights for future blood vessel directed targeting 
approaches designed to inhibit metastasis. 
 
Materials and methods 
 
Animal and tumor models 
 
Female 6 to 8 week-old C3H/HeJ mice (Jackson 
Laboratories: Bar Harbor, Maine), were main-
tained under specific-pathogen-free conditions 
at the University of Florida Health Science Cen-

ter with food and water supplied ad libitum. 
SCCVII murine squamous cell carcinoma cells 
were passaged in vitro in α-MEM medium con-
taining penicillin/streptomycin and 10% fetal 
bovine serum and incubated in 5% CO2 and air 
at 37°C.  
 
Experimental lung metastasis 
 
To initiate lung metastasis, 1x104 SCCVII cells 
suspended in 20 µl 0.9% saline were injected 
into the lateral tail vein of C3H/HeJ mice. Ex-
periments consisted of 12 mice inoculated with 
tumor cells on day 0. After cell injection, mice 
were randomly sorted into experimental groups 
to be assessed 7, 10, 14 and 18 days later. All 
research was governed by the principles of the 
Guide for the Care and Use of Laboratory Ani-
mals and approved by the University of Florida 
Institutional Animal Care and Use Committee. 
 
Lung tissue preparation 
 
Mice were killed by CO2 asphyxiation followed by 
cervical dislocation (as approved by the Univer-
sity of Florida Institutional Animal Care and Use 
Committee) and the lungs were removed and 
dissected from other mediastinal structures. 
Lungs were rinsed in phosphate buffered saline 
to remove blood and then fixed in 4% parafor-
maldehyde for 2 hr. Tissues were embedded in 
paraffin and a sampling of sections were taken 
across each lung in the following manner. Two 
consecutive 4 µm sections were taken and then 
a number of consecutive 4 µm sections were 
discarded (typically 20 to 40 depending on the 
size of the lung tumor nodule) before collecting 
another two consecutive 4 µm sections (Figure 
1). This process was repeated along the entire 
length of each lung lobe. The consecutive sec-
tions were then stained using Hematoxylin and 
Eosin (H&E) and CD31 respectively. For the lat-
ter, the primary CD31 antibody (BD Pharmin-
gen) was diluted 1:10 and the sections were 
incubated at room temperature for 1 hr. The 
secondary mouse-absorbed biotinylated rabbit 
anti-rat antibody (Vector Labs) was incubated at 
room temperature for 30 min. Detection of the 
primary antibody was performed using the VIP 
Substrate Kit (Vector Labs) according to the 
manufacturer’s protocol.  
 
Imaging  
 
H&E Paraffin sections were imaged at 5X mag-
nification using a morphometric microscope 
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(McKnight Brain Institute, University of Florida). 
This microscope was fitted with a motorized 
scanning stage capable of “tiled field mapping”; 
a function which allows the stitching together of 
several high resolution images into a single out-
put image. To aid quantification each of the 
output images was fitted with a calibration 
scale. Once a lung nodule had been marked for 
evaluation (Figure 2), additional tile field map 
images were taken (40X magnification) of their 
matched CD31 labeled [15] paraffin sections 
(Figure 5). 
 
Tumor volume quantification 
 
Tumor volume was calculated using the 
adapted “Prolate Spheroid” model (Figure 1). 
This model allows the determination of the vol-
ume of any given lung tumor nodule, on the ba-
sis of measurements of the radii of two sections 
and known separation between the two sections 

as illustrated in Figure 1. Then by 
using Equation 1, the volume of 
each lung tumor nodule can be de-
termined. 
 
Vascular density measurements  
 
The number of blood vessels was 
counted using a Chalkley point array 
[16] for random sample analysis 
[17]. Briefly, each section was 
viewed with a 25-point Chalkley grid 
(Figure 1) positioned over the field 
of view, and vascular density was 
recorded as the number of vessels 
per unit area as previously de-
scribed [18]. 
 
Statistical analysis 
 
The results were analyzed using 
ANOVA in combination with 
Scheffe’s post-hoc procedure, and 
expressed as median ± standard 

deviation. Differences were considered statisti-
cally significant at P < 0.05. 
 
Results 
 
The growth and development of vasculature in 
experimental lung metastases was character-
ized in the SCCVII squamous cell carcinoma 
model. After direct injection into the blood-
stream via the lateral tail vein, tumor cells ar-
rest in the pulmonary capillaries, extravasate, 
multiply, and initiate neovasculature. This study 
used immunohistochemistry to characterize 
both SCCVII tumor lung nodule development as 
well as tumor vasculature induction. On various 
days after intravenous tumor cell injection, 
lungs were removed and sections taken for mor-
phometric analysis as illustrated schematically 
in Figure 1.  
 
Initial experiments were designed to establish 
the variation in tumor lung nodule size as a 
function of time. Measurements of two diame-
ters of a lung tumor nodule visible on two H&E 
stained sections a known distance apart were 
made under a microscope. The volume of the 
tumor nodule was then calculated using Equa-
tion 1. An example of two H&E stained sections 
that are 80 µm apart is shown in Figure 2. Only 
nodules 1-4 are apparent on both sections al-
lowing volume determinations of these four  

Figure 1. Schematic illustration showing the process by which tumor 
lung nodule volumes and vascular densities were determined. 

 

Eq. 1 
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nodules to be made.  
 
Figure 3 shows the distribution in nodule sizes 
on days 7, 10, 14 and 18 after intravenous tu-

mor cell inoculation. Since less than half of the 
tumor nodules measured were spherical in 
shape, the nodule size data were also subdi-
vided in terms of tumor nodule shape. For this 

Figure 2. Example of two H&E sections taken 80 μm apart. Colonies 1-4 are readily apparent on both sections and 
volumes could be calculated according to Equation 1.  

Figure 3. Distribution plots showing the variation in SCCVII tumor nodule volume as a function of time after intrave-
nous injection of tumor cells. 
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analysis, any tumor nodule that showed a 
greater than 20% variation within the measured 
values of “a1, a2, b1, b2” (Figure 1), was classi-
fied as non-spherical in shape. The volumes of 
spherical and non-spherical nodules are shown 
in the four panels of Figure 3 as black and 
shaded bars respectively. The volumes of both 
types of lung nodules readily increased as a 
function of time but Anova analysis revealed no 
statistical significance between the groups of 
spherical or non-spherical nodules at any of the 
days investigated. Consequently volumes of all 
SCCVII lung nodules were pooled in the growth 
analysis as a function of time shown in Figure 4. 
The results indicate that median tumor volume 
increases from 0.006 mm3 on day 7 to 0.016 
mm3 on day 10 and 0.39 and 0.51 mm3 on 
days 14 and 18, respectively. 
 
To investigate the vascular development in 
growing SCCVII lung nodules the blood vessel 
density within these tumor lung nodules was 
determined using the Chalkley counting tech-
nique [16, 18]. Endothelial cell labeled sections 
matched to the adjacent H&E stained sections 
used to measure nodule volumes (Figures 2 
and 5) were scored. The results (Figure 6A) 
showed little change in tumor nodule vessel 
density (3-4 hits per unit area) for tumor nodule 
sizes ranging from smallest detectable to  0.5 
mm3. However, as the lung nodules grew larger 
(>0.5 mm3) a steady increase in nodule vascu-
lature was noted. The vessel density data were 
also subdivided into spherical and non-spherical 
tumor nodules. As was the case for the tumor 

growth assessment (Figure 3), the results 
showed no statistical difference between the 
vascular development in spherical and non-
spherical SCCVII lung nodules (Figure 6B). 
 
Discussion 
 
Metastasis is the major cause of therapeutic 
failure in cancer patients. A common site of me-
tastases in humans is the lungs [19, 20]. In 
general, lung metastasis signifies widespread 
cancer with a poor survival rate, and living more 
than 5 years with metastatic cancer to the lungs 
is rare [20]. Clearly, there is a need for thera-
peutics that combat metastatic cancer to the 
lungs and have low toxicity in normal tissues. 
One area of anticancer drug development that 
has received considerable attention over the 
past 2 decades is focused on targeting tumor 
angiogenesis and the unique features of tumor 
vasculature [5, 11, 13]. Cancer cell survival, 
growth, and opportunity for metastasis depend 
on a tumor’s ability to attract and maintain a 
functional blood supply [21]. In primary tumors, 
damaging the endothelium may impact a large 
number of cancer cells. Based on the observa-
tion that oxygen can diffuse a distance of ~100 
to 150 μm, it is estimated that 10,000 malig-
nant cells may be sustained for every millimeter 
of capillary growth in tumor angiogenesis [21]. 
Furthermore, the irregularities in tumor microen-
vironments caused by aberrant vasculature may 

Figure 4. Box plot showing the median SCCVII tumor 
nodule volume as a function of time after tumor cell 
injection. Data represent the median of 33 to 46 
tumors nodules (bar), 25-75% confidence interval 
(box), and 10-90 % confidence intervals (whiskers). 

Figure 5. Example H&E and CD31 labeled sections, 
showing SCCVII tumor nodules within the mouse 
lung. 
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render tumor cells more likely to metastasize 
[22]. Several reports have linked poor primary 
tumor oxygenation to development of metasta-
ses in soft tissue sarcoma, cervical carcinoma 
and squamous cell carcinoma of the head and 
neck [23-25]. When applied in the clinic, small 
but encouraging clinical benefits have been 
observed when blood vessel directed therapies 
are combined with chemotherapy and radiother-
apy leading to the inclusion of such agents in 
first or second line therapy for some malignan-
cies [26-28]. 
 
The focus of the present study was to investi-
gate the growth and vascular development of 
squamous carcinoma cells seeding in the lungs. 
An experimental metastasis assay involving the 
injection of tumor cells directly into the blood-
stream via the lateral tail vein was used. Though 
not including the entire metastatic cascade, the 
experimental lung metastasis model has sev-
eral advantages. Because cells are directly in-
jected into the bloodstream, control of the pri-
mary tumor is not necessary to evaluate the 
growth of metastases. By injecting a constant 
number of tumor cells, a predictable number of 
metastases are formed per animal. Even so 
when utilizing H&E stained sections to calculate 
lung tumor nodule volumes, from radii of sec-
tions separated by a known distance (Figure 1), 
it became readily apparent (Figures 2 and 3) 

that there exists considerable variability in the 
time of establishment and subsequent growth 
of these metastases.  
 
Moreover not all tumor nodules were spherical 
in shape, raising the question of whether non-
spherical tumor nodules grew at a different rate 
than did spherical ones. However, statistical 
analysis of these two subsets revealed this not 
to be the case. The pooled results of all meas-
urements (Figure 4) show how the median vol-
ume of SCCVII lung tumor nodules increased 
from 0.006 mm3 on day 7 to 0.51 mm3 on day 
18. 
 
Sections adjacent to those used for nodule 
measurement (Figures 1 and 5) were reserved 
for immunohistochemical analysis using the 
endothelial cell marker CD31. This methodology 
allowed the direct association of tumor nodule 
size and vascular development irrespective of 
the evaluation time point; an important consid-
eration given that nodule size varied considera-
bly at a particular assessment time point (Figure 
4). Vascular density determined using the previ-
ously described Chalkley counting technique 
[16, 18]  showed that blood vessels were pre-
sent in all tumor nodules even at the smallest 
detectable size (Figure 6A). However, closer 
examination of the data showed a consistent 
density of blood vessels in all SCCVII tumor nod-

Figure 6. Vascular density as determined by Chalkley counting method; (A) shows the vascular density in all SCCVII 
tumor lung nodules as a function of lung tumor nodule size (n = 156); data represent the median of 35 to 46 tumors 
nodules (bar), 25-75% confidence interval (box) and 10-90% confidence interval (whiskers); (B) change in SCCVII 
vascular density as a function of nodule shape and volume (spherical n = 53; non-spherical n = 103). Data represent 
the median and 10-90% confidence interval. 
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ules of sizes  0.5 mm3, while the vascular den-
sity found in nodules greater than 0.5 mm3 in-
creased with increasing nodule size. Again, as 
was the case for tumor growth (Figure 3), when 
the effects of tumor nodule shape were consid-
ered, no difference in vessel density was seen 
between nodules classified as spherical or non-
spherical (Figure 6B).  
 
The present investigation utilized immunohisto-
chemical and H&E staining to simultaneously 
assess the vascular development of multiple 
SCCVII lung metastases at various stages of 
growth. Irrespective of the day of assessment, 
tumor deposits ranging from the smallest size 
detectable to  0.5 mm3 always demonstrated 
similar blood vessel densities. This finding sug-
gest that following blood borne dissemination, 
expanding SCCVII tumor cell populations are 
initially able to meet their nutritional and waste 
product removal needs by relying strictly on the 
preexisting lung vasculature, and tumor initiated 
blood vessel formation is not required. This is 
not however the case in larger metastases 
where increasingly greater blood vessel densi-
ties reflect an association between progressive 
tumor growth and additional vascular develop-
ment. The induction of tumor vasculature first 
occurs in SCCVII lung metastases at a size of 
0.5 to 1 mm3 and is independent of tumor nod-
ule shape. The observation that blood vessel 
induction begins to take place in tumor deposits 
< 1 mm3 is consistent with prior window cham-
ber tumor studies which reported that angio-
genesis can be initiated by tumor cell numbers 
smaller than anticipated [29, 30].  
 
In light of the importance of the vasculature to 
tumor cell survival and progression extensive 
efforts have been made to develop blood vessel 
directed therapies as anticancer treatments. 
Two fundamental treatment strategies have 
emerged [31]; those interfering with tumor as-
sociated initiation of new blood vessels (anti-
angiogenic agents), and those targeting the es-
tablished tumor blood vessel network (vascular 
disrupting agents). These two classes differ in 
three key respects: their physiologic target, the 
type or extent of disease that is likely to be sus-
ceptible, and the treatment scheduling [14]. 
Indeed preclinical investigations have already 
established early stage tumors to be more sus-
ceptible to angiogenesis inhibition and ad-
vanced disease to be more efficiently targeted 
by vascular disrupting agents [32, 33]. Since 

metastases can simultaneously exist in organs 
at various stages of development (dormant, 
early phases of growth, well-established macro-
scopic neoplastic lesions), they will not only pre-
sent with a variety of vascular developments but 
as a consequence will also be susceptible to 
different blood vessel directed therapeutics. The 
present methodology offers the opportunity to 
simultaneously assess the response of multiple 
metastases at various stages of growth to treat-
ments targeting the tumor blood vessel net-
work. Such information would provide valuable 
insights into treatment regimens which specifi-
cally target the tumor vasculature and aid the 
determination of which therapeutic interven-
tions used alone or in combination might have 
particular utility in a metastasis setting. 
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