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ABSTRACT 

Reported is here the development of an experimental model using intravital 
microscopy as a tool to orthotopically investigate malignant bone tumors. 
Although up to 85% of the most frequently occurring malignant solid tumors, 
such as lung and prostate carcinomas metastasise into the bone, and despite the 
knowledge that a tumor’s course may be altered by its surrounding tissue there 
is no adequate experimental model available enabling the investigation of 
orthotopically-grown bone tumors in vivo. Intravital microscopy is an 
internationally accepted experimental method, used in various acute and chronic 
animal models, that enables qualitative and quantitative analysis of the 
angiogenesis, microcirculation, growth behaviour etc. of various benign and 
malignant tissues. Non-invasive investigations of up to several weeks are 
possible. Additionally, tissue samples can be taken after termination of the in 
vivo experiments for further ex vivo investigation (histology, 
immunohistochemistry, molecular biology, etc.), elucidating the mechanisms 
that underlie the in vivo observations. SCID mice were fitted with a cranial 
window preparation where the calvaria served as the site for orthotopic 
implantation of the solid human tumors Saos-2 osteosarcoma (primary) and 
A 549 lung carcinoma and PC-3 prostate carcinoma (secondary). In all 
preparations, the take rate was 100%. Histological assessment confirmed the 
data obtained in vivo, showing typical tumor growth with infiltration of the 
surrounding osseous and soft tissues. This novel model serves as a valuable tool 
in understanding the biology of primary and secondary bone tumors in 
physiologic and pathophysiologic situations, with implications for the most 
areas of tumor therapy such as chemotherapy, radiation and anti-angiogenesis. 

INTRODUCTION 

Despite major advances in the treatment of solid bone tumors within the past 
decades, the success in the treatment of primary and secondary bone tumors 
with established procedures such as surgery, chemotherapy, or radiation is still 
limited. 

The formation of endothelial blood capillaries from already established 
microvasculature plays an essential role in tumor survival and growth. Without 
adequate blood supply, a tumor can not grow beyond a critical size or 
metastasise to another organ 1,2. At the latest, the discovery and isolation of 
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various substances with anti-angiogenic potential makes the strategy of an anti-
angiogenic therapy very promising for the treatment of malignant tumors 3. 

A better understanding of the action mechanism and a further development of 
anti-angiogenic therapies against primary and secondary bone tumors in 
addition to established procedures, requires the analysis of tumor growth, 
angiogenesis, and microcirculation. Various models have been described for the 
in vivo investigation of angiogenesis, microcirculation and growth of different 
tumor cell lines using intravital microscopy 4-8. Since tumor biology can be 
altered by the tissue in which the tumor is grown 9-14, it is not only for scientific 
reasons that primary tumors should be investigated orthotopically and 
secondary tumors in a specific tissue of interest. However, an appropriate 
experimental model for the analysis of growth, angiogenesis, microcirculation, 
and leukocyte-endothelium interaction in primary and secondary human bone 
tumors where the bone serves as site for implantation has not been described 
yet. The aim of this study was thus to develop such an in vivo model to 
characterise the above mentioned parameters with a high temporal and spatial 
resolution in bone tumors. 

MATERIALS AND METHODS 

The experiments were performed on adult male severe combined 
immunodeficient (SCID) mice (C.B-17/IrlCrl-scid-BR, Charles River 
Labourites Inc. Sulzfeld, Germany; 6 to 8 weeks old, 22 to 25 g body weight). 
Approval for the experiments was given by the local animal review board. 
Following institutional guidelines, mice were housed sterile in special filter 
cages in a defined-flora animal facility at the author’s institution (humidity: 
50%; temperature: 24°C; 12h-rhythmus day versus night; availability of 
autoclaved water and dry food ad libitum). After the surgical preparation of the 
cranial window, which is described in the following, it is not possible to have 
more than one mouse per cage. Otherwise, animals would destroy their 
preparations mutual by biting and scratching each other. 

All surgical procedures were performed under strictly aseptic conditions within 
a laminar flow unit under deep anaesthesia through an intra peritoneal injection 
of a mixture of ketamine (65 mg/kg body weight), xylazine (13 mg/kg body 
weight) and acepromazine (2 mg/kg body weight). After shaving and 
disinfection of the scalp with 70% alcohol suspension, the mice were placed 
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onto a custom made stereotactic device (Workshop, Dept. of Experimental 
Surgery, University of Heidelberg, Germany) where the scalp was excised 
surgically in an oval area of approximately 15 by 10 mm to expose the frontal 
and parietal bone. The periosteum was removed with a scalpel, uncovering the 
frontal and parietal bone with the coronal, lambdoid, and sagittal suture. With a 
microsurgical veterinary drilling device (Motor system: Economic GD 641, 
Aesculap, Tuttlingen, Germany; Milling cutter: ∅ 0.5 mm, LOT 590467, 
Meisinger, Germany) an oval cavity of approximately 2 by 1 mm and 0.5 mm 
deep was milled into the calvaria by eliminating parts of the external tabula of 
the calvaria including spongious bone underneath. Simultaneously, the tissue 
was cooled by its continuous superfusion with sterile 0.9% NaCl solution. The 
cavity was located between the coronal and the lambdoid suture, on the right 
side of the sagittal suture, and was placed as close as possible to the sagittal 
suture without harming the superior sagittal sinus (Fig. 1A and B).  

Care was taken to avoid harm to the dura mater or the brain tissue underneath, 
either mechanically or by heat damage. In case of unintended tissue damage, 
animals were excluded from the study and sacrificed immediately. In case of 
bleeding from the bone, the preparation was interrupted and bleeding was 
suppressed mechanically with a sterile Q-tip before the implantation of the 
tumor. 

One chunk (volume: 0.5 to 1.0 mm³) of a human tumor (Saos-2 osteosarcoma, 
n=9; A 549 lung carcinoma, n=9; PC-3 prostate carcinoma, n=5) that had been 
grown in a donor SCID mouse was then implanted into the cavity of each 
mouse. Finally, in order to protect the tumors from dehydration and mechanical 
damage, the preparation was sealed with a glass cover slip (diameter 7 mm, 
circular, Assistent, Germany) and bone cement made of a mixture of ethyl 
cyanoacrylate glue (Pattex® Blitz Kleber, Henkel, Germany) and GC Ostron®-
Powder (methyl methacrylate polymer, GC Europe, Belgium). 

Within the first week after tumor implantation, the mice were observed under 
vertical illumination with a stereotactic microscope (Leica MZ75, Leica, 
Germany) at 24 hours intervals. The first appearance of (i) haemorrhages and of 
(ii) newly formed blood vessels entering the implanted tumor tissue, and the 
onset of (iii) perfusion in these newly formed vessels were determined. 
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Tumor growth was determined two-dimensionally on days 7, 14, 21, and 28 
after implantation. Its size was measured directly under the glass cover slip of 
the cranial window preparation and was documented with standardised digital 
photography (Coolpix 950, Nikon Inc., Japan). 

Figure 1: (A) Schematic drawing of the preparation situs. Top-view. (B) Schematic 
drawing of the preparation situs. Cross-sectional view. (C) Photograph of the cranial 
window with the A 549 lung carcinoma at day 14 after implantation and (D) at day 
28 after implantation, top-view, scale bar 500µm. Tumour borders marked by 
arrows. (E) A 549 lung carcinoma at Day 28 after implantation, hematoxylin-eosin 
stained cross section. The tumour infiltrates the adjoining calvaria (→). Scale bar 
500µm. (F) A 549 lung carcinoma at day 28 after implantation, 
immunohistochemistry, Factor VIII/vWF staining at 200-fold magnification. Stained 
vessels (red) in the surface regions of the tumour. Scale bar 100µm. 
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Intravital fluorescence video microscopy was performed on days 7, 14, 21 and 
28 after tumor implantation using a vertical illumination fluorescence 
microscope unit (Leica, Germany) equipped with x-4 and x-40 objectives and 
fluorescence filter systems for green and blue light. For off-line analysis, 
regions of interest were recorded on video tapes using an S-VHS videocassette 
recorder and a digital camera. Fluorescein isothiocyanate (FITC)-labelled 
dextran as a plasma marker (Sigma, St. Louis, MO, FITC-Dextran, FD 2000S, 
molecular weight 2.000.000; 0.1 ml of a 5% solution in 0.9% NaCl) was 
injected i.v. to enable visualisation of the microcirculation. 

Functional microvessel density (FVD) was determined as the length of all 
perfused vessels within a tumor in relation to its two-dimensional surface 
[mm/mm²]. 

After sacrificing the animals at the end of experiments, tumors were 
immediately excised with the surrounding tissue of the calvaria and the brain 
for further histopathologic investigation. Tissue samples were fixed for 24-48 
hours by immersion in 4% formalin solution. After decalcification of the bone 
in ethylene-diaminetetraacetic acid for 2 weeks, samples were embedded in 
paraffin and sliced in three-µm serial sections for Hematoxylin-Eosin staining 
and five-µm serial sections for immunohistochemistry. 

To identify endothelial cells and thus to be able to compare qualitatively in vivo 
findings of FVD with histological ex vivo sections, Factor VIII related 
antigen/vWF (Ab-1) polyclonal antibody (Oncogene Research Products, Cat. 
No. PC313, host: rabbit, San Diego) was used for immunohistochemistry. After 
deparaffinization, sections were pre-treated with hyaluronidase in phosphate 
buffered saline (PBS) for 15 minutes and afterwards with pronase in PBS for 30 
minutes at 37°C. Enzymatic digestion was quenched with PBS washings. 
Specimens were then incubated with 5% BSA (Albumin from bovine serum, A-
9647, Sigma, St. Louis, MO) in PBS for 30 minutes at room temperature to 
block endogenous peroxidase. The primary antibody against Factor VIII was 
diluted 1:1000 in 1% BSA PBS and applied to the sections, which were 
incubated over night at 4°C. Sections were then rinsed with tris buffered saline 
(TBS) and incubated for 30 minutes in a peroxidase-conjugated secondary 
antibody (goat anti rabbit IgG, Cat. No. 111-065-047, Dianova, Hamburg, 
Germany) diluted 1:200 in TBS, followed by TBS washings. Afterwards 
samples were incubated with strept-avidin-biotin-complex (StreptABComplex, 
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Product # K 0391, Dako, Glostrup, Denmark) for 30 minutes at room-
temperature and again rinsed in TBS. Sections were then stained with Fast Red 
(Sigma FastTM, F-4648, St. Louis, MO) for 15-30 minutes depending on 
staining intensity. The reaction was stopped by washing with distilled water. 
Sections were counterstained with Mayer’s Hematoxylin (Hämalaun Mayer, 
Art.-Nr. 1A-528, Chroma, Münster, Germany) and mounted with AquaTex 
(AquaTex®, Cat. No. 1.08562, Merck, Darmstadt, Germany). Treatment 
procedures for control specimen were the same except for omitting the primary 
antibody. 

If not indicated otherwise, numerical data are presented as median with 25% 
and 75% quartile. Using the software program SigmaStat® for Windows 
(Version 2.03, SPSS, Chicago, IL), data were analysed statistically with 
ANOVA. If ANOVA was passed, Student-Newman-Keuls method was applied 
for pair wise multiple-comparison procedures. Differences were considered 
significant at p<0.05. 

RESULTS 

After waking up from anaesthesia, within 12 to 24 hours animals recovered 
from surgery and showed species-specific behaviour in eating, drinking, 
sleeping, and being awake. Signs of pain or stress have not been observed. 

Haemorrhages within the implanted tumor and the surrounding tissue, known to 
occur during the process of angiogenesis 15, were observed within 4 days after 
implantation in all tumor species (mean ± SD; Saos-2: 72 ± 0h; A 549: 48 ± 0h; 
PC-3: 54 ± 12h). First newly formed vessels were observed within 5 days after 
implantation in all tumors (mean ± SD; Saos-2: 108 ± 13h; A 549: 75 ± 9h; PC-
3: 96 ± 34h) followed by a rapid onset of perfusion in these vessels (mean ± 
SD; Saos-2: 124 ± 10h; A 549: 120 ± 0h; PC-3: 130 ± 27h). Intravital 
microscopy proved that the initial origin of the angiogenic sprouting was the 
surrounding bone. However, we cannot exclude that during further invasive 
growth, tumors may have also recruited additional blood vessels from 
surrounding soft tissues. 

In all cases typical growth behaviour of solid malignant tumors was observed 
(Fig. 2A). In the PC-3 group, 2 out of 5 animals had to be sacrificed on days 14 
and 21 due to rapid tumor growth leading to a detachment of the glass cover slip 
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from the cranium. FVD increased significantly between day 7 and day 14 after 
tumor implantation in all tumors, reaching a plateau between days 14 and 28 
(Fig. 2B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In all cases typical growth behaviour of solid malignant tumors was observed 
(Fig. 2A). In the PC-3 group, 2 out of 5 animals had to be sacrificed on days 14 
and 21 due to rapid tumor growth leading to a detachment of the glass cover slip 
from the cranium. FVD increased significantly between day 7 and day 14 after 

Figure 2: (A) Two-dimensional tumour surface (ATum) over time. y-axis: tumour 
surface (ATUM mm²), x-axis: time in days after implantation, *p<0.05 versus day 7, 
#p<0.05 versus Saos-2, Student-Newman-Keuls Method. (B) Functional vessel 
density (FVD) over time. y-axis: functional vessel density (FVD mm/mm²), x-axis: 
time in days after implantation, *p<0.05 versus day 7, Student-Newman-Keuls 
Method.  
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tumor implantation in all tumors, reaching a plateau between days 14 and 28 
(Fig. 2B). 

Results of tumor growth and immunohistochemistry are demonstrated 
macroscopically and microscopically exemplary demonstrating A 549 in Figure 
1C, D, E, and F. Growth of all implanted tumor chunks was controlled 
histologically in all cranial window preparations after termination of the 
experiments. The tumor dimensions visible in the H&E stained tissue slices ex 
vivo correlated with the tumor sizes quantified in vivo by standardised digital 
photography, showing that Saos-2 tumors had the smallest dimensions of all 
tumors at the end of the experiments (Figure 1C, D, and E). Histology revealed 
that Saos-2, A 549, and PC-3 tumors infiltrated the adjoining tissue of the 
cranium (Figure 1E). PC-3 tumors had the most aggressive growth, infiltrating 
additionally the brain tissue in two cases. 

Immunohistochemical staining against Factor VIII/vWF showed different 
distributions and local densities of blood vessels in the different tumor species 
(Figure 1F). In Saos-2 tumors, vessels were mainly visible in the surface 
regions of the tumor. In A 549 and PC-3 tumors, vessels were homogeneously 
distributed within the entire tumor mass. 

DISCUSSION 

This new cranial window preparation following an established cranial window, 
in which the brain serves as the implant site for tumors 5, allows continuous 
quantitative and qualitative in vivo analysis of primary and secondary bone 
tumors over several weeks. The present surgical preparation was tolerated by 
the animals without causing side effects such as signs of pain and stress or 
abnormal behaviour in the wake-sleep cycle or eating and drinking. Implanted 
solid tumors maintained their natural growth behaviour with signs of 
malignancy such as infiltration of the bone and surrounding tissue. There are 
however limitations to using this investigative model with extremely rapidly 
growing tumors, due to the restricted space in the cranial window preparation 
and the rigidity of the surrounding calvaria and the glass cover slip. Such 
tumors might cause either detachment of the glass cover slip, thus destroying 
the preparation, or compression or infiltration of the brain tissue, thus leading to 
neurological deficits. This happened in the PC-3 prostate carcinoma. However, 
the fast growing PC-3 tumor still imitated its natural growth behaviour with 
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malignant infiltration of the surrounding tissue. Since intravital microscopy 
enables investigation on a daily basis, even in fast growing tumors, 
contemporary analyses are possible. Fast growing tumors might thus be suitable 
to investigate the therapeutic effects of therapies that potentially inhibit tumor 
growth very strongly. The survival of animals seems to be limited by side 
effects of the tumor growth and not by the surgical preparation of the cranial 
window itself. Observation time periods of more than 4 weeks should be 
reasonable using adequate tumors. 

Intravital microscopy is an internationally accepted experimental method, used 
in various acute and chronic animal models, that enables qualitative and 
quantitative analysis of the angiogenesis, microcirculation, microvascular 
perfusion, leukocyte-endothelium interaction, growth behaviour, changes of the 
micro milieu etc. of various benign and malignant tissues 8,16,17. Non-invasive 
investigations of up to several weeks are possible. A main advantage of 
intravital microscopy is the establishment of a possible link between in vivo and 
ex vivo experiments in order to better verify and understand data obtained in 
vivo by ex vivo methods and vice versa. Subsequent to the in vivo experiments, 
tissue samples can be easily excised and further examined by various ex vivo 
methods such as histology, immunohistochemistry, in situ hybridisation, and 
TUNEL. 

The present method is reproducible and mimics tumor growth as it is observed 
in humans. It is therefore suitable to investigate the growth behaviour of 
different solid primary and secondary bone tumors orthotopically. In addition, 
the model provides an excellent opportunity to analyse the therapeutic potential 
of different therapy regimes such as chemotherapy, radiation and anti-
angiogenesis, either alone or in combination. 
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