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Functional vasculature is vital for tumor growth, proliferation, and metastasis. 

Many tumor-specific vascular targeting agents (VTAs) aim to destroy this essential 

tumor vasculature to induce indirect tumor cell death via oxygen and nutrition 

deprivation. The tumor angiogenesis-inhibiting anti-angiogenics (AIs) and the 

established tumor vessel targeting vascular disrupting agents (VDAs) are the two major 

players in the vascular targeting field. Combination of VTAs with conventional therapies 

or with each other, have been shown to have additive or supra-additive effects on tumor 

control and treatment. Pathophysiological changes post-VTA treatment in terms of 

structural and vessel function changes are important parameters to characterize the 

treatment efficacy. Despite the abundance of information regarding these parameters 

acquired using various techniques, there remains a need for a quantitative, real-time, 

and direct observation of these phenomenon in live animals. Through this research we 

aspired to develop a spectral imaging based mouse tumor system for real-time in vivo 

microvessel structure and functional measurements for VTA characterization. A model 

tumor system for window chamber studies was identified, and then combinatorial effects 

of VDA and AI were characterized in model tumor system. 
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CHAPTER 1 
INTRODUCTION 

Tumor versus Normal Vasculature 

Under normal physiological conditions, ‘angiogenesis’ or sprouting of new vessels 

is a tightly controlled mechanism with the pro-angiogenic factors delicately balancing 

the anti-angiogenic factors[1]. Such physiological angiogenesis is required during fetal 

growth, wound healing process as well as in female reproductive system. The resulting 

vasculature is uniformly structured and well oxygenated.  

As opposed to normal angiogenesis, pathological conditions such as tumors cause 

an imbalance between pro- and anti-angiogenic factors in favor of the pro-angiogenic 

side, resulting in accelerated vessel growth. Such enhanced vascular development is 

initiated by tumors to fulfill the excessive oxygen and nutrients requirements of their 

rapidly growing tumor mass. The resulting tumor vasculature greatly differs from normal 

vasculature in both structural and molecular aspects.  

In most big tumors the core remains comparatively non-vascularized. Vasculature 

in the remaining tumor areas is often found to be leaky, unorganized, and deformed 

resulting in a vasculature system which is maximally stimulated yet minimally fulfilling 

the metabolic needs of the host tumor mass[2]. Other vascular abnormalities include 

temporary occlusions, rapidly dividing endothelial cells, blind ends, and a reduction in 

pericytes[3]. This results in heterogeneously distributed hostile micro-milieus within the 

tumor mass characterized by parameters such as hypoxia, hypoglycemia, extra-cellular 

acidosis etc. These hostile parameters may directly or indirectly be responsible for 

inducing angiogenesis, selection of aggressive cells, tumor progression and acquired 

treatment resistance. 
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It has been observed that in order to initiate aggressive vessel development, 

tumors rely on numerous triggering mechanisms such hypoxia, hypoglycemia, 

oncogenic transformations, or autocrine growth factor loops[4]. For example hypoxia, or 

oxygen deprivation, accelerates angiogenesis in tumors via increase in the hypoxia-

inducible transcription factor-1α (HIF-1α), which in turn up-regulates the vascular 

endothelial growth factor (VEGF). VEGF is considered among one of the most important 

regulators of angiogenesis. On the other hand, hypoglycemia, or nutrient deprivation, 

induces VEGF expression through a pathway completely independent of HIF. Growing 

tumor mass is commonly inflicted with hypoxic and hypoglycemic insults due to 

mismatch in demand and supply rate. Such pathological angiogenesis can thus be 

called as inherent characteristics of the solid tumors. 

Vascular Targeting for Tumor Therapy 

Despite its abnormal structure and function, active tumor vasculature remains 

crucial for tumor growth, proliferation and metastasis [5]. Tumor vasculature plays 

essential role in tumor survival, tumor metastasis and progression, and in controlling the 

tumor microenvironment, thereby influencing conventional therapies[6]. Targeting tumor 

vasculature could thus have devastating effects on the tumor. When compromised, 

impaired tumor vasculature may result in indirect tumor cell death via nutrient 

deprivation and impaired waste product drainage. Vascular targeting thus makes a 

promising therapeutic target for tumor treatment and strategies targeting tumor blood 

vessels have been actively developed over the years[7-11]. 

The idea of exploiting the tumor vasculature as a form of treatment has been 

around since mid-1800s, with numerous strategies including bacterial inductions, use of 

lead colloids and arsenicals, and colchicines implemented through 1900s.  A radical 
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approach took roots during 1980’s when Juliana Denekamp proposed to use the 

specificity of tumor endothelial cells as a targeting approach. She suggested that the 

much higher proliferation rate of tumor endothelial cells compared to normal tissue 

could be specifically targeted to destroy the tumor vasculature. Recently this approach 

has gained momentum and a number of different agents are being developed 

selectively and specifically targeting the tumor vasculature without damaging the normal 

vasculature[5, 12-16]. Collectively these agents are known as ‘Vascular Targeting 

Agents’ (VTAs). 

Vascular Disrupting Agents and Anti-angiogenic Agents 

The vascular disrupting agents (VDAs) and angiogenic inhibitors (AIs) are two 

major types of vascular targeting agents currently being investigated for tumor therapy 

with distinct mechanisms of action, disparate treatment regimens and unique treatment 

application and outcomes [17]. While vascular disrupting agents (VDAs) utilize the 

inherent differences between normal and tumor vasculature to destroy the well-

established tumor vessels [5, 12-16], the angiogenesis inhibitors' (AIs) primary function 

is to inhibit new vessel formation by interfering with the key signaling pathways essential 

for neo-angiogenesis [9, 10, 18-21]. It has been hypothesized that these two distinct 

and non-overlapping therapeutic approaches can be used in a synergistic manner to 

achieve additive therapeutic benefit, either in combination with regular chemotherapy or 

radiation, or in combination with each other [6, 22-26].  

OXi4503 and Other Vascular Disrupting Agents  

Vascular disrupting agents essentially refer to all the agents which aim at 

destroying the well-established tumor microvasculature without damaging the normal 

vessels. These agents range from physical treatments such as hyperthermia or 
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photodynamic therapy (PTD), to induction of cytokines such as tumor necrotic factor 

(TNF) and interleukins, chemotherapeutics such as Vinca alkaloids and arsenic trioxide 

(ATO), antibodies, peptides, and growth factors that selectively bind to tumor vessels 

and ultimately destroy them[6]. 

Small-molecule vascular targeting agents are rapidly becoming the most popular 

VDAs[6]. As evident from Table 1-1, majority of VDAs in clinical trials use inhibition of 

tubulin assembly as their mechanism of action[1]. 

Table 1-1. Small-molecule VDAs in active clinical development. Adopted from[1]  

Compound Mechanism Current 
development 
status 

Tumor blood 
flow 
reductions in 
patients 

Company 

CA4P 
(Zybrestat) 

Tubulin 
depolymerizing agent 

Phase II and III 
clinical trials 
ongoing 

Yes OXiGENE, Inc. 

DMXAA 
(ASA404) 

TNF induction Phase II clinical 
trials completed 

Yes Antisoma/Nov
artis 

MN-029 
(Denebulin) 

Tubulin 
depolymerizing agent 

Phase I clinical 
trials completed 

Yes Medicinova 

AVE8062 
(AC7700) 

Tubulin 
depolymerizing agent 

Phase I clinical 
trials ongoing 

Yes Sanofi-Aventis 

ZD6126 Tubulin 
depolymerizing agent 

Phase I clinical 
trials completed 

Yes Angiogene 
Pharmaceutica
ls Ltd 

OXi4503 Tubulin 
depolymerizing agent 

Phase I clinical 
trials ongoing 

Studies 
ongoing 

OXiGENE, Inc 

NPI2358 Tubulin 
depolymerizing agent 

Phase I clinical 
trials ongoing 

Studies 
ongoing 

Nereus 
Pharmaceutica
ls 

CYT997 Tubulin 
depolymerizing agent 

Phase I clinical 
trials ongoing 

Studies 
ongoing 

Cytopia 

MPC-6827 Tubulin 
depolymerizing agent 

Phase I clinical 
trials ongoing 

Studies 
ongoing 

Myriad 
Pharmaceutica
ls 

 
There are two major sub-categories of small molecule VDAs. The first sub-

category utilizes the cytokine induction capacity of agents like flavone acetic acid (FAA) 
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and its derivative 5, 6-dimethylxanthenone-4-acetic acid (DMXAA). The second sub-

category utilizes the tubulin-binding capability of agents such as Combretastatin A4 

Phosphate (CA4P), the phosphate prodrug of N-acetyl-colchinol (ZD6126), Ave8062, 

NPI2358, MN-029, and OXi4503. 

OXi4503 is the diphosphate prodrug of Combretastatin A1 (CA1), which along with 

its predecessor Combretastatin A4 Phosphate (CA4P) is isolated from the South African 

tree Combretum Caffrum and is considered to be among the most potent tubulin binding 

agents[27].   When used as a single agent against the murine breast adenocarcinoma 

CaNT , the murine colon tumor MAC29, the human adenocarcinoma MDA-MB-231 and 

the murine myocardial endothelioma MHEC5-T, OXi4503 exhibits a stronger 

antivascular and antitumor effect than CA4P[27]. Oxi4503 has been shown to retard 

tumor growth in a dose-dependent manner and improved survival in murine model of 

colorectal liver metastases[28]. CA4P, the analogue of OXi4503, has been shown to 

enhance the effects of radiation, hyperthermia, chemotherapy, and radio-

immunotherapy[3]. 

Studies have shown that this second generation vascular disrupting agent 

OXi4503 not only possesses significant antivascular effects in solid tumors but also 

follows a similar treatment-response -trend after subsequent repeat treatments[3]. 

OXi4503 preferentially binds to the α-tubulin subunits inside the dividing 

endothelial cells, thereby preventing the formation of microtubules. The cytoskeleton of 

the proliferating endothelial cells gets disrupted which in turn results in endothelial cell 

shape changes. The endothelial cells round up, detach from the vascular wall, and 

finally the vascular wall collapses. This vascular collapse and the subsequent thrombus 
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formation blocks the vessel blood supply resulting in tumor cell death and extensive 

necrosis due to lack of oxygen, nutrition, and metabolic waste removal[3, 29]. 

While experimental evidence has confirmed the selective tumor vessel targeting 

and immediate microvascular destruction capacity of OXi4503, the ‘viable rim’ problem 

is still not overcome even after using the maximum tolerable doses (MTD) of the 

drug[28]. Since the peripheral tumor cells obtain nutrition mainly from the surrounding 

normal vessels, these few peripheral tumor cells survive resulting in incomplete tumor 

destruction. Consequently, a combination therapy of OXi4503 with traditional anticancer 

therapies is suggested for complete tumor eradication [3]. 

Anti-VEGF Angiogenesis Inhibitor Avastin 

The idea that tumor angiogenesis was mediated by diffusible factors expressed by 

tumor cells [30], and that anti-angiogenic strategies might be effective against tumors 

[31] have been around since the 1960’s and 70’s. Since then a number of tumor 

angiogenesis-inducing, and possible anti-angiogenic factors, such as epidermal growth 

factor (EGF), transforming growth factor (TNF)-α, TGF-β, tumor-necrosos factor-α and 

angiotensin have been reported [32]. 

The vascular endothelial growth factor (VEGF, also known as VEGF-A) is a key 

regulator of angiogenesis, and the role of the VEGF gene family in the regulation of 

angiogenesis has been keenly studied [33]. While the complex process of assembly and 

maturation of the vessel wall is co-ordinated by several factors such as angiopoietins, 

platelet-derived growth factor B (PDGF-B) etc [34], VEGF-A is responsible for a rate-

limiting step in normal and pathological blood vessel growth [35].  

Studies have reported VEGF expression in many human tumors including lung 

[36], breast [37], gastrointestinal tract [38], renal [39] and ovarian carcinomas [40]. 
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Renal cell carcinomas have been reported to have particularly high VEGF expressions. 

A mouse anti-human VEGF monoclonal antibody, known as A.4.6.1, has been known to 

possess tumor growth inhibition potential several mouse tumor models [41-44]. 

Avastin or Bevacizumab is the humanized form of the mouse anti-VEGF 

monoclonal antibody A.4.6.1. Similar to the mouse antibody, Avastin binds and 

neutralizes all human VEGF-A isoforms, but does not neutralize other members of the 

VEGF gene family [35, 45]. The pharmacokinetic properties of Avastin have been 

studied and its terminal half-life has been reported as 17-21 days [46]. After extensive 

preclinical [45, 47, 48] and clinical studies [49-53], Avastin has been approved by FDA 

for clinical use as a first-line therapy for metastatic colorectal cancer. 

Need for Combinatorial Approach 

Despite their efficacy in terms of vascular damage and tumor cell kill, the VDAs 

suffer from a classical Achilles' heel, often referred to as the "viable rim". The tumor 

periphery being mainly supplied by the normal host vasculature undestroyed by the 

VDA, helps sustain nearby tumor cells. Thus VDAs alone tend to be non-curative as a 

single therapeutic agent [3, 15]. Hence, combination of VDAs with other therapies is a 

logical step in order to achieve complete tumor therapy. The rationale behind 

combination of a VDA such as CA4P with radiation is well explained by Landuyt et al 

[25] as follows. They hypothesized an additive antitumor effect with the combination of 

the direct tumor cell kill achieved by irradiation and the majorly indirect tumor necrosis 

due to CA4P. Their logic being that the ionizing radiation would be more effective, 

especially in case of large tumors, in the proliferating and host vessel-supplied tumor 

periphery region, whereas CA4P would achieve indirect tumor cell death, including that 

of the hypoxic radio-resistant cells. Corroborating similar additive co-operation, Li et al 
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have reported that CA4P was able to significantly improve tumor therapy when 

administered 0.5-1 hour post- radiation or chemotherapy [54].   

Angiogenesis inhibiting agents are unlikely be used as a single agent tumor 

therapeutics either. Tumor progression during the course of treatment is a major reason 

for therapy failure. Tumor growth and metastasis being dependent on angiogenesis, the 

merit of AIs mostly lies in disease control as opposed to tumor cell kill [23, 55]. Evidence 

suggests that cytotoxic therapies including radiation therapy can initiate tumor 

angiogenesis [56]. Hence the need for combination of AIs with conventional treatment is 

justified.  

Several studies so far have demonstrated that scheduling of the VTAs with 

traditional chemo- and radio- therapy produce better outcomes than using VTAs alone 

[25, 57-59]. Furthermore, the combination of AIs with VDAs is believed to have potential 

for even more comprehensive tumor therapy [24-26]. Since the AIs, VDAs and 

conventional treatments such as chemo- and radio-therapy accomplish tumor damage 

via altogether different mechanisms and can have non-interfering treatment schedules; 

it makes sense to utilize these means to treat the tumors by attacking from as many 

fronts as possible.  

Even though, at first thought, it would seem that VDAs and AIs might result in 

hindered tumor blood perfusion and reduced oxygen concentration by disrupting tumor 

vasculature or reducing tumor vessel density, several studies have shown conflicting 

data regarding tumor perfusion and oxygenation as well summarized in the review by 

Horsman et al. [6]. The effects of VDAs on tumor pathophysiology are relatively less 

controversial with typical reduction of tumor perfusion between 1-6 hours post-VDA and 
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recovery at later time points, with the degree and duration of the vascular shut down 

being dependent on the drug type, dosage, and tumor type [6]. On the contrary, AIs 

have been reported to induce extremely contradicting results in terms of vessel density, 

tumor oxygenation, and blood perfusion in different tumors evaluated using different 

methods [6].  Therefore we concluded that further investigation and in-depth 

characterization of VTA response was needed for their better utilization in tumor 

therapy.  

Evaluation Tools for Vascular Targeting Therapy 

Tumor oxygenation measurement is considered as a classical evaluation endpoint 

from techniques such as the Eppendorf polarographic oxygen electrodes [60-62], 

hypoxic markers [63-65], or radiation response assays [66-68] for characterization of AI 

efficacy, often times with conflicting results. On the other hand, characterization of VDA 

efficacy is performed in preclinical and clinical studies, by using conventional assays for 

tumor perfusion, blood flow, vascular structure, vessel permeability, and vascular 

damage in tumor and normal tissue [28, 29, 69-71].  Though useful, some of these 

methods are unable to provide real-time serial information in vivo, and require animal 

sacrifice at the point of measurement. For observing real-time in vivo changes after 

VDA treatments, Sheng et al used microsphere fluorescence and assessed tumor blood 

flow in murine flank tumors after OXi4503 treatment [27]. Several other techniques such 

as MRI and PET can also be used to observe blood flow changes, tumor perfusion , and 

vascular permeability [3, 72], but are unable to provide microvascular resolution. To 

obtain microvessel function data and to observe serial morphological changes after 

VDA treatment, Tozer et al have employed multi-photon fluorescence microscopy 

measurements in their window chamber models [73]. 
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We thought it important to look at microvessel oxygenation for VTA 

characterization, not only because they induce oxygenation fluctuations, but also due to 

the relevance of tumor oxygen status for other therapeutic modalities. As we know, 

oxygenation of a vessel depends on several factors such as hemoglobin saturation 

(HbSat), perfusion, and red cell flux [74, 75]. Spectral imaging enabled us to provide 

direct information regarding microvessel oxygenation in terms of HbSat.  

Motivation and Goal of Research 

Development of novel VTAs holds promise for effective tumor treatment. 

Combination of VTAs with conventional therapies or with each other, have been shown 

to have additive or supra-additive effects on tumor control and therapy. Thorough 

preclinical evaluation of these drugs in live animal models is essential prior to human 

trials. Pathophysiological changes post-VTA treatment in terms of structural and vessel 

function changes are important parameters to characterize the treatment efficacy and 

optimize treatment regimen. Despite the abundance of information regarding these 

parameters acquired using various techniques, there remains a need for a quantitative, 

real-time, and direct observation of these phenomenon in live animals. Through this 

research we aspired to develop a spectral imaging based mouse tumor system for real-

time in vivo microvessel structure and functional measurements for VTA 

characterization. A model tumor system for window chamber studies was identified, and 

then combinatorial effects of VDA and AI were characterized in model tumor system. 

Specifically, we studied the effect of individual as well as combinatorial treatment 

of human renal carcinomas (Caki-1 tumors) with two different VTAs (OXi4503, a tubular 

binding vascular disrupting agent; and Avastin, an anti-VEGF angiogenesis inhibitor) 

using our mouse window chamber model and spectral imaging system. We were able to 
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provide further insights in the working of these drugs and study their effects on tumor 

vessel pathophysiology. The eventual goal of this research is the in-depth 

characterization and optimal combinatorial scheduling of VTAs with conventional 

therapies. 
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CHAPTER 2 
MOUSE MODEL AND SPECTRAL IMAGING SYSTEM: AN INTRODUCTION 

Window Chamber Mouse Model: Background 

The rodent dorsal skinfold window chambers have been used for a long time to 

non-invasively study blood vessels. The chamber model has been used for 

microcirculatory studies [76, 77], study of endometriosis [78], and studies of tumor 

microvasculature and angiogenesis [79-81]. Early tumor growth and angiogenesis has 

been recorded by Li et al [82] by injecting 20 to 30 fluorescently labeled tumor cells into 

the window chamber and monitoring the tumor growth right from the initiation stages, 

along with tumor cell migration toward and around the existing host microvessels. 

Modified window chambers have been successfully used in rats, hamsters, as well 

as mice [76, 77]. Imaging techniques such as confocal and multiphoton microscopy 

have been used with the window chamber to image fluorescently labeled cells as well 

as unlabeled extracellular matrix components [83-85].  

We used the window chamber model in our work to look at tumors, tumor and 

normal microvasculature, blood hemoglobin saturation, and blood flow. Several intra-

vital imaging modalities such as brightfield imaging, fluorescent imaging, Laser 

scanning microscopy, and spectral imaging were successfully employed in live tumor-

bearing mice. 

Our window chamber mouse model with the window chamber implanted on a nude 

mouse is depicted in Figure 2-1.  
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Figure 2-1.  The window chamber model. Figure 2-1a shows the window chamber 
implanted on a healthy nude mouse. Figure 2-1b demonstrates the 4T1 tumor 
growing at the implantation site in the window chamber indicated by the 
dashed circle, several days after implantation. 
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Spectral Imaging: Background 

Spectral imaging is a very advantageous combination of spectroscopy methods 

with imaging modalities. It is a great tool that allows us to simultaneously study multiple 

features such as organelles and proteins both qualitatively as well as quantitatively. 

Even though both spectroscopy and imaging techniques are well established in their 

respective fields, their combination is a relatively novel concept with great possibilities 

yet to be explored. The need to measure the spectrum each point of the image often 

leads to long acquisition times. For practical use in biomedical applications, 

compromises are made to reduce the acquisition times in a tolerable range [86]. 

Spectral imaging requires imaging the same object multiple times, with each 

image being taken at a different wavelength, thus creating a three-dimensional data set. 

As depicted in Figure 2-2, the spectral data acquired at each pixel is the light intensity at 

each wavelength, I(x,y,λ). It can be viewed either as an image I(x,y) at each wavelength 

k, or as a spectrum I(k) at every pixel (x,y).  
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Figure 2-2.  Description of a spectral image data set [86]. As described by Garini et al. 
each point in the 3-D spectral image cube represents a single number and the 
spectral image is described as I(x,y,k). It can be viewed either as an image 
I(x,y) at each wavelength k, or as a spectrum I(k) at every pixel (x,y). 

 

The image acquisition time highly depends on the detection device, which could 

be a single point detector, a line detector, or a 2-D array detector such as a charged 

couple device (CCD). Obviously, if any of these methods are used for image detection, 

the spectral image acquisition could not be performed at once. There are several 

different strategies employed for spectral image acquisition such as, ‘spatial-scan 

methods’, ‘time-scan methods’, ‘ whole spectrum scan methods’, and ‘wavelength scan 

methods’.  
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For obtaining spatial scans, the entire spectrum of a portion of the image at a time 

is measured and the entire image is scanned in such manner. Time-scan methods 

measure a set of images where individual images are a superposition of spectral or 

spatial image information. The actual spectral information is then transformed in the 

actual spectral image using methods such as Fourier transforms. Moreover, the whole 

spectrum measurement methods involve the measurement of entire spectral image at 

once, but in order to do so the spectral or spatial resolution is compromised. 

In wavelength scan methods, one image at one wavelength is captured at a time. 

For a small number of wavelengths color-filters can be used. Otherwise, any of the 

variable filters such as the circular-variable filter (CVF) [87], liquid –crystal tunable filter 

(LCTF) [88], and acousto-optical tunable filter (AOTF) [89] may be used. These filters 

can capture a full spectral image by measuring one image at a time but each time at a 

different wavelength. They enable us to acquire a user-selectable number of 

wavelength images with adjustable exposure time for each separate wavelength.  

Imaging Acquisition and Image Processing: Techniques Used in the Presented 
Research 

Imaging System 

A Zeiss microscope (Carl Zeiss, Inc., Thornwood, NY) was used as the imaging 

platform (Figure 2-3). For transillumination of window chambers, a 100W tungsten 

halogen lamp was used. Images were obtained at 1380 x 1035 pixels and 12 bit 

dynamic range using a CCD camera thermoelectrically cooled to -20°C (DVC Company, 

Austin Texas; Model # 1412AM-T2-FW). The long working distance objectives used 

were 2.5x and 5x fluars, 10x EC Plan-NeoFluar, and a 20x LD-Plan-NeoFluar (Carl 

Zeiss, Inc., Thornwood, NY). Hyperspectral images were obtained via band-limited 
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optical filtering using a C-mounted liquid crystal tunable filter (LCTF) (CRI, Inc., Woburn, 

MA) with a 400-720nm transmission range and a 10 nm nominal bandwidth, placed in 

front of the camera. Images were saved as 16-bit TIF files. Fluorescent images for 4T1-

GFP were taken using a FITC filter set (Carl Zeiss, Inc., Thornwood, NY; Excitation 

range: 450-490nm; Emission range: 515-565nm) at 520nm. 

 

 
 

Figure 2-3.  The Imaging system. The Zeiss-based imaging microscope system is 
shown in Figure2-2a. Figure 2-2b gives a close view of the mouse being 
imaged, placed on the heating pad and breathing through the nose cone. 

 

Image Acquisition 

LabVIEW8 (National Instruments Corp., Austin, TX) was used to prepare a custom 

designed virtual instrument for controlling the tuning of the LCTF filter and operation of 

the CCD camera. The software enabled automated image acquisition using the 

a b 
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specifications for camera exposure time and gain for each filter wavelength. Since the 

LCTF filter transmits less at lower wavelengths and more at higher wavelengths the 

exposure time for the camera had to be controlled such that the full dynamic range of 

the camera was utilized. The minimum exposure time used was 400ms whereas the 

maximum exposure time used was 1400ms, resulting in a typical acquisition time of 

approximately 16ms for image acquisition, filter tuning, image transfer, and saving 

images on external hard drive. One hemoglobin saturation image set comprised of 16 

images acquired in the wavelength range of 500-575nm with an interval of 5nm.  

Image Processing 

Image processing was performed using Matlab software (The Mathworks, Inc., 

Natick, MA). The hyperspectral images acquired using the CCD camera and LCTF filter 

were converted into double-precision arrays for mathematical analysis. The 

mathematical analysis was based on Ross Shonat’s method to solve for hemoglobin 

saturation (HbSat) using linear least squares regression[89]. The model equation used 

is the following: 

𝐎𝐃 𝐢 =  𝐞𝐇𝐛𝐎𝟐 𝐢 ∗  𝐇𝐛𝐎𝟐 ∗ 𝐋 + 𝐞𝐇𝐛𝐑 𝐢 ∗  𝟏 −  𝐇𝐛𝐎𝟐  ∗ 𝐋 + 𝐋𝐒  

  ……….Eqn(1) 

Where,  

OD = optical density (absorbance) at wavelength i (no units),  

eHbO2 = extinction coefficient of oxyhemoglobin at wavelength i (1/(M.cm)), 

[HbO2] = concentration of oxyhemoglobin (M) which is also the hemoglobin 

saturation in this form of the equation, 

eHbR = extinction coefficient of deoxyhemoglobin at wavelength i (1/(M.cm)),   

L = pathlength (cm),  
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LS = scattering term (dimensionless here since it is the product of the pathlength 

and the scattering). In this equation, the scattering is handled in the LS term. 

A rearrangement of the OD function results in the following: 

𝐎𝐃 𝐢 =   𝐞𝐇𝐛𝐎𝟐 𝐢 − 𝐞𝐇𝐛 𝐢  ∗ 𝐇𝐛𝐒𝐚𝐭 + 𝐞𝐇𝐛 𝐢  ∗ 𝐋 ∗ 𝐇𝐛𝐓𝐨𝐭𝐚𝐥 + 𝐋𝐒 

…….Eqn(2) 

Where,  

HbSat = hemoglobin saturation (= [HbO2]/ ([HbO2] + [HbR])), and 

HbTotal = [HbO2] + [HbR].   

If the following substitutions are made,  

a = HbSat*L*HbTotal,  

b = L*HbTotal,  

c = LS,  

eDelta(i) = eHbO2(i)-eHbR(i),  

then the following equation results: 

%𝐎𝐃 𝐢 = 𝐞𝐃𝐞𝐥𝐭𝐚 𝐢 ∗ 𝐚 + 𝐞𝐇𝐛𝐑 𝐢 ∗ 𝐛 + 𝐜 

                                   ……….Eqn(3) 

The function solves this equation for a, b, and c by linear least squares regression, 

and then solves for HbSat by performing a/b. 

The image processing flow diagram is presented in Figure 2-4. 
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Figure 2-4.  Flow diagram depicting the image processing method to obtain hemoglobin 
saturation map from the stack of 16 images obtained via spectral imaging. 

 

Further details regarding the imaging system and image processing can be 

obtained from Sorg et al[90]. 
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CHAPTER 3 
SPECTRAL IMAGING OF WINDOW CHAMBERS: A VERSATILE TOOL FOR 

VASCULAR PATHOLOGY STUDIES 

In the previous chapter an introduction to our mouse window chamber model and 

spectral imaging system was provided. This chapter will now furnish some of our data 

illustrating the versatility and utility of spectral imaging for study of microvasculature.  

Abnormal vasculature, aberrant angiogenesis and oxygenation, or abnormal 

vascular remodeling are characteristic features of numerous pathologies. Qualitative 

and quantitative imaging and measurement of microvessel function may promote 

increased understanding of these diseases. Spectral imaging techniques can be 

effectively used for direct imaging of microvascular function.   

We used spectral imaging to study microvasculature physiology and function in 

live mouse models of various pathological conditions such as cancer tumors, 

thrombosis, and arterio-venous malformations.  

Introduction 

Imaging and measurement of microvessel function can be important to increase 

understanding of various diseases. Numerous pathologies include hypervascularity, 

aberrant angiogenesis, or abnormal vascular remodeling among the characteristic 

features of the disease [91-93]. For example, the microvasculature of solid tumors is 

structurally and functionally abnormal [94, 95] foot ulcerations can occur in diabetes 

mellitus patients due to impaired angiogenesis and poor vascularization [96, 97] 

angiogenesis that forms abnormal microvasculature can sustain chronic inflammation in 

rheumatoid arthritis [98, 99] and epidermal hyperplasia is a characteristic of psoriatic 

skin lesions [100]. Many ophthalmic diseases, such as diabetic retinopathy and sensile 

vascular degeneration, also have an underlying microvascular component [101, 102].  
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Several optical techniques are useful for direct imaging of microvascular 

morphology and function either clinically or in preclinical animal models. Intravascular 

fluorescence contrast agents can be used for imaging of microvessel morphology in 

some tissues with wide-field fluorescence imaging �(e.g., retinal angiography with 

sodium fluorescein [103]) or multiphoton microscopy using dyes or quantum dots [104]. 

Multiphoton microscopy can also be used to measure microvessel blood velocity [105], 

permeability [106], and relative oxygenation [107] in animal models. Relative 

microvessel profusion can be measured with laser Doppler and speckle contrast 

techniques [108, 109]. Photoacoustic tomography and microscopy can be used to 

measure microvascular morphology and relative vessel oxygenation [110, 111].[112]. 

Optical coherence tomography (OCT) can be a particularly versatile optical modality for 

microvasculature imaging and measurements. Blood velocity can be measured [113-

115] with Doppler OCT, relative microvessel oxygenation can be measured with 

spectroscopic OCT methods [116-119], microvessel hematocrit can be measured from 

scattering attenuation by red blood cells [120], and speckle variance processing can 

provide contrast for microvessel morphology imaging [121].  

Spectral imaging can be used to assess microvascular oxygen transport function 

in microvessel networks through measurements of hemoglobin saturation. Spectral 

imaging of microvessels with high resolution is limited to superficial tissue microvessels 

and the best results are often obtained invasively with animal models; thus, the utility of 

spectral imaging measurements of microvascular function may potentially be applied 

best in the preclinical setting. Depending on instrument capabilities and the animal 

model used, correlations in hemoglobin saturation can be obtained throughout a 
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microvessel network with high spatial and temporal resolution. Several researchers 

have used spectral imaging in preclinical models to measure microvascular hemoglobin 

saturation in mesentery tissue [122], cremaster muscle [123], rodent dorsal skin-fold 

window chambers [122-126], and cerebrum [109, 127]. In this chapter, we highlight 

novel observations made with our intravital microscopy spectral imaging system used 

with mouse dorsal skin-fold window chambers for imaging hemoglobin saturation in 

microvessel networks. Specifically, we image acute oxygenation fluctuations in a tumor 

microvessel network, the formation of spontaneous and induced microvascular 

thrombosis and occlusions.  

Materials and Methods 

Details about the mouse model and spectral imaging system can be found in 

previous chapter. 

Methods for Tumor Vessel Acute Oxygenation Fluctuations 

Preparation of fluorescent red blood cells 

RBCs were fluorescently labeled by using a modification of the procedure by 

Unthank et al. [128]. RBCs obtained from donor mice were labeled with a 1mg/ml stock 

solution of Carbocyanine dye 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine, 

4-chlorobenzenesulfonate salt (DiD solid, Invitrogen, D-7757) dissolved in ethanol. DiD 

(excitation 644nm=emission 665nm) was chosen as the lipid membrane labeling 

solution because it is an analog of the commonly used DiI dye (ex 549nm, em 565nm), 

but with a markedly redshifted fluorescence excitation and emission spectrum to 

minimize interference of RBC flux measurements with hemoglobin saturation 

measurements (500–575nm). RBCs obtained by cardiac puncture from a donor mouse 

were washed twice via centrifugation and resuspension in phosphate buffered saline 



 

37 

(PBS). The cells were labeled by adding 100 μl of cells and 100 μl of DiD stock solution 

to 10 ml of sterile PBS. The solution was incubated at room temperature for 30 min and 

agitated every 10 min to ensure suspension of the RBCs. After labeling, the RBCs were 

washed to remove unbound dye and re-suspended in PBS. Immediately prior to an 

imaging session, a 50 μl bolus of packed labeled cells in saline solution (30% V/V) was 

administered to the mouse to be imaged by tail vein injection. An aliquot of DiD labeled 

cells was saved for flow cytometric confirmation of the efficacy of the labeling 

procedure. 

Preparation of 4TO7 tumor cells 

We used 4TO7 mouse mammary adenocarcinoma cells that are non-metastatic 

subclones of the 4T1 cell line with athymic female nude (nu/nu) mice. The tumor cells 

were a gift from Mark W. Dewhirst, Duke University, Durham, North Carolina. The tumor 

cells were cultured as a monolayer in Dulbecco modified Eagle medium (DMEM; 

Mediatech, Manassas, Virginia) with 10% fetal bovine serum (Mediatech, Manassas, 

Virginia) prior to implantation. Cultures were used after one or two passages from 

frozen stocks to ensure recovery from the thermal shock and a normal growth rate. The 

cells were enzymatically dissociated from the flasks (BD Bioscience, San Jose, 

California) using 0.05% trypsin/EDTA (Mediatech, Manassas, Virginia) and counted on 

a hemacytometer to determine the cell concentration to prepare single cell suspensions 

for implantation. The 4TO7 tumors were established at the time of window chamber 

surgery from a 10µL single cell suspension of 5×103 to 10×103 cells injected into the 

subcutaneous tissue immediately prior to placing a 12-mm round glass coverslip over 

the exposed area of the skin. 
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Window surgery, in vivo tumor initiation and tumor imaging 

A titanium window chamber was surgically implanted under anesthesia (ketamine 

100 mg/kg IP (intraperitoneal) and xylazine 10 mg/kg IP) on the back of mice. In this 

window chamber model, one piece of skin was removed completely and replaced with a 

12-mm-diam #2 round glass coverslip (Erie Scientific, Portsmouth, New Hampshire). 

For experiments with tumors, a window chamber tumor was established during chamber 

implantation by injecting 10 µL of a single cell suspension of tumor cells. In survival 

experiments, animals were housed in an environmental chamber with free access to 

food and water and standard 12-h light/dark cycles. 

For imaging, animals were placed on a heating pad attached to the microscope 

stage during the imaging session. A custom-built window chamber holder stably 

secured the window chamber under the microscope objective. The holder was fastened 

to the microscope stage in a manner that enabled the window chamber to be positioned 

under the microscope objective using the standard manual controls on the microscope 

stage. Anesthesia for immobilization during imaging was provided by isoflurane (1 to 

1.5%) in air. In two experiments, an increase in convective oxygen transport was 

induced during imaging by a change in breathing gases from room air to 100% oxygen. 

Image and data processing 

Image processing was performed using software developed with MATLAB (The 

Mathworks, Inc., Natick, Massachusetts ). Images were converted into double-precision 

arrays for mathematical processing. Raw pixel values were converted to absorbance 

values after manually selecting a vascular reference region in the images as estimates 

of unattenuated light.  
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Calibration spectra of oxy- and deoxyhemoglobin obtained with the imaging 

system were used to calculate pixel HbSat values by linear least-squares regression of 

the data in a linear mixing model according to the method of Shonat et al.[129] as 

described previously [90].  

Red blood cell flux imaging 

Fluorescently labeled red blood cells (RBCs) were imaged via streaming video 

using an Andor iXon electron multiplying CCD camera (Andor Technology, South 

Windsor, Connecticut). A Cy5 filter set was used (Chroma Technology Corp., 

Rockingham, Vermont, excitation 640nm with 20nm bandwidth, emission 680nm with 

30nm bandwidth) in line with the illumination source of a Zeiss FluoArc mercury lamp. 

To optimize the resolution of the fast-moving cells, data were acquired in kinetic 

acquisition mode with 2 × 2 binning, using an exposure time of 16:2ms, a shift speed of 

0:564 μs, and a frequency of ∼30 Hz to ensure that images would be captured with 

sufficient temporal resolution. Internal triggering was used to spool data directly to the 

computer hard drive, and 20 s of streaming video was saved every minute for 1 h in 

coordination with the acquisition of spectral imaging data sets. Each frame was saved 

as a tagged image format file (TIFF), resulting in a stack of 600 TIFFs per data point. 

RBC flux was determined by first identifying a region on a vessel of interest where 

flowing RBCs appeared to be in good focus and then manually counting the number of 

labeled cells flowing past the designated location on the vessel over the 20 s time 

interval of data acquisition for the time point. These measurements were converted to 

flux by correcting for the fraction of labeled RBCs versus unlabeled RBCs in the mouse 

blood. The fraction of labeled RBCs was determined by flow cytometry of a blood 
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sample obtained postimaging via retro-orbital puncture performed on the imaged 

mouse. The RBC flux was then calculated by using Eq. (4): 
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where, 

NRBC is the number of fluorescent RBCs counted flowing in the vessel,  

t is the time interval in which NRBC was counted (20 s in this case), and 

NRBC,fluor and NRBC,Total are the number of fluorescent and total RBCs respectively, 

counted by flow cytometry in the post-experiment blood sample. 

RBC velocity was determined from the time required for an individual RBC to 

travel a specific distance in the blood vessel that passed through the region of interest. 

The time interval was determined from the frame rate of fluorescence video imaging. 

The mean velocity of 5–10 randomly selected RBCs from each time point was taken as 

vavg. 

Methods for Induced Thrombus Experiments 

Experiment design summary 

The FeCl3 was applied to the tissue with a piece of paper soaked with the solution 

(dotted outline in Figure 4-1). Venous thrombi gradually formed over approximately 20 

min, resulting in a decreased oxygenation in the venules due to restricted and occluded 

blood flow. Figure 4-2 shows time series images of the region outlined by the small box 

in Figure 4-1, showing the gradual decrease in oxygenation of the venule as thrombi 

form over time. The HbSat values of the indicated region in Figure 4-2 at several time 

points are shown in Figure 4-3. Thrombus formation was independently confirmed by 
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the accumulation of fluorescently labeled platelets throughout the venules. Spectral 

imaging revealed the microvessel network oxygenation changes due to thrombi 

formation in the venules. 

Imaging of thrombus formation was performed as part of experiments to test the 

antithrombotic activity of an angiotensin converting enzyme 2 (ACE2) activator 

compounds to stimulate purported antithrombotic activity of the ACE2/angiotensin- (1-

7)/Mas axis [130, 131]. Vascular injury and thrombus formation were artificially induced 

to demonstrate the effect of the compounds by visualizing platelet adhesion and 

thrombus formation in real time. 

Surgery 

Dorsal skin-fold window chambers were surgically implanted on male athymic 

nude mice (nu/nu) of 9 to 10 weeks of age (Harlan Sprague Dawley, Indianapolis, 

Indiana) as previously described except that a coverslip was not installed for these 

terminal experiments. The exposed subdermal skin of the window chamber was 

maintained under warm saline at 37 °C throughout the experiment. 

Platelet labeling and visualization 

The jugular vein was cannulated for intravenous access. A bolus of 300 µL of 

carboxyfluorescein diacetate succinimidyl ester (Invitrogen, Carlsbad, California) was 

injected via the cannulated jugular vein to visualize platelets. The nonfluorescent 

precursor is taken up by platelets and somewhat by leukocytes where it forms the stable 

and highly fluorescent fluorophore carboxyfluorescein succinimidyl ester �(CFSE) in the 

cells by intracellular cleavage of the acetate groups. The approximate excitation and 

emission peaks of CFSE are 492 and 517 nm, respectively. 
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Thrombus induction  

Thrombus formation was induced using a protocol similar to Katayama et al. [132] 

via topical application for 2 min of 5% FeCl3-soaked paper (3×3 mm) placed on the 

exposed sub-dermal skin region containing the vessel of interest. The piece of paper 

was removed after 2 min and the window was washed twice with warm saline.  

Thrombus imaging 

A vessel of interest with a 70- to 200- µm diameter was selected on the basis of 

un-restricted blood flow and location in the vessel network. Thrombus formation was 

monitored in real time by fluorescence and spectral imaging. Fluorescence video 

images were acquired every minute for 20 s at a 30-frames/s rate with an 

electronmultiplying CCD camera �(Andor Technology, South Windsor, Connecticut)  

and a spectral imaging data set for hemoglobin saturation measurements was acquired 

once every minute, as described previously. Imaging sessions lasted for 20 to 25 min. 

Methods for Arterio-venous Malformation Experiments 

Experiment design summary 

Imaging of pathological anastomoses formation in the form of arteriovenous 

malformations was performed using a mouse model of hereditary hemorrhagic 

telangiectasia (HHT). In this mouse model, the activin-receptor-like kinase 1 (Alk1) gene 

is designed to be deleted by administration of tamoxifen. Details about the generation of 

the Alk1 conditional knockout mice were described previously [133]. Conditional Alk1 

knockout (Alk12f/−) mice were intercrossed with ROSA26CreER/+ mice that ubiquitously 

produce CreER that is a fusion protein of Cre recombinase and a mutated form of the 

estrogen receptor that can be activated by tamoxifen. The experimental group included 
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mice with ROSA26CreER/+ ; /Alk12f/2f and ROSA26CreER/+ ;Alk12f/− genotypes while the 

control groups were ROSA26+/+ ;Alk12f/2f and ROSA26+/+ ;Alk12f/− mice. 

Window chamber wound model 

Window chambers were surgically installed as already described, and a wound 

was created in an avascular area between vessel branches in the center of the window 

chamber using a 16-gauge needle during surgery. Oil-based tamoxifen (Sigma-Aldrich, 

St. Louis, Missouri) was administered intraperitoneally at 2.5 mg/25 g bodyweight to 

control and knockout mice immediately prior to window chamber installation. 

Spectral imaging 

Mice were imaged as already described almost every day for up to 11 days after 

surgery. 

Blood flow imaging 

Blood flow through suspected arteriovenous malformations (AVMs) from arterioles 

to venules was confirmed by tracking fluorescently labeled red blood cells (RBCs). 

Blood from a donor mouse was labeled with the carbocyanine dye 1,1-dioctadecyl-

3,3,3,3-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD solid, 

Invitrogen, D-7757) similar to the procedure used by Unthank et al [128]. A 50µL bolus 

of packed labeled RBCs in saline solution (30% v/v) was administered by tail vein 

injection 1 to 2 days prior to imaging. It was determined from previous experiments that 

for the fraction of labeled cells achieved in vivo with this protocol (1 to 3%), there was 

negligible absorption interference of the dye with the spectral data obtained for 

hemoglobin saturation in the wavelength range employed 40 (500 to 575 nm). 
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Results 

Tumor Microvascular Acute Oxygenation Fluctuations 

Abnormal tumor microvasculature with compromised oxygen transport is known to 

be a major cause of hypoxia in tumors [31, 95, 134]. The biology of tumor cells may be 

different depending  on whether they are exposed to chronic hypoxia or acute hypoxia 

with subsequent reoxygenation [135]. Acute fluctuations in blood flow and oxygen 

supply that are significant enough to cause hypoxia are becoming more appreciated for 

their effects on tumor biology and therapy as even relatively short hypoxic episodes can 

have a potentially profound effect [136, 137]. For example, it has been recently reported 

that tumor metastases have a higher fraction of acutely hypoxic cells than chronically 

hypoxic cells, implying that acutely hypoxic cells have a higher metastatic potential and 

greater probability of impact on therapeutic response [138]. 

Research to characterize acute fluctuations in tumor microvessel oxygenation and 

perfusion requires advanced imaging techniques with microvessel resolution [139]. 

Spectral imaging of tumor microvessel oxygenation may be a useful tool in this effort. 

We previously showed that spectral imaging could be used to measure acute 

fluctuations in tumor microvessel oxygenation [140]. We further demonstrate here how 

spectral imaging can document acute fluctuations in tumor microvessel oxygenation and 

reveal an apparent sensitivity in a tumor microvessel network to supply vessel 

oxygenation fluctuations. 

Figure 3-1 shows a 4TO7 tumor with a diameter of 1.5 to 2.0 mm 9 days after 

implantation of cells. Temporal spectral data was collected every minute for 1 hour. 

Figure 3-2 shows the HbSat image created from one set of spectral data from the data 

in Figure 3-1. Also, red cell flux data was obtained simultaneously every minute for 1 
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hour. An example figure is shown in Figure 3-3. The regions of interest (ROIs) chosen 

for HbSat measurement are indicated in the figures by numbered white squares in 

Figure 3-1. RBC flux was calculated after counting the number of labeled RBCs flowing 

in the vessels close to the ROIs of interest. The plot of HbSat values and RBC flux 

versus time is shown in Figure 3-4 and Figure 3-5. Correlation between the RBC flux 

and HbSat can be observed. 

These results demonstrate that fluctuations in microvessel oxygenation with the 

potential to cause hypoxia can occur in tumors of a relatively small size. The results 

also suggest that a potential source of instability in tumor microvessel oxygenation may 

be due to an exaggerated response in the tumor vessels to oxygenation fluctuations in 

the tumor supply vessels. Gaustad et al. showed that tumor feeding vessels can have a 

significant influence on local perfusion of tumor microvessel network regions [141], thus, 

some correlation between tumor supply vessels and regions of tumor microvessel 

networks could be expected. In previous publications, we showed that in tumors there 

could be direct connections between well and poorly oxygenated microvessels [140, 

142]. If these connections were present in the tumors used in this study, then it is 

possible that dynamic changes in blood flow through these connections contributed to 

the large swings in microvessel oxygenation. 
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Figure 3-1.  Transmitted light image of the tumor microvessel network. It is a 4TO7 
mouse mammary carcinoma with a diameter of 1.5 to 2.0 mm 9 days after 
implantation of cells. White triangles represent regions of interest chosen for 
analysis. A 10× objective was used for imaging (NA of 0.3, working distance 
of 5.5 mm). 
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Figure 3-2.  Hemoglobin saturation image of the tumor microvessel network in Figure 3-
1. The pixels are colored according to the hemoglobin saturation scale to the 
right of the figure. The background is black. Regions of interest for analysis 
are indicated in the figure. 
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Figure 3-3.  Fluorescence image of RBCs labeled with DiD flowing in the tumor 
microvessel network. Images were captured with an electron multiplying CCD 
camera at video rates (30 Hz). 20 s of data were taken every minute of the 
hour-long imaging session, and cells were counted over this time increment 
and then converted to RBC flux measurements. The locations of the regions 
of interest for analysis are indicated in the figure. 
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Figure 3-4.  Plot of RBC flux versus hemoglobin saturation (HbSat) for region of interest 
1 in Figure 3-1. The data points were acquired at 1 min intervals for 1 h. 

 

 

Figure 3-5.  Plot of RBC flux versus hemoglobin saturation (HbSat) for region of interest 
3 in Figure 3-1. The data points were acquired at 1 min intervals for 1 h. 
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Spectral Imaging for Study of Microvascular Occlusions 

Blood vessel occlusions due to thrombus formation can occur in disease and 

pathophysiological processes. In cardiovascular disease, the eruption of an 

atherosclerotic plaque can initiate arterial thrombus formation leading to myocardial 

infarction [143]. There can be a risk of deep vein thrombosis formation after some types 

of surgery or trauma, or in patients with various disorders of the coagulation system 

[144]. Imaging of microvasculature in preclinical models can potentially be useful for 

testing and evaluation of new thrombolytic drugs to dissolve thrombi or 

thromboprophylaxis agents aimed at preventing thrombus formation. Dorsal skin-fold 

window chambers were used with spectral imaging as part of an investigation into the 

antithrombotic activity of a novel ACE2 activating agent [145, 146]. 

Dorsal skin-fold window chambers were used with spectral imaging as part of an 

investigation into the antithrombotic activity of a novel ACE2 activating agent. Figure 3-6 

shows brightfield and HbSat images of a region of tissue in a mouse immediately prior 

to and 21 min after thrombus formation initiated by topical application of FeCl3. The 

FeCl3 was applied to the tissue with a piece of paper soaked with the solution (dotted 

outline in Figure 3-6). Venous thrombi gradually formed over approximately 20 min, 

resulting in a decreased oxygenation in the venules due to restricted and occluded 

blood flow. Figure 3-7 shows time series images of the region outlined by the small box 

in Figure 3-6, showing the gradual decrease in oxygenation of the venule as thrombi 

form over time. The HbSat values of the indicated region in Figure 3-7 at several time 

points are shown in Figure 3-8. Thrombus formation was independently confirmed by 

the accumulation of fluorescently labeled platelets throughout the venules. Spectral 
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imaging revealed the microvessel network oxygenation changes due to thrombi 

formation in the venules. 

 

 

Figure 3-6.  Brightfield and HbSat images are shown before and 21 minutes after topical 
application of FeCl3 to induce thrombus formation. The red dotted line in the 
top left image indicates where the border of the paper soaked with FeCl3 was 
relative to the image area. The yellow box indicates the region shown in the 
images in Figure 3-7 at higher magnification. 
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Figure 3-7.  Brightfield and HbSat time sequence images of thrombus development for 
the region indicated by the yellow box in Figure 3-6. The yellow outlined area 
on the venule in the top left image indicates the ROI used for the HbSat 
measurements shown in Figure 3-8. The arrow in the brightfield image at the 
8-min time point indicates a forming thrombus. 
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Figure 3-8.  Plot of the HbSat in the ROI indicated in Figure 4-2 at various time points 
during thrombus development. The data points in the figure are given as the 
median±interquartile range for the ROI. 

 

Spectral Imaging for Real-Time Imaging of Arterio-Venous Malformations 

Arteriovenous (AV) anastomoses are direct connections between the arterial and 

venous circulation without an intervening capillary bed. These connections can be 

created surgically in larger vessels for a therapeutic purpose such as assistance in the 

treatment of hemodialysis patients [147]. AV anastomoses are naturally present in the 

microcirculation of some normal tissues with highly variable blood flow, such as skin 

[148] and nasal mucosa [149], but they can also arise pathologically as part of a 

disease process. Tumor microvasculature can develop a substantial number of 

pathological AV anastomoses [150]. A high percentage of HHT patients can develop 

AVMs in the brain, lungs, liver, and gastrointestinal tract that can potentially rupture with 

devastating consequences [175,176]. In addition to these visceral AVMs, a majority of 
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HHT patients develop telangiectases in mucocutaneous areas, such as the nasal cavity, 

that result in spontaneous nose bleeding [177]. 

To study the development of skin AVMs, we developed a mouse model using the 

Alk1 gene by intercrossing ROSA26CreER/+ mice with Alk1-conditional knockout  (Alk12f/−) 

mice [133]. We have shown that a wound can induce de novo AVMs in its surroundings 

in adult ROSA26CreER/+ ;Alk12f/− mice (Alk1 mutants hereafter) administered with 

tamoxifen. 

To study the development of skin AVMs, we developed a mouse model using the 

Alk1 gene by intercrossing ROSA26CreER/+ mice with Alk1-conditional knockout (Alk12f/−) 

mice [133]. We have shown that a wound can induce de novo AVMs in its surroundings 

in adult ROSA26CreER/+ ;Alk12f/− mice  (Alk1 mutants hereafter) administered with 

tamoxifen. Figure 3-9 shows AVM development at selected time points stimulated by 

wound healing in the Alk1 mutants. The regions where two AVMs form are indicated in 

the figure. Venules near the wound had increased oxygenation and diameters after 

surgery due to AVM formation. Veins and venules, the most distensible of the blood 

vessels, are sensitive to pressure changes and can markedly dilate with small increases 

in pressure [151]. The increase in venule oxygenation was observed prior to the 

appearance of a clearly identifiable AVM with brightfield or spectral imaging. 

Confirmation of a direct connection between arterioles and venules through AVMs 

was obtained by tracking the flow of fluorescently labeled RBCs administered via tail 

vein injection after spectral imaging. Tracking fluorescently labeled RBCs also enabled 

visualization of the earliest connections between arterioles and venules through 

sprouting vessels that eventually formed AVMs, suggesting that the vascular changes 
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seen in the brightfield and spectral images were induced by these connections. In the 

Alk1 mutants, relatively few nascent sprouts developed at the perimeter of the wound. 

There was extensive formation of stable AVMs that resulted in significant changes 

in the microvasculature adjacent to the wound, including major arterioles and venules, 

that persisted after the wound had healed. Wound healing occurred within the same 

time frame as control animals. Figure 3-10 shows wound healing at selected time points 

in control animals with functional Alk-1. Extensive formation of nascent sprouts occurred 

around the periphery of wounds in control animals during wound healing, but they 

subsided after the wound was healed. There were minor changes in the oxygenation 

and morphology of major vessels and after wound healing the microvasculature 

returned to a more normal state. In contrast to the Alk-1 deletion mice, no AVMs formed 

in control mice and venule oxygenation in control mice was less than in Alk-1 deletion 

animals. This point is illustrated in Table 3-1. Arteriole and venule ROIs were evaluated 

on different days (n=9 for Alk-1 deletion, n=7 for control). The ROIs were located in 

areas near the arrow heads identifying the different vessels in Figs. 3-9 and 3-10. For 

the mice in the figures, the arterioles had similar average saturations throughout the 

observation period but the Alk-1 deletion mice had statistically higher venule saturation 

(see Table 3-1). 
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Figure 3-9.  AVM development in a conditional Alk1 deletion mouse 
(ROSA26CreER/Alk12f/−) stimulated by a wound, where A, arteriole; V, venule; 
and W, wound. The left column shows transmitted light images and the right 
column shows HbSat images. Region where AVMs formed is indicated in the 
day 5 and day 9 images. At day 5, the AVM connections were not obvious but 
clear changes in venule oxygenation could be seen due to the AVMs. The 
arrowheads indicating the arteriole and venule also indicate regions of 
interest where HbSat measurements were obtained. 
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Figure 3-10.  Wound healing in a control mouse: A, arteriole; V, venule; and W, wound. 
The left column shows transmitted light brightfield images and the right 
column shows HbSat images. The arrowheads indicating the arteriole and 
venule also indicate regions of interest where HbSat measurements were 
obtained. Unlike the conditional Alk1 deletion mouse in Figure 3-9, no AVMs 
formed during wound healing. 
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Table 3-1.  Comparison of arteriole and venule saturation in a mouse model of HHT 
during wound healing. 

 

Discussion 

Several optical techniques are useful for direct imaging of microvascular 

morphology and function either clinically or in preclinical animal models. Spectral 

imaging can be used to assess microvascular oxygen transport function in microvessel 

networks through measurements of hemoglobin saturation. Spectral imaging along with 

flurocence imaging techniques was used to study the tumor vessel oxygenation and 

RBC flux simultaneously as show in Figures 3-1-5.  These results indicate that 

oxygenation fluctuations are prevalent in even millimeter size tumors which may 

potentially lead to acute hypoxic conditions in tumors. The study of RBC flux together 

with HbSat of the vessels gives insights regarding the relationship between the blood 

supply and transportation. 

Dangerous and debilitating thrombus formation can be caused by pathological 

conditions such as diabetes, hypertension, and atherosclerosis [178]. Thrombi induced 

from these and similar pathological conditions can result in strokes, pulmonary emboli, 
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and deep venous thrombi among other conditions [178]. Spectral imaging of 

hemoglobin saturation showed the gradual formation of chemically induced thrombi and 

the effects of the thrombi on microcirculation oxygenation in Figures 3-6–9. The time for 

thrombus formation and complete microvessel occlusion could be measured from these 

experiments, and these data may provide additional information besides systemic 

physiological measurements with which to assess local microvessel physiology during a 

thrombotic event. Real-time imaging of thrombus formation and changes in 

microvascular oxygenation can aid in the development and comparison of new 

therapeutic agents designed to treat pathological thrombi by revealing subtle differences 

in the timing and magnitude of drug action on the microvessel physiological response 

and thrombus formation. 

Spectral imaging in a mouse model of HHT in Figures 3-9-10 and Table 3-1 

document the consequences of AVM development in real time. Microvessel 

oxygenation changes during AVM development indicated that AVM formation occurred 

at early time points following angiogenesis stimulation by wound creation, and 

suggested that the formation of the AVM induced changes in microvascular morphology 

and function, particularly in the venules. Venules connected to arterioles through AVMs 

rapidly became dilated and hyperoxygenated compared to normal venules. The 

changes in venule oxygenation were frequently apparent prior to the appearance of a 

clearly identifiable AVM. This is important because previous histologic examination of 

tissue specimens suggested [179,180] that the opposite was the case—that dilation of 

microvessels initiated or at least preceded development of AVMs. A clearer 

understanding of the causes and consequences of AVM formation and tracking the 
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timing of AVM formation may aid in the development of therapies to better treat 

diseases that exhibit this pathology. Our imaging technique may aid in understanding 

the causes of AVM formation and other vascular pathologies at the molecular and 

genetic level using genetically altered mouse models such as the one employed in this 

study. A more detailed description of the animal model and characterization 

experiments with this model can be found in a paper by Park et al [152]. 
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CHAPTER 4 
OXI4503 TREATMENT OF 4T1 AND CAKI-1 TUMORS 

Introduction 

Tumor vasculature is essential for tumor growth, proliferation and metastasis, 

hence numerous methods have been developed to impair tumor vessels with the intent 

of cutting off the tumor blood supply and access to oxygen and nutrients. An array of 

specific tumor vessel targeting strategies emerged after Denekamp et al distinguished 

tumor endothelial cells from normal tissue endothelial cells based on their significantly 

higher proliferation rate [153, 154]. Currently, a number of vascular targeting 

approaches are in development for selective and specific targeting of the tumor vessels 

while sparing the normal tissue vasculature [12-16, 54]. 

Vascular disrupting agents (VDAs) are designed to damage existing tumor blood 

vessels while antiangiogenic therapies such as bevacizumab aim to inhibit new blood 

vessel formation [17]. Combretastatins, initially derived from the South African tree 

Combretum caffrum, represent a class of potent tubulin binding agents with significant 

vascular disrupting activity [15, 155]. Lead agents Combretastatin A4-P (CA4-P) and 

OXi4503 (CA1-P) have been shown to result in time-dependent decreases in tumor 

perfusion, increased tumor vascular permeability, and significant tumor vascular 

damage in a wide variety of preclinical tumor models [15, 27-29]. In the clinic, these 

agents have now entered Phase II/III evaluation [156, 157].  

Despite extensive tumor destruction following VDA therapy, a hallmark of VDA 

treatment is the survival of neoplastic cells at the tumor periphery [156]. This surviving 

‘viable rim’ can lead to subsequent tumor reperfusion and regrowth following drug 

treatment [28, 158]. In preclinical models and some clinical studies, functional and 
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morphological parameters such as tumor perfusion, blood flow, vascular structure, 

permeability and vascular damage are used to evaluate the effect of OXi4503 and CA4-

P on tumor and normal tissue [28, 69, 70, 71, 158]. Some of the methods used cannot 

furnish continuous real-time in vivo information as they require animal euthanasia at the 

respective time-points and do not permit serial follow-up of the same tumor after VDA 

treatment. Hence, several different techniques are used for the in vivo assessment of 

VDA-induced functional and morphological changes in murine and human tumor 

vasculature. For example, Sheng et al used microsphere fluorescence to assess in vivo 

tumor blood flow in murine flank tumors after OXi4503 treatment [27]. Other techniques 

such as magnetic resonance imaging and positron emission tomography can provide 

functional information regarding blood flow, tumor perfusion, and vascular permeability 

[72, 158], however, with poor microvascular resolution. In vivo microscopy techniques 

such as multi-photon fluorescence microscopy in a window chamber model have been 

employed by Tozer et al which provides vascular function data with improved 

microvessel resolution [73], and can be used to simultaneously observe serial 

morphological changes after VDA treatment. 

Spectral imaging is an effective tool for measurement of microvessel vessel 

oxygenation in tumor microvasculature [74, 90, 140]. The oxygenation of a vessel 

depends on several factors such as hemoglobin saturation (HbSat), perfusion and red 

cell flux [74, 159]. In the present study, spectral imaging is used with mouse dorsal skin-

fold window chambers to measure microvascular functional changes in terms of HbSat 

in two different tumors, a mouse mammary carcinoma (4T1) and human renal cell 

carcinoma (Caki-1), during serial treatments with the VDA OXi4503. 
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Materials and Methods 

Tumor Cells 

4T1 mouse mammary adenocarcinoma cells (a gift from Mark W. Dewhirst, Duke 

University Medical Center, Durham, NC) were cultured in DMEM (Cellgro, Inc., 1X, 4.5 

g/l glucose, L-glutamine and sodium pyruvate) containing 10% fetal bovine serum 

(Biowhittaker, Inc.), 1% L-glutamine (Clonogen, Inc.) and 1% penicillin streptomycin 

(Clonogen, Inc.). A single cell suspension of approximately 5×103 to 10×103 cells 

prepared in serum-free DMEM was used to initiate tumors in window chambers of the 

experimental mice.  

Caki-1 tumor xenografts [29] were initiated in a single hind limb of donor mice by 

inoculating with 2×105 to 5×105 tumor cells. Tumors were excised when they reached 

about 200 mm3 in size, and a single cell suspension was prepared in DMEM. About 

1×106 cells were used to initiate a window chamber tumor in the experimental mice. 

Animal Model 

All in vivo procedures were conducted in accordance with a protocol approved by 

University of Florida Institutional Animal Care and Use Committee. Athymic (nu/nu) 

female mice weighing at least 21 g (Charles River Laboratories, Raleigh, NC) were 

surgically implanted with a titanium window chamber on the dorsal skin flap. During 

surgery mice were anesthetized by an IP injection of ketamine (100 mg/kg) and xylazine 

(10 mg/kg). A tumor was initiated in the window chamber during surgery by injecting the 

tumor cells subcutaneously in the dorsal skin flap prior to placing a 12-mm diameter no. 

2 round glass coverslip (Erie Scientific, Portsmouth, NH) over the exposed skin. After 

surgery animals were housed in an environmental chamber maintained at 33˚C and 

50% humidity with free access to food and water and standard 12-h light/dark cycles. 
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Drug Preparation and Experimental Design 

 OXi4503, a gift from OXiGENE, Inc. (Waltham, MA) was administered at a dose 

of 10 mg/kg IP (0.01 ml/g of mouse body weight). The light-sensitive drug was protected 

from light during handling. OXi4503 was suspended in a solution of sterile saline and 50 

μl per ml of 5% sodium carbonate solution before injection. The drug was prepared 

fresh daily. Control groups received an equivalent volume of sterile saline and 5% 

sodium carbonate solution. The tumors were allowed to grow for 7-8 days and the 

treatment was started when tumors reached a size of about 3-4 mm. Spectral imaging 

was performed immediately prior to and post-treatment, and also at 2, 4, 6, 8, 24 and 48 

h post-treatment. After the 48-h imaging time point the mouse was re-treated and the 

same imaging schedule was maintained. The treatment was repeated 3-5 times on 

each of the experimental mice. In all, 5 mice bearing 4T1 tumors were treated with 

OXi4503 and 3 mice were carrier only controls. For Caki-1 tumors the OXi4503 

treatment was performed on 5 mice, while 2 mice received carrier only minus drug. 

Imaging System, Image Acquisition and Image Processing 

The spectral imaging system, image acquisition, and image processing methods 

for hemoglobin saturation measurements were discussed in detail previously [160]. 

Briefly, a Zeiss AxioImager microscope (Carl Zeiss, Inc., Thornwood, NY) was used as 

a basic platform for the imaging system. For transillumination images, a 100-W tungsten 

halogen lamp was used. The long working distance objectives used were 2.5× and 5× 

Fluars, 10× EC Plan-NeoFluar and 20× LD-Plan-NeoFluar (Carl Zeiss, Inc.). For 

spectral information, brightfield transmitted light images were obtained using a CCD 

camera thermoelectrically cooled to -20˚C (DVC Co., Austin, TX; Model no.1412AM-T2-

FW). Band-limited optical filtering was accomplished using a C-mounted liquid crystal 
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tunable filter (CRI, Inc., Woburn, MA) with a 400- to 720-nm transmission range and a 

10-nm nominal bandwidth, placed in front of the CCD camera. LabVIEW8 (National 

Instruments Corp., Austin, TX) was used to automatically control the tuning of the LCTF 

and acquire images with the CCD camera. Microvessel hemoglobin saturation 

measurements and images were created from the spectral image data [89, 90]. 

Results 

During each treatment the tumor vasculature experienced two distinct phases: a 

destruction phase closely followed by a recovery phase. The treatment resulted in a 

combination of three major effects on the tumor vasculature: i) transient vessel collapse, 

ii) permanent vessel disintegration or iii) no structural damage with only temporary 

functional loss. Transient vessel collapse refers to the temporary disappearance of the 

tumor core vessels during the destruction phase of each treatment. These original 

tumor vessels re-emerged during the recovery phase and regained their functionality. 

Tumor core vasculature that underwent vessel disintegration never reappeared 

and in some cases there was evidence of hemorrhaging. Some tumor vessels as well 

as the normal vasculature did not suffer from structural damage but still manifested 

temporary oxygenation changes. 

Treatment of 4T1 Mouse Mammary Carcinomas 

Each 4T1 tumor-bearing mouse (n=5) received 3 serial treatments of OXi4503 

administered every 48 h. Figure 4-1 shows a typical 4T1 tumor treatment progression. 

Prior to OXi4503 administration, the tumor vessels as well as the normal vasculature 

were intact and functional with ample oxygenated blood supply (Figure 4-1A, B). At 2-h 

post OXi4503 treatment, structural collapse of the tumor vasculature was observed 

(Figure 4-1E) accompanied with significant reduction in oxygenation (Figure 4-1F) with 
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initiation of minor vessel breakdown in some areas of the tumor. Progressive vessel 

disintegration advanced from the tumor core towards the periphery between 2-8 h post-

treatment resulting in functional loss in the tumor core (disintegrated vascular network 

highlighted in Figure 4-1G, H). Some tumor vessels did not exhibit permanent structural 

alterations and instead temporarily lost functionality (example vessel highlighted in 

Figure 4-1I, J). As a result of the structural breakdown, the oxygenation in the tumor 

vasculature plummeted rapidly up to 6 h after treatment. From 8-48 h post-treatment, a 

rapid structural and functional recovery ensued, progressing from the tumor periphery 

towards the tumor core. The vessels which had temporarily lost functionality without 

losing their structure were gradually reoxygenated (Figure 4-1I, J-O, P). The collapsed 

tumor vessels re-emerged and reperfused (Figure 4-1M, N-O, P) whereas the vessels in 

which the structure was completely disintegrated did not recover (Figure 4-1M, O). 

Rapid neovascularization and vascular remodeling was observed between 24-48 h after 

OXi4503 administration in the form of new vessel sprouts and new network 

interconnections. Figure 4-2 gives a magnified view of the vessel remodeling and 

neovascularization in the tumor periphery during the recovery phase from 8-48 h after a 

treatment. 

Regional quantification of the vessel hemoglobin saturation was performed by 

dividing the 2-D image vasculature into tumor core, tumor periphery, or normal tissue 

regions. For example, the tumor nodule is indicated enclosed by the dotted line in 

Figure 4-1A. Vessels outside the dotted line were considered as normal tissue 

vasculature. The tumor periphery vessels consisted of the vessels in the 250-500 μm 
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thin border on the circumference of the tumor nodule. The remaining tumor vessels 

constituted the tumor core vasculature. 

Figure 4-3A shows the tumor before and after each of the serial treatments. An 

increasing fraction of vasculature-deprived and apparently necrotic tumor area was 

observed with every serial treatment. In Figure 4-3B is a cumulative plot for three serial 

treatments in five mice showing the HbSat changes over time. Two individual 

treatments from two different mice have been omitted from the data in Figure 4-3B 

owing to lack of considerable oxygenation changes. As seen in Figure 4-3B, the core 

vessels experienced the greatest impact of the treatment followed by the periphery and 

the normal vessels. Interestingly, the adjacent normal vasculature also experienced 

oxygenation changes even though it remained structurally intact throughout the 

treatment. From 2-6 h there was a steep decrease in all three region vessels with an 

onset of steady recovery from 8 h onward. The normal and tumor periphery vessels 

seemed to have an earlier and almost complete recovery back to the original 

oxygenation values, as opposed to the tumor core vessel oxygenation. At 24 and 48 h 

post-treatment normal and tumor periphery regions were highly oxygenated but the 

tumor core did not recover as much and remained relatively less oxygenated. 

Interestingly, in one mouse the first of the three serial treatments was unable to elicit 

noticeable structural alterations with only subtle oxygenation changes, while in another 

mouse the second of the three serial treatments failed to produce any observable 

morphological or functional changes. Moreover, the later treatments in both these mice 

were able to produce profuse vascular damage with vivid changes in oxygenation. 
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No microvessel structural or functional changes were observed in the control mice 

administered carrier-only treatment. In controls the tumor mass and vasculature 

continued to develop unrestrained. Over the entire experimental period, the tumor core 

region gradually becomes less oxygenated compared to the tumor periphery and 

normal tissue regions as the tumor expands. Figure 4-3C shows the hemoglobin 

saturation quantification results for carrier-only treatments in 3 mice. 

Treatment of Caki-1 Human Renal Carcinomas 

 An example OXi4503-treated Caki-1 tumor is shown in Figure 4-4. A pattern of 

structural and functional changes including vascular collapse, vessel disintegration, and 

oxygenation changes after OXi4503 treatment were observed. Notably, compared to 

4T1 tumors the Caki-1 tumors manifested more vessel collapse and lesser vascular 

disintegration. Among the total number of treatments (n=18), only one single treatment 

in one mouse showed a comparable amount of tumor vessel disintegration to 4T1 

tumors. For the rest of the treatments, as shown in Figure 4-4E, F-I, J, the tumor 

vasculature underwent a temporary vessel collapse from 2-4 h with minimal structural 

breakdown. The Caki-1 tumor vasculature recovered earlier with the tumor periphery 

gradually rejuvenated by 6 h post-treatment (Figure 4-4I, J). During the recovery period 

from 6-48 h post-treatment, the collapsed vessels reappeared. Similar to 4T1 tumors, 

some Caki-1 tumor vessels remained intact but experienced dramatic oxygenation 

changes. Even though there was minimal permanent vessel damage in Caki-1 tumors 

as compared to 4T1 tumors, there were explicit changes in vessel hemoglobin 

saturations in tumor and normal vasculature as seen in Figures 4-4 and 4-5. The 

brightfield images before and after each of the serial treatments is shown in Figure 4-5A 

and the cumulative quantified vessel oxygenation during each of the serial treatments in 
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five mice is shown in Figure 4-5B. From Figure 4-5B it can be seen that the tumor core 

in this tumor type did not have a decrease in microvessel oxygenation during the 

disruption phase as large in magnitude compared to 4T1 tumors. The core vessel 

oxygenation was tightly coordinated with the tumor periphery and normal vessel 

oxygenation, and recovered as much and as fast as the latter two. From the brightfield 

images in Figure 4-5A it can be seen that compared to 4T1 tumors (Figure 4-3A) there 

was minimal vessel disintegration and no obvious avascular regions. The control mice 

which received the carrier-only treatment did not show any dramatic structural and 

functional changes as shown in Figure 4-5C. With the increasing tumor mass, there was 

a gradient in the tumor vessel oxygenation from normal surroundings towards tumor 

core, with core vessels being the least oxygenated. 

Even though there was no apparent necrosis evident in Caki-1 tumors, the tumor 

size seemed to be controlled by OXi4503 treatment. Tumor size in terms of apparent 

tumor area was measured from the 2-D brightfield images using ImageJ software 

(ImageJ 1.37a, Wayne Rasband, NIH, USA) and statistical size comparison between 

control and OXi4503-treated tumors was performed. On average the untreated tumors 

were significantly larger at 48 h (4.91 mm2, p<0.03, two-tailed t-test: paired two sample 

for means) than the starting tumor size for the first sham treatment (3.44 mm2), and 

twice the starting size after a fourth sham treatment (7.23 mm2). In contrast, the 

OXi4503 treated tumors did not show any statistically significant increase from their 

original size at the start of treatment (p>0.36, two-tailed t-test: paired two sample for 

means). 



 

70 

Rapid Oxygenation Changes after OXi4503 Treatment  

A mouse with a 4T1 tumor was imaged at 30-sec intervals for 20 min prior to drug 

administration and 60 min after drug administration for real-time recording of the 

immediate microvascular effects of the drug. In this particular example (Figure 4-6) 

significant effects began at about 21 min after administration. There was a clear 

reduction in oxygenation of the tumor periphery, core and normal draining venule. Only 

the feeding artery oxygenation remained relatively unchanged. 
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Figure 4-1.  Typical OXi4503 treatment progression in a 4T1 tumor-bearing mouse. The 
brightfield images (left hand figures in each panel) show structural alterations 
in the vasculature through the course of the single treatment. The pproximate 
tumor border is indicated by the dotted line in (A). Vessels outside the dotted 
line are considered normal tissue vasculature. The tumor periphery consisted 
of a 250- to 500-μm thin border on the circumference of the tumor. Remaining 
tumor vasculature except for the periphery constituted the tumor core. Images 
were obtained at x2.5 magnification with image dimensions of 4.15x3.125 
mm. The HbSat maps are shown in the right hand figures in each panel. The 
oxygenation levels in the HbSat maps are color coded as indicated by the 
colorbar. Arrows in frames (G) and (H) highlight the disintegrating 
vasculature, while arrows in (I) and (J) indicate an example vessel that 
persists through all time-points with only oxygenation changes. The star in 
frames (M) and (O) indicate the avascular regions created by the OXi4503 
treatment. 
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Figure 4-2.  Recovery, re-oxygenation, vascular remodeling, and neovascularization in 
the 4T1 tumor during the recovery phase after OXi4503 treatment for the area 
indicated in Figure 1O by the dotted rectangle. The approximate tumor border 
is demarcated by the dotted line in the first bright field image. The arrows 
highlight an example vessel that maintains its structure throughout the 
treatment but undergoes dramatic oxygenation changes. The color-scale for 
hemoglobin saturation is the same as in Figure 4-1. 
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Figure 4-3.  Quantitative tumor regional analysis for 4T1 tumor treatment. The tumor 
was divided into core, periphery, and normal tissue for purposes of analysis. 
(A) Brightfield images before and after every successive treatment of the 
tumor in Figure 4-1. (B) Cumulative HbSat values (mean ± standard error) for 
3 serial treatments in all 5 4T1 tumor mice. Arrows indicate drug 
administration. (C) Cumulative HbSat values (mean ± standard error) for 3 
serial sham treatments (saline) in all 3 control mice. 

A. 

B. 

C. 
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Figure 4-4.  OXi4503 treatment 2 of a Caki-1 tumor bearing mouse. Images were 
obtained at x2.5 magnification with image dimensions of 4.15x3.125 mm. The 
HbSat maps are shown in the right hand figures in each panel. The 
oxygenation levels in the HbSat maps are color coded as indicated by the 
colorbar. 
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Figure 4-5.  Quantitative tumor regional analysis for Caki-1 tumor treatment. The tumor 
was divided into core, periphery, and normal tissue for purposes of analysis. 
(A) Brightfield images before and after every successive treatment of the 
tumor in Figure 6-4. (B) Cumulative HbSat values (mean ± standard error) for 
3 serial treatments in all 5 4T1 tumor mice. Arrows indicate drug 
administration. (C) Cumulative HbSat values (mean ± standard error) for 3 
serial sham treatments (saline) in a control mouse. 

A. 

B. 

C. 
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Figure 4-6.  Rapid oxygenation changes in 4T1 tumor microvasculature after treatment 
with VDA OXi4503. The mouse was imaged for 20 min before treatment and 
for 60 min after treatment. Spectral images were obtained every 30 sec. (A) 
Brightfield image of the tumor microvasculature. (B) Hemoglobin saturation 
before and after OXi4503 treatment. 

A. 

B. 
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Discussion 

OXi4503, a Combretastatin family member, is a tubulin binding drug [161, 162] 

and currently considered among the most potent VDAs [27, 163]. In this study, we 

employed spectral imaging of window chamber tumors to investigate the realtime VDA-

induced modulation in microvessel structure and function of two different tumor types 

during multiple serial treatments with OXi4503. Many of the observations with our 

imaging system were consistent with those reported by others using different 

techniques. For example, both 4T1 and Caki-1 tumors experienced a rapid drop in 

vascular oxygenation followed by recovery over 48 h post-treatment. The timings of our 

observations for vascular disruption and recovery are similar to those reported by 

Salmon and Siemann using Hoechst-33342 vessel staining for studying vascular 

shutdown and dynamic contrast-enhanced magnetic resonance imaging for quantifying 

tumor perfusion inhibition [29]. Both these methods suggested 80-90% tumor perfusion 

reduction at 4 h, with onset of recovery from 24-48 h (~63% recovery at 48 h). In our 

study the Caki-1 tumor recovery started earlier than 4T1 tumor recovery beginning at 

about 6 h post-treatment while 4T1 recovery started around 8 h post-treatment. In 

previous studies using tumor histology to assess VDA effects, there were indirect 

indications of vessel hemorrhaging due to the presence of red blood cells in the tissue 

[164]. With our system, direct real-time visualization of vessel hemorrhaging was 

possible and confirmed by hemoglobin saturation measurements that showed the 

presence of deoxygenated extravasated red blood cells. We observed rapid onset of 

microvessel functional changes in the form of decreasing hemoglobin saturation 

occurring mostly in tumor capillaries and draining venules starting about 21 min after 

administration of OXi4503, consistent with reported times for other VDAs [165]. 
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Real-time functional imaging of serial OXi4503 treatments highlighted unexpected 

differences in the responses of the 4T1 and Caki-1 tumors. The Caki-1 tumors were 

less responsive to vascular damage induced by OXi4503 than 4T1 tumors. The major 

Caki-1 tumor response was temporary vessel collapse with minimal vascular disruption 

followed by reperfusion and reoxygenation at later time-points during recovery. Only a 

small fraction of the tumor core vessels did not recover. This response was very 

reproducible with multiple serial treatments. In 4T1 tumors there was extensive 

permanent microvessel damage and more vessel damage occurred with each 

subsequent treatment. Consistent with the greater vascular breakdown in 4T1 tumors, 

there was greater deoxygenation in 4T1 core vessels than in Caki-1 tumors. Despite the 

fact that in the Caki-1 tumors there was more temporary vessel collapse than 

permanent vessel disruption, treatment with OXi4503 seemed to control tumor growth 

similar to 4T1 tumors. It should be noted that while there was little permanent 

microvessel disruption and a lack of apparent necrosis in the Caki-1 tumors after 

OXi4503 administration, the treatments were highly dynamic and perturbative in terms 

of the acute effects on microvessel oxygenation. 

Another difference in the tumor treatment response was the lack of apparent 

necrotic areas in the Caki-1 tumors even after repeat doses, while similarly sized 4T1 

tumors developed what appeared to be extensive necrotic areas in the tumor core. The 

observed induction of necrosis in the 4T1 tumors was unexpected given previous 

research that showed size dependence in tumor response to VDA treatment. Siemann 

and Rojiani, using several different rodent and human tumor xenografts including Caki-1 

tumors in mice, showed that larger tumors (>1 g) had significantly larger areas of 
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necrosis on the order of 90% after treatment with ZD6126 than smaller tumors (<0.3 g, 

~25% necrosis) treated with the same dose [166]. The window chamber tumors fall into 

the smaller tumor size category, so the lack of apparent necrotic areas in the Caki-1 

tumors in this study is consistent with the previous results with ZD6126, but the 

response of the 4T1 tumors was unexpected at this tumor size. It has been reported 

that different tumors can have diverse responses to the same VDA treatment owing to 

inherent variations in their tumor microenvironments or vasculature. For example, upon 

administration of a single dose of CA4-P to breast adenocarcinoma CaNT tumors and 

the round cell sarcoma SaS, Parkins et al observed greater vascular damage in the 

tumors having higher nitric oxide synthase activity [167]. While the functional vascular 

volume, assessed using a fluorescent carbocyanine dye, was significantly reduced at 18 

h after CA4-P treatment in both tumor types, the degree of reduction was very different 

in the two tumors. Similarly, Skliarenko et al have reported that the KHT-C murine 

fibrosarcoma cell line and the CaSki human cervical carcinoma cell line responded 

differently to the same one time treatment with ZD6126 depending on their initial 

interstitial fluid pressures (IFP) [168]. Notably, the two tumor types manifested IFP 

changes distinct from each other, and the tumors with higher IFPs had less tumor cell 

death. A single tumor can also have different responses to different VDAs. Dalal and 

Burchill treated TC-32 and A673 Ewing's sarcoma family of tumors with CA4-P, 

OXi4503, and OXi8007, and demonstrated that different VDAs can have varying 

efficacy and treatment results in a particular tumor type [169]. In light of the previous 

results, it is not unreasonable that 4T1 and Caki-1 tumors could vary in their response 

to OXi4503, and that the differential response with tumor size reported with ZD6126 
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could be somewhat dissimilar with OXi4503. Further research is required to identify the 

conditions and mechanisms responsible for the differences in 4T1 and Caki-1 small 

tumor responses to OXi4503. 

In summary, we used spectral imaging of tumor microvessel hemoglobin 

saturation with mouse window chamber tumors to measure the real-time response of 

4T1 and Caki-1 tumors to repeat treatments with OXi4503. Some of the observations 

made with our imaging system were consistent with others in the literature obtained with 

different techniques, such as the timing of the onset of vascular changes induced after 

administration of the VDA. We also observed differences in the responses of the 4T1 

and Caki-1 tumors. Specifically, the 4T1 tumors were more responsive to treatment with 

OXi4503 than Caki-1 tumors in terms of permanent vascular damage and induction of 

tumor necrosis, a finding that contrasted with previous work using a different VDA. A 

better understanding of the mechanisms of action of VDAs and how they can vary 

across tumors or at different stages of tumor development may help optimize the 

application of these agents and improve their efficacy. 
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CHAPTER 5 
OXI4503 AND AVASTIN COMBINATION TREATMENT OF CAKI-1 TUMORS 

Introduction 

All tumors need to develop their own vasculature to grow beyond a size of 

approximately 1 mm3 [170]. Vasculature development by tumors require numerous 

triggering mechanisms such hypoxia and autocrine growth factor loops among others.  

Hypoxia or oxygen deprivation is known to accelerate angiogenesis in tumors which in 

turn up-regulates the vascular endothelial growth factor (VEGF). Increase in VEGF 

secretion results in angiogenesis which is an inherent characteristic of solid tumors. 

Although, other factors such as  angiopoietins, platelet-derived growth factor B (PDGF-

B) etc [34] contribute to angiogenesis, VEGF is the rate-limiting step in normal and 

pathological blood vessel growth [35]. Hence, inhibiting VEGF function is an attractive 

strategy in retarding tumor growth.  

Based on evidence of its angiogenesis-inhibition potential via VEGF-blocking, 

recently a drug called Avastin or Bevacizumab has been approved for clinical use. 

Avastin is the humanized form of the mouse anti-VEGF monoclonal antibody A.4.6.1 

that has been utilized widely in research for studying different tumor models. It functions 

by binding and neutralizing all human VEGF-A isoforms [35, 45].  

Although angiogenesis inhibiting agents including Avastin by itself more often than 

not are found lacking to be a curative as a single therapeutic agent [3, 15]. The complex 

mechanism of angiogenesis has many triggers, and tumor growth and metastasis being 

dependent on angiogenesis, the merit of AIs mostly lies in disease control as opposed 

to tumor cell kill [23, 55]. Furthermore, evidence suggests that cytotoxic therapies 
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including radiation therapy can initiate tumor angiogenesis [56]. Hence the need for 

combination of AIs with conventional treatments such as radiation is justified. 

In addition, despite their efficacy in terms of vascular damage and tumor cell kill, 

VDAs alone cannot completely block the nutrient and oxygen supply to the tumor, since, 

the vasculature along the periphery of the tumor is left intact. Hence, combination of 

VDAs with other therapies is a logical step in order to achieve complete tumor therapy.  

It is well known and has been well characterized that the VDAs such as Oxi4503 

utilize their tubulin-binding capability to impart a strong antivascular and antitumor 

effect. In fact, the effect of Oxi4503 when tested with the models of murine breast 

adenocarcinoma CaNT , the murine colon tumor MAC29, the human adenocarcinoma 

MDA-MB-231 and the murine myocardial endothelioma MHEC5-T, OXi4503 exhibits a 

stronger antivascular and antitumor effect than CA4P[27]. Notably, Oxi4503 has been 

shown to retard tumor growth in a dose-dependent manner and improved survival in 

murine model of colorectal liver metastases[28]. Furthermore, Oxi4503 works by binding 

the α-tubulin subunits thus preventing the formation of microtubles, which in turn leads 

to rounding up of endothelial cells. This rounding up of cells ultimately leads to the 

collapse of vascular wall and formation of thrombus which blocks the blood supply to 

the tumor [3, 29]. 

However, OXi4503 treatment in itself does not lead to complete destruction of the 

tumor tissue. Hence, a combination of growth retardation of vasculature around the 

tumor via AIs such as Avastin and disruption of existing vasculature via VDAs such as 

Oxi4503 forms an attractive complimentary and combinatorial strategy for amelioration 

of solid tumors and warrants further investigation.  
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Furthermore, it is imperative to understand the microvessel oxygenation to 

evaluate the tumor response to different regimes of Oxi4503 and Avastin drug treatment 

not only because they induce oxygenation fluctuations, but also due to the relevance of 

tumor oxygen status for other therapeutic modalities. Spectral imaging provides direct 

information regarding microvessel oxygenation in terms of HbSat. Previously tumor 

oxygenation has been measured for characterization of AI drug treatment response 

using various techniques including Eppendorf polarographic oxygen electrodes [60-62], 

various hypoxia markers [63-65], or radiation response assays [66-68]. Moreover, VDA 

treatment evaluation also involves tumor microvessel assessment for structure as well 

as functional changes such as vessel perfusion, permeability, blood flow etc [28, 29, 63-

71]. Spectral imaging used with the window chamber model allows visualization of the 

tumor in a live animal over a period of time. The tumor microvessel oxygenation 

information in terms of blood hemoglobin saturation along with vessel network structure 

changes can be studied serially with great temporal and spatial resolution.  Such 

information is an asset when studying the effect of VTAs on tumors. Hence, this method 

was utilized for studying the combinatorial approach on the tumor pathology.   

Specifically, we studied the effect of individual as well as combinatorial treatment 

of human renal carcinomas (Caki-1 tumors) with two different VTAs (OXi4503, a tubular 

binding vascular disrupting agent; and Avastin, an anti-VEGF angiogenesis inhibitor) 

using our mouse window chamber model and spectral imaging system. The eventual 

goal of this research is the in-depth characterization and optimal combinatorial 

scheduling of VTAs with conventional therapies. 
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Materials and Methods 

Tumor Cells 

Caki-1 human-derived renal carcinoma xenografts were used for the experiments 

described in this chapter. Caki-1 tumor xenografts [29] were initiated in a single hind 

limb of donor mice by inoculating with 2×105 to 5×105 tumor cells. Tumors were excised 

when they reached about 200 mm3 in size, and a single cell suspension was prepared 

in saline. About 1×106 cells were used to initiate a window chamber tumor in the 

experimental mice. 

Animal Model 

Details about the mouse model have been discussed in previous chapters. All in 

vivo procedures were conducted in accordance with a protocol approved by University 

of Florida Institutional Animal Care and Use Committee. Athymic (nu/nu) female mice 

weighing at least 21 g (Charles River Laboratories, Raleigh, NC) were surgically 

implanted with a titanium window chamber on the dorsal skin flap. During surgery mice 

were anesthetized by an IP injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). 

A tumor was initiated in the window chamber during surgery by injecting the tumor cells 

(106 cells in 10-20µl saline) subcutaneously in the dorsal skin flap prior to placing a 12-

mm diameter no. 2 round glass coverslip (Erie Scientific, Portsmouth, NH) over the 

exposed skin. After surgery animals were housed in an environmental chamber 

maintained at 33˚C and 50% humidity with free access to food and water and standard 

12-h light/dark cycles. 
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Drug Preparation and Experimental Design 

Vascular disrupting agent OXi4503 

OXi4503, a gift from OXiGENE, Inc. (Waltham, MA) was administered at a dose of 

10 mg/kg IP (0.01 ml/g of mouse body weight). The light-sensitive drug was protected 

from light during handling. OXi4503 was suspended in a solution of sterile saline and 50 

μl per ml of 5% sodium carbonate solution before injection. The drug was prepared 

fresh daily. Control groups received an equivalent volume of sterile saline and 5% 

sodium carbonate solution.  

Angiogenesis inhibitor Avastin 

Avastin was received from Siemann lab. The stock solution was stored in 4ºC and 

diluted to a dose concentration of 2 mg/Kg (0.01 ml/g of mouse body weight). Controls 

received equivalent amount of saline. 

Individual and combinatorial treatment design and imaging schedule 

The Caki-1 tumors were allowed to grow for 8-12 days before starting the 

treatment. For individual treatment with OXi4503, the treatment was repeated every 48 

hours for up to 3 times per mouse (Given on e.g. MWF of the week). Spectral imaging 

was performed immediately prior to the treatment, and also at 4, 8, 24 and 48 h post-

treatment. After the 48-h imaging time point the mouse was re-treated and the same 

imaging schedule was maintained. In all, 12 mice bearing Caki-1 tumors were treated 

with OXi4503 and 3 mice were carrier only controls.  

For individual treatment with Avastin, the treatment was given twice each week 

(Given on e.g. M and F of the week). Mice that received combination treatment, Avastin 

was always injected 1 hour post OXi4503 administration. Imaging time points were 
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maintained same as the OXi4503 schedule for all individual, combination, and control 

treatments. 

 In all, 12 mice received OXi4503 only. Combination treatment was given to 5 

mice. Three mice received Avastin only, whereas 3 mice were controls receiving carrier 

only (saline or saline and 5% sodium carbonate solution). 

Tumor Size Measurement 

Tumors were measured with calipers everyday of imaging and tumor volume was 

calculated assuming that the tumor volume as a half of an ellipsoid. The following 

equation was used to calculate tumor volume in mm3: 

 

Where, major, minor and vertical represent the three mutually perpendicular axes 

of the ellipsoid.  

Imaging System, Image Acquisition and Image Processing 

The spectral imaging system, image acquisition, and image processing methods 

for hemoglobin saturation measurements were discussed in detail previously [125]. 

Briefly, a Zeiss AxioImager microscope (Carl Zeiss, Inc., Thornwood, NY) was used as 

a basic platform for the imaging system. For transillumination images, a 100-W tungsten 

halogen lamp was used. The long working distance objectives used were 2.5× and 5× 

Fluars, 10× EC Plan-NeoFluar and 20× LD-Plan-NeoFluar (Carl Zeiss, Inc.). For 

spectral information, brightfield transmitted light images were obtained using a CCD 

camera thermoelectrically cooled to -20˚C (DVC Co., Austin, TX; Model no.1412AM-T2-

FW). Band-limited optical filtering was accomplished using a C-mounted liquid crystal 

tunable filter (CRI, Inc., Woburn, MA) with a 400- to 720-nm transmission range and a 
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10-nm nominal bandwidth, placed in front of the CCD camera. LabVIEW8 (National 

Instruments Corp., Austin, TX) was used to automatically control the tuning of the LCTF 

and acquire images with the CCD camera. Microvessel hemoglobin saturation 

measurements and images were created from the spectral image data [90, 129]. 

Statistical Analysis  

The least mean squares values and standard error were obtained using two-way 

ANOVA via General Linear Model program, SYSTAT 12 (Version 12, Systat Software, 

San Jose, CA), with independent variables being the time points and treatment number. 

The significant pairs between different time points were obtained using Tukey’s honestly 

significant difference test. The data obtained from at least 3 different mice was pooled 

together to perform the statistics. 

Results 

Tumor Model Identification  

Caki-1 tumor growth after individual treatment with OXi4503 

From our previous work with OXi4503, we observed that compared to 4T1 mouse 

mammary carcinomas, Caki-1 human-derived tumors consistently appeared less 

susceptible to permanent vascular damage in response to the VDA (Figure 4-4 and 5 

from Chapter 4). We found out that several studies so far have suggested a link 

between tumor size and VDA response [25, 166, 171](from proposal). A recent study by 

Masunaga et al also stressed the importance of tumor size along with time of dosage for 

optimal response in individual ZD6126 treatment as well as when using it in combination 

with the cytotoxins tirapazamine (TPZ) and gamma-rays [172]. Siemann et al have 

specifically shown to tumor size dependence of Caki-1 tumors to another VDA named 

ZD6126 [166]. This fact, in addition to our observations of profuse vascular damage with 
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our small-sized 4T1 tumors (~3mm diameter), suggested that larger Caki-1 tumors may 

be able to induce better response for OXi4503 treatments. 

Thus, Caki-1 tumors were grown in different sizes and treated with 1-3 serial 

treatments every 48 hours with the VDA OXi4503. As a measure of treatment response, 

tumor volume measurement, HbSat changes, and vascular changes were monitored. 

Figure 5-1 shows the data from tumor volume comparison after OXi4503 treatments. It 

was observed that OXi4503-treated tumors up to 50 mm3 volume showed greater tumor 

size control as compared to controls in our mouse model.  
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Figure 5-1.  Effect of OXi4503 treatment on different sized Caki-1 tumors. As shown in 
Figure 5-1A (i) and (ii), tumors with pre-OXi4503 volumes up to 50 mm3 
demonstrated control of tumor growth compared to controls in the window 
chamber model. 
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Effect of OXi4503 treatment on Caki-1 tumors: Hemoglobin saturation (HbSat) 
assessment  

The tumors were serially treated with OXi4503 every 48 hours and HbSat maps of 

tumors and normal vasculature were obtained. Figure 5-2 demonstrates an example 

treatment with OXi4503. At the time of treatment the tumor was approximately 55 mm3 

in volume and 12 days old.  At each imaging time point multiple images of the tumor 

and adjacent vasculature were obtained and complete tumor image was obtained by 

collage of several regions.  

As evident from the data, there was extensive and gradual structural damage and 

function loss in the tumor vasculature up to 8 h upon OXi4503 treatment. The vessels 

appeared to have constricted in diameter at 4 h (Figure 5-3 Brightfield image 4h post-

Tx) along with complete cessation of oxygenated blood supply (Figure 5-3 HbSat image 

4h post-Tx). The tumor periphery vessels start regaining oxygenated supply from 8 h 

onward, whereas the regrowth of tumor peripheral vessels appears to have started in 

the wake of oxygenation recovery. The tumor core lost bulk vascular network which did 

not recover and led to massive avascular regions in the tumor body likely causing tumor 

cell death. The evidence of effective treatment was also seen in the form of tumor size 

reduction at 48 h time point from 55 to approximately 42 mm3 for this particular tumor. 



 

90 

4h post-TxBefore OXi4503

24h post-Tx8h post-Tx

48h post-Tx
 

100%HbSat

 

Background  

 

Figure 5-2.  Example of one of the serial OXi4503 treatments in one mouse. The 
brightfield images are shown along with the corresponding hemoglobin 
saturation maps. At the beginning of treatment the tumor was approximately 
55 mm3 in volume and 12 days old. Structural deterioration of tumor vessel 
network is evident in the brightfield images up to 8 h post Tx, with recovery of 
peripheral vessels from 24 h. Oxygenation plummeted corresponding to the 
structural damage nearly to 8 h and recovered on the tumor rim from 8 h. At 
48 h post Tx tumor had shrunk to nearly 42 mm3 in volume. 
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Combination Treatment with OXi4503 and Avastin 

Tumor growth study 

The data in figure 5-3 shows the comparison of tumor volumes after they were 

subjected to serial treatments with either OXi4503 or Avastin alone, or with a 

combination of the two. It was observed that even though OXi4503 treatment alone was 

able to effectively control tumor size (Figure 5-3C), the combination treatment was even 

more effective in obliterating the tumors (Figure 5-3D) as compared to the individual 

treatments with either of the VTAs. Although Avastin treatment did slightly slow down 

the tumor growth as compared to controls in the one week of Avastin treatment (Figure 

5-3A and B), its effect was very limited as compared to OXi4503 or combination 

treatments. Statistically significant pairs are indicated in Figure 5-3E. 
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Figure 5-3.  Tumor volume comparison after individual and combination treatment with 
OXi4503 and Avastin. It was observed that combination of therapeutics have 
additive/supra-additive effects on tumor size reduction of Caki1 tumors. A) 
The carrier treatment had no effect on tumor growth retardation. B) Avastin 
alone did not reduce the tumor size appreciably. C) The treatment of OXi4503 
alone retarded the tumor growth D) Trend suggests that the combinatorial 
treatment of Avastin and OXi4503 reduces the tumor size with each 
consecutive treatment. E) Interesting significantly different pairs (p<0.05) are 
as follows: treatments marked with * as compared to 48h post Tx2 and Tx3 of 
Avastin. 
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Quantitative HbSat analysis and comparison 

Oxygenation change is a major characteristic of VDA treatment. AI treatments are 

also reported to have oxygenation changes. Hence we quantified and compared HbSat 

values for all the VTA treatments. Four different treatment regimens were undertaken to 

compare the oxygenation of the tumor microvasculature: 1) OXi4503 only treatment, 2) 

Avastin only treatment, 3) Combination of Avastin and Oxi4503 and 4) Carrier only 

control treatment.  

Quantitative microvessel oxygenation was obtained in terms of blood HbSat using 

methods previously described. Briefly, oxy- and deoxy-hemoglobin have distinct photo-

absorbance spectrum between 500-575 nm. Spectral brightfield information was 

obtained in the absorbance range of blood hemoglobin and HbSat values were derived 

using linear least square regression model [89].   

For assessment of oxygenation changes in various parts of the tumor, tumor 

vasculature was classified as belonging to the tumor core, periphery, or the normal 
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vasculature outside the tumor (Figure 5-4). 

 

 

Figure 5-4.  Example of classification of tumor core, periphery and normal vasculature. 
The periphery was chosen between 250-500 μm on the tumor rim. 

 

For analysis, the HbSat values obtained were first normalized with respect to the 

values obtained for the time point just before (0 h) treating the mice with different 

conditions. In all, 12 mice were treated with Oxi4503 only treatment, 5 mice were 

treated with Avastin only treatment, whereas 5 mice were treated with combination 

treatment of Avastin and Oxi4503 and 3 mice were utilized for control by delivery of 

carrier only. Hyperspectral images were obtained and HbSat values were quantitatively 

determined at different time points of 0h, 4h, 8h, 24h, and 48h after each treatment. As 

many as 3 treatment regimens were provided for each individual treatment type. Data 
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was pooled and statistics was performed using Systat 12 software to obtain Tukey’s-

honestly-significant differences between oxygenation levels at different time points. The 

average values for different time points with standard error are plotted for all the 

treatment types (Figure 5-5).  

Upon treatment of Oxi4503, it was observed that after 4 h, the oxygenation in the 

periphery, core and normal vessels dipped by 20-50%, which was found to be 

significantly different from the initial oxygenation levels at 0 h (Figure 5-5 Ai, Aii, Aiii). It 

is evident from the plots that even though the peripheral and normal vessels underwent 

significant differences in oxygenation after each treatment, their recovery was faster 

than the core vessels that were affected more and regained oxygenation slower after 

each OXi4503 treatment. Notably, in the periphery vasculature for the first and second 

treatment, 4 h oxygenation level was significantly different with all the other time points 

for the respective treatments. Furthermore, it was observed that there were significant 

differences between 4 h and 8 h for both first and second treatment in the normal 

vasculature. Additionally, there was significant difference between 4 h and 48 h 

oxygenation levels for the second treatment in the normal vasculature. However, in 

case of core vessels, 4 h oxygenation levels were statistically different from 0 h and 48 

h oxygenation only. (Figure 5-5 Ai, Aii, Aiii). 

For Avastin only treatment, in the periphery vasculature the oxygenation level was 

found to be significantly improved at 72 h post Tx1 as compared to 8 h and 24 h. There 

were no significant differences found for the core and normal vasculature for this 

treatment type (Figure 5-5 Bi, Bii, Biii), although an overall incremental trend in the 

oxygenation was observed after Avastin treatments.  
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Interestingly, for the combination treatment, significant differences were observed 

in the second treatment group between oxygenation levels at 4 h and 0 h; and 4 h and 

48 h for the periphery vasculature. Contrarily, although, for the core vasculature, 

significant differences were not observed in the second treatment there were significant 

differences observed in the first treatment between oxygenation levels of 0 h and 4 h; 0 

h and 8h; 4 h and 48 h. Additionally, for the normal vasculature, although, there was 

significant difference between oxygenation levels at 8 h and 48 h, the change in 

oxygenation values was > 20% (Figure 5-5 Ci, Cii, Ciii).  

As expected, the control of carrier only vasculature did not have any significant 

differences between oxygenation levels at different time points for periphery, core and 

normal vasculature (Figure 5-5 D). 
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Figure 5-5.  The HbSat or oxygenation of the periphery, core and normal microvessels 
modulates with individual treatments with (A) Oxi4503 or (B) Avastin, or their 
(C) combination at different time points and (D) control. Two-way ANOVA was 
performed on HbSat values normalized to 0 h time points of each treatment 
obtained from more than 3 mice per group and the average values of HbSat 
and standard error are plotted against corresponding time points. Significant 
differences between individual time points are indicated. The black arrows 
represent the time point where treatment was given to mice. 
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Discussion 

Neoplasms need neovasculature to develop beyond a few millimeters in size 

[170]. Tumors employ several different mechanisms for inducing angiogenesis thereby 

causing endothelial cell proliferation and sprouting of new microvessels from the 

existing vasculature [10, 18, 19]. Tumor vasculature makes a lucrative target for drug 

development owing to the crucial role of endothelial cells in cancer cell survival, growth, 

and metastasis, and because they are more genetically stable, and potentially less likely 

to develop resistance to therapeutic agents as compared to tumor cells themselves [19]. 

Moreover, targeting endothelial cells offers new avenues for therapeutic targeting than 

traditional chemotherapeutics, thereby implying potential dual benefit from combination 

approach. 

A number of strategies are in development for targeting tumor vasculature. Some 

approaches focus on inhibiting neo-vasculature sprouting by blocking the angiogenic 

pathways (Angiogenesis inhibitors, AIs), while others seek to destroy the existing tumor 

vasculature (Vascular disrupting agents, VDAs) [17]. Combination of these two 

mechanisms to target tumor vasculature is a new approach being currently investigated. 

It has been observed that angiogenesis inhibiting agents more often than not are found 

lacking to be a curative as a single therapeutic agent [3, 15]. The complex mechanism 

of angiogenesis has many triggers, and tumor growth and metastasis being dependent 

on angiogenesis, the merit of AIs mostly lies in disease control as opposed to tumor cell 

kill [23, 55]. In addition, despite their efficacy in terms of vascular damage and tumor 

cell kill, VDAs alone cannot completely block the nutrient and oxygen supply to the 

tumor, since, the vasculature along the periphery of the tumor is left intact.  
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Combination of AIs with VDAs is under investigation and shows promise for 

comprehensive tumor therapy[24-26].  Due to their complimentary mechanisms of 

action and non-overlapping treatment schedules, AIs and VDAs may be used together 

for enhanced tumor treatment as compared to individual treatment with these agents.  

Based on this synergistic mechanism hypothesis, using spectral imaging 

techniques we endeavored to evaluate the efficacy of combination treatment with two of 

the popular VTAs, OXi4503 and Avastin, in the Caki-1 renal cell carcinomas. Human-

derived Caki-1 cells were chosen for the combination study since Avastin is a 

recombinant humanized monoclonal antibody against vascular endothelial growth factor 

(VEGF) [45]. Also, renal cell carcinomas have been reported to have particularly high 

VEGF expressions potentially making them particularly susceptible to Avastin.  

OXi4503, the diphosphate prodrug of CA1P [173], is a tubulin binding agent 

currently regarded as one of the most potent VDAs [27, 163]. It is a fast acting drug, 

shown to induce time-dependent decrease in tumor perfusion, increase in tumor vessel 

permeability, and profuse tumor vascular damage in several tumor models [3, 27, 28]. 

The anti-angiogenic Avastin (Bevacizumab) is a recombinant humanized monoclonal 

antibody against vascular endothelial growth factor (VEGF) [45]. Owing to its 

significance for the process of angiogenesis, VEGF-inhibition leads to arrest of tumor 

growth and metastasis [57]. The non-overlapping effects of these two VTAs, have been 

shown to improve tumor treatment measured in terms of increased growth delay, when 

used as a combination as opposed to individual treatment [24].  

Before using them for VTA combination treatments, preliminary characterization of 

Caki-1 tumors was performed. From our previous work with OXi4503 [174], we 
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observed that compared to 4T1 mouse mammary carcinomas (approximately 3-4mm in 

diameter), the Caki-1 human-derived renal tumors (approximately 2-3mm in diameter) 

consistently appeared less susceptible to permanent vascular damage in response to 

the VDA. We found out that several studies so far have suggested a link between tumor 

size and VDA response [25, 166, 171]. This fact, in addition to our observations of 

profuse vascular damage with our small-sized 4T1 tumors, indicated that larger Caki-1 

tumors may induce better response for OXi4503 treatments. Thus, Caki-1 tumors were 

grown at larger sizes (approximately 3.5-7.5mm in diameter) in the window chamber 

mouse model (approximately 1cm in diameter) compared to previous experiments 

(approximately 2-3mm in diameter), treated serially with OXi4503 up to 3 times, and 

their response evaluated. Our tumor growth data indicated that tumors less than or 

around 5mm in diameter (approximately 50 mm3 in volume) demonstrated effective 

tumor growth retardation in the window chamber model (Figure 5-1). Also, as seen in 

Figure (5-2), profuse vascular disintegration and oxygenation changes similar to 

previous observations in 4T1 tumors (Figure 4-1 and 3) further signified the suitability of 

Caki-1 tumors for studies with the combination treatments. 

Once the tumor model to be used for combination studies with OXi4503 and 

Avastin was identified, Caki-1 tumors were subjected to four different treatment 

regimens to compare the tumor growth retardation, and changes in structure and 

oxygenation of the tumor microvasculature: 1) OXi4503 only treatment, 2) Avastin only 

treatment, 3) Combination of Avastin and Oxi4503 and 4) Carrier only control treatment.  

Tumor growth monitoring post-VTA treatments clearly revealed differences 

between the efficacies of the individual and combination treatments (Figure 5-3).  
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Compared to the controls, Avastin only treatment marginally retarded the tumor growth 

rate with one week of treatment (Figure 5-3A and B). This was somewhat expected 

since anti-angiogenics such as Avastin are considered long-term treatments, believed to 

cause tumor growth retardation over much longer periods. Although Avastin treatment 

did retard the tumor growth, its effect was very limited as compared to OXi4503 or 

combination treatments. Interestingly, even though OXi4503 treatment alone was able 

to effectively control tumor size (Figure 5-3C), the combination treatment was even 

more effective in obliterating the tumors (Figure 5-3D) as compared to the individual 

treatments with either of the VTAs, thus confirming the findings of Siemann et al [24]. 

Spectral imaging enabled us to obtain microvessel oxygenation values in terms of 

hemoglobin saturation. As depicted in Figure 5-5, this vessel oxygenation data 

evaluation and comparison between the various treatment regimens offered further 

insights into the mechanism of these drugs. The OXi4503 treatment induced consistent 

vascular structure and corresponding function loss at approximately 4 h after each of 

the serial treatments. With each serial treatment, the tumor core vessels suffered the 

most with loss of oxygenation up to nearly 50% of the pre-treatment value, followed by 

tumor peripheral vessels ( approximately 30% oxygenation loss) and adjacent normal 

vasculature (approximately 20% oxygenation loss) (Figure 5-5Ai, ii, iii). The periphery 

and normal vessels recovered faster at the 8, 24 and 48 h post-treatment time points, 

whereas the core recovered much slower owing to the OXi4503-induced vascular 

network disruption. These results were similar to the results obtained with 4T1 tumors 

(Figure 4-3). 
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Changes in tumor vessel oxygenation post-Avastin were subtle compared to 

OXi4503 treatment. Though not statistically significant, overall incremental trend was 

observed in the normal, peripheral, and tumor core vasculature after 72 h post first 

Avastin treatment. Interestingly, for combination treatment the initial treatments appear 

to induce oxygenation changes similar to individual OXi4503 treatment, with later serial 

treatments showing lesser fluctuations (Figure 5-5 Ci, Cii, Ciii). This makes us speculate 

the impact of Avastin on the treatment response. The mechanisms responsible for such 

influence are still unknown and require further investigation. 

In summary, we identified an appropriate tumor model for VTA combination 

treatment evaluation and used spectral imaging of tumor microvessel hemoglobin 

saturation with mouse window chamber tumors to measure the real-time response of 

Caki-1 tumors. Some of the observations made with our imaging system support the 

literature as well as our previous work. We were able to identify differences in the 

responses of Caki-1 tumors to individual and combination treatments with OXi4503 and 

Avastin. A better understanding of the mechanisms of action of VTAs and how they can 

be used in synergy with each other may help optimize the application of these agents 

and improve their efficacy. 
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CHAPTER 6 
CONCLUSION AND FUTURE DIRECTION 

In conclusion, we were able to utilize spectral imaging methods in live mouse 

window chambers to study the efficacy of novel tumor therapeutic drugs. We identified 

an appropriate tumor model for the evaluations of two leading vascular targeting agents 

namely OXi4503 and Avastin.  Our findings clearly suggest that the combination of 

these two vascular targeting agents induce better therapeutic outcomes in terms of 

tumor growth retardation as compared to individual treatments with either agent. 

Additionally, OXi4503 modulates the tumor microvascular response in the presence of 

Avastin. Interestingly, in the later treatments, there is minimal permanent vessel 

damage along with frequent vascular collapse of the tumor core vessels. We observe 

that these vessels recover from their collapsed state with rejuvenated blood supply and 

ample oxygenation. In the combination therapy, despite minimal vessel disintegration, 

the tumors experience size reduction indicating necrosis or apoptosis of tumor cells. 

The mechanisms involved causing these effects are not yet known and warrant further 

investigations.  

The modulation of vascular response upon combination treatment might be 

explained by the varying VEGF production and VEGF-blocking process that occurs 

during the combination treatment. Upon use of Avastin as a single agent, reduction in 

neo-angiogenesis of tumor vessels was observed, however its effect appeared more 

dramatic when used in combination with the vascular disrupting agent, Oxi4503. In the 

presence of Avastin, VEGF may have been blocked effectively to mellow down the 

recovery phase of OXi4503. Additional VEGF expression, along with the pathological 

tumor cell expression of VEGF, with OXi4503 treatment may have increased the 
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potency of Avastin. In order to dispel these numerous uncertainties, further studies to 

assess the functional VEGF activity prior to and after these VTA treatments are 

required. Again, despite the apparent reduction in the vascular damage, the data 

suggests that tumor cell death may have been increased leading to the tumor size 

reduction. Mechanisms responsible for this phenomenon need to be investigated.  

A better understanding of the mechanisms of action of VTAs and how they can be 

used in synergy with each other may help optimize the application of these agents and 

improve their efficacy. 
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