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In vivo imaging has the potential to solve many unanswered questions regarding the spatial 

locations, functions and fates of transplanted cells in their normal physiological milieu. Ultra-

high field Magnetic Resonance Imaging (MRI) comprises one of the most exciting tools for the 

specific, non-invasive visualization of transplanted cells in vivo. Here we show that ultra-high 

field MRI can achieve high-resolution 3D images, of the bone marrow (BM) in live mice, 

sufficient to resolve anatomical changes in BM microstructures attributed to lethal irradiation. 

Following transplantation with dsRed expressing BM cells labeled with superparamagnetic iron 

oxides, both fluorescent microscopy and MRI could be used to follow initial homing of cells 

within long bones in vivo. To date, MRI has been hampered by the lack of genetic reporters for 

molecular in vivo imaging. Therefore, we proposed the novel use of a magnetic resonance (MR) 

active gene reporter system for the longitudinal tracking of cellular LacZ expression in vivo by 

MRI. We determined that the commercially available substrate, S-Gal, can be used to detect 

LacZ expressing cells by MRI. The effect and specificity of the reaction between LacZ and S-

Gal on MRI contrast was determined both in vitro and in vivo and was found to significantly 

increase effective transverse relaxation rates with increasing external magnetic field strengths 
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(4.7-17.6T), in phantom studies. Using both LacZ transgenic animals and LacZ tissue 

transplants, we were able to detect labeled cells in live animals in real time. Similar to phantom 

studies, detection of the labeled cells/tissues in vivo was enhanced at higher magnetic fields. To 

test the applicability of S-Gal for longitudinal cell transplantation studies, systemic delivery of S-

Gal was employed to track LacZ expression in a model of BM derived cell contribution to tumor 

angiogenesis. We found that ubiquitously- or Tie-2 conditionally LacZ expressing BM derived 

cells could be detected within growing tumors, in vivo, using ultra-high field MRI and 

fluorescent imaging (FLI). Through histology, LacZ expressing myeloid cells were 

predominately found in avascular hypoxic areas, while Tie2 expressing cells were mainly found 

in less obvious areas of hypoxia, based on morphology and TUNEL staining, close to MECA32 

expressing endothelium. 
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CHAPTER 1 
BACKGROUND AND SIGNIFICANCE 

Stem Cells and Regenerative Medicine 

Regenerative medicine has become one of the most intriguing fields of research today. 

Many degenerative diseases that suffer from lack of- or ineffective treatments today, could 

potentially be successfully treated by stem cell therapy in the future. Stem cells are defined by 

their ability to self-renew and give rise to progenitor cells that can differentiate into multiple 

types of specialized cells. The ability to self-renew is crucial to prohibit a proliferative burnout of 

the stem cell population, which would ultimately lead to a loss of regenerative ability and 

ultimately death. The process of self-renewal is believed to occur by two means. First, stem cells 

are believed to be able to undergo asymmetrical cell division (1). This means that upon division, 

stem cells produce one exact copy of itself as well as one differentiated progenitor cell that can 

further divide and differentiate to give rise to a multitude of terminally differentiated cells (1). 

Another possibility of self-renewal is that following a symmetrical division, one of the identical 

daughter cells remains in the original microenvironment that promotes quiescence and 

maintenance of the stem cell phenotype while the other daughter cell migrates to a 

microenvironment that is conducive to differentiation (1). 

The ability of a stem cell to give rise to multiple differentiated daughter cells is referred to 

as potency. Certain stem cells have the ability to differentiate into a larger variety of specialized 

progeny cells and therefore the term potency comes in the various degrees; Totipotent, 

pluripotent, multipotent, oligopotent and unipotent, with the latter two normally being reserved 

for progenitor cells and not generally considered for true stem cells. Totipotent- or omnipotent 

stem cells, by definition, have the ability to differentiate into every cell type of an orgainsm. A 

fertilized egg, or zygote, is considered to be totipotent. Examples of pluripotent stem cells are 
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embryonic stem cells (ESC), which are derived from the inner cell mass of the blastocyst during 

embryonic development. These cells have virtually unlimited capacity to differentiate into all 

cell types of the three primary germ layers: ectoderm, endoderm and mesoderm. Adult stem cells 

such as; Hematopoietic stem cells (HSC) and mesenchymal stem cells (MSC), are generally 

considered to be multipotent. These cell types, found in most adult tissues, have the ability to 

self-renew but are limited in their differentiation capacity and can only give rise to more 

differentiated cells of the same cell lineage. 

Another important term in regenerative stem cell medicine is plasticity. The term plasticity 

or transdifferentiation, refers to the ability of an adult stem cell to, under certain conditions, 

differentiate into a cell phenotype of a different lineage or even germ layer (2). The term 

plasticity has recently taken on a new meaning with the arrival of methods for inducing 

pluripotent cells from more differentiated cell types (3). These cells have been named “induced 

pluripotent stem cells” (IPS). The ability to generate pluripotent stem cells by reprogramming 

differentiated cell types, though still needing further investigation, brings immense potential to 

the field of regenerative stem cell biology. Stem cells are rare in normal tissues and apart for 

being expensive and time consuming to isolate, some are also notoriously hard to expand in vitro 

(1). Therefore a method of reverting abundant differentiated cells back to a stem cell phenotype 

could provide an almost inexhaustible source of cells for regenerative cell therapies. 

Adult Stem Cells of the Bone Marrow (BM) 

Bone marrow (BM) hosts at least two known types of adult stem cells. One of these is the 

MSC which upon differentiation has been shown, mainly in vitro, to be able to generate various 

differentiated cell types, including: osteoblasts, adipocytes, chondrocytes, myocytes, fibroblasts 

and endothelial cells (4). While it has been shown that MSCs can be reliably expanded and 

differentiated in vitro, there are still questions regarding how to sort these cells based on cell 
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surface markers and few in vivo experiments have been successful in providing functional 

readouts to support its stem cell phenotype. The most prominent adult stem cell in the BM is the 

HSC, which will be discussed in more detail here. 

The Hematopoietic Stem Cell (HSC) 

The HSC is derived from the mesoderm germ layer and is found in blood islands of the 

extra-embryonic yolk sac, the aorta-gonod-mesonephros (AGM) region and placenta during 

mouse embryo development (5-7). Upon further development the HSC migrates to the fetal liver 

before seeding to the spleen and ultimately the BM (8-10)The hallmark features of the HSC is its 

ability to self-renew and to maintain all the different lineages of the blood (Figure 1-1) for the 

entire lifespan of the organism (11). The hematopoietic stem cell (HSC) was first discovered 

during the 1960s when Till et al. found that lethally irradiated mice could be rescued if given a 

BM transplant from a healthy donor (12). This provided researchers with functional evidence of 

the existence and importance of the HSC. Further support for the immense capabilities of the 

HSC was obtained through experiments showing that single HSCs could upon transplantation 

reconstitute the hematopoietic system of irradiated hosts (13). More stringent evidence of the 

functionality and self-renewal capability of the HSC were provided when it was shown that upon 

engraftment of these single HSCs, they could be serially transplanted into additional irradiated 

animals to restore hematopoiesis (14). To date, the HSC has been studied extensively and many 

different methods of isolating it exist, based on certain characteristics and the expression of 

various surface markers (Figure 1-2). One of the most commonly accepted methods of HSC 

enrichment involves sorting lineage depleted (Lin-) BM cells for the expression of the cell 

surface markers stem cell antigen 1 (Sca-1) and the stem cell factor receptor (c-kit), (SKL cells) 

(15). Further enrichment can be obtained by the DNA-binding Hoechst dye efflux ability of 

HSCs, which is referred to as the “side population” (16,17), and by employing a set of SLAM 
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family surface markers (18). The natural occurrence of HSCs within the BM is extremely low 

with only about 1 in 10000 cells being a SKL-cell. Additionally, only a fraction of the SKL 

subset of HSCs are believed to be actual long-term repopulating HSCs (LT-HSC) that have the 

ability to maintain hematopoiesis for the rest of the animals life (1,18-20). The remaining cells 

are believed to be short-term repopulating HSCs (ST-HSC) or multi potent progenitor cells 

which have limited self-renewal activity and plasticity (1,19,21,22). The great versatility of the 

HSC have also been demonstrated by its ability to transdifferentiate into various cell types such 

as epithelium, myocardium, liver, and re-vascularize areas of ischemic injury (23-26). 

BM and HSC Niches 

 The maintenance of HSC self-renewal and differentiation in vivo is thought to depend on 

the specific micro-environment they reside in. In the late 1970’s, the concept of a specialized 

microenvironment or “niche” responsible for governing and directing HSC fates was introduced 

(27). Since then various such niches have been proposed and summarized (1,28-30). The first, 

and most studied, niche to gain attention is the endosteal- or osteoblastic niche, where stem cells 

are thought to reside in close proximity of cells that line the inside of bone within marrow 

cavities (30,31). A second vascular niche, where stem and progenitor cells have been identified 

to reside close to sinusoidal endothelium, has also garnered much attention lately (18). Next, the 

evidence of these two proposed niches will be presented and summarized. 

The endosteal niche 

In the mid 1970’s, the HSC was first shown to be in close contact to the bone surface 

within the BM (32). Shortly thereafter a majority of HSCs, identified as being CD45+ Lin-, were 

discovered to be in close contact with endosteal linings of BM cavities in the trabecular regions 

of long bones (33). Meanwhile, the more differentiated hematopoietic progenitor cells (HPCs) 

were suggested to be located towards the centre of the BM (33). This interface between marrow 
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and bone was later termed “the endosteal niche”, and places the HSC in close contact with 

spindle shaped, N-Cadherin expressing osteoblasts (SNO cells) (34,35). The retention and 

maintenance of HSC quiescence within the endosteal niche is thought to be facilitated through a 

variety of mechanisms. One of these is adhesion through homotypic N-cadherin expressed by 

HSCs and osteoblasts, which mediates quiescence through β-catenin/Wnt signalling (34-36). 

Additionally, SNOs express membrane bound stem cell factor (mSCF, KitL, steel factor), which 

has been shown to be crucial in both niche retention and in maintaining HSC quiescence (37,38). 

Its complementary binding partner c-kit, expressed on HSCs, is activated upon interaction 

(39,40). This causes HSCs to form strong adhesions with extracellular matrix and surrounding 

stromal cells, mainly mediated by the upregulation of integrins, which ultimately plays a role in 

regulating niche activity (37,38). Osteoblasts also express osteopontin (Opn), which upon 

binding to β1-integrins expressed by HSCs acts as an additional niche retention signal while also 

suppressing proliferation (41). The studies identifying these interactions also demonstrated an 

intimate relationship between the number of osteoblasts and functional LT-HSCs. When 

osteoblasts numbers are reduced, the number of HSCs within the BM also decreases, resulting in 

extra-medullary hematopoiesis occuring in liver, spleen and peripheral blood (42). Multiple 

additional signalling interactions have been shown to maintain HSC self-renewal and primitive 

phenotype in the endosteal niche. Notch is expressed by primitive HSCs while its receptor 

Jagged-1 is expressed on osteoblasts. Upon activation of this signalling cascade, HSC numbers 

have been shown to expand while still retaining a primitive state (43,44). Interactions between 

Angiopoietin-1 (Ang1) expressed on osteoblasts and the receptor Tie2 expressed by HSCs leads 

to adherence and induced HSC quiescence (45). Additionally, calcium sensing receptors (CaR) 
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have also been implicated in the retention of HSCs in the endosteal niche (46). In summary, the 

endosteal niche appears to be paramount for HSC functionality. 

The vascular niche 

BM is made up of two main cellular compartments, the hematopoietic and stromal 

compartments. The stromal compartment consists of nerve cells, fibroblasts, adipocytes and BM 

vasculature (47). The primary function of BM vasculature is to provide a barrier between the 

hematopoietic compartment and the circulatory system. It consists of arterial vessels entering the 

marrow space through the bone that later branch out in arterioles. Arterioles and capillaries are 

spread throughout the marrow and supply BM sinusoids (47,48). BM sinusoids are highly 

permeable vessels made up by a single fenestrated endothelial layer without structurally 

supporting cells (49). In fact, the collapse of these vessels seem to be avoided by the pressure 

generated from large amounts of hematopoietic cells within the BM (48). Sinusoids finally drain 

into the central sinus, which is the largest vascular structure found in the BM, measuring 

approximately 0.1 mm in diameter (48). 

The idea of a vascular HSC niche is by comparison relatively new. Initial support for the 

existence of this niche is the fact that hematopoiesis and vascularization occur together during 

embryogenesis (50). Furthermore, both HSCs and endothelial cells have been suggested to stem 

from a common precursor cell, the hemangioblast (50). The vascular niche has been proposed to 

contain more committed stem- and progenitor cells than the relatively quiescent stem cells in the 

endosteal niche (31,51). However, recently a study identifying LT-HSCs as CD150+CD48-CD41-

Lin- showed that they mainly are located more towards the centre of the bone marrow in close 

proximity to BM sinusoidal endothelial cells (BMECs) (18). This perivascular location would 

render HSCs ideally suited to monitor molecular signals carried through the blood in order to 

mount a rapid response to trauma. Yolk sac, AGM derived cell lines and primary endothelial 
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cells have been shown to promote HSC maintenance and clonal expansion in vitro (52,53). 

However, vascular endothelial cells from non-hematopoietic tissues have been proven incapable 

of maintaining HSCs in culture (54). This may suggest that BMECs are functionally and 

phenotypically different, possessing special properties for HSC maintenance. Some of these 

properties involve the constitutive expression of the chemokine SDF-1 (or CXCL12) and the 

adhesion molecules E-selectin and VCAM. These signalling molecules are all involved in HSC 

homing, engraftment and mobilization and will be discussed in more detail later (55-57). 

Hematopoietic recovery following myelosuppression by means of cytotoxic drugs, such as 5-

Fluorouracil (5-FU) or irradiation is dependent on BM vascular structures. These treatments do 

not only affect HSC/HPCs, but also BMECs through the collapse of BM vascular structures 

(47,48). The BM vascular system has to be regenerated before hematopoiesis can be restored 

(47,48). Findings of Tie-2 up-regulation on BMECs following myelosuppression supports this 

notion, since blocking of Tie-2 lead to delayed hematopoietic recovery (58). 

An interpretation of the existence of the two distinct niches could be that the HSC/HPCs 

residing close to the sinusoids continuously monitor the hematopoietic system by sensing 

hematopoietic factors transported in the blood. When the hematopoietic system comes under 

stress, they could potentially mount a rapid response by inducing division and differentiation and 

restore homeostasis. If the perivascular HSC/HPCs are insufficient to meet the demands of the 

injury, they could signal HSCs lodged in the endosteal niche to exit quiescence and start 

producing additional cells until homeostasis is restored. The outline and interactions between 

these two niches are illustrated in (Figure 1-3, and Figure 1-4). Taken together, the endosteal and 

vascular niches seem to cooperate extensively, and both seem to be indispensable in controlling 

HSC quiescence and self-renewing activity. 
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HSC Mobilization and Homing 

Mobilization and homing are two processes closely related. Mobilization involves the 

exodus of HSC/HPCs from the BM into circulation and homing is the opposite of this event. 

HSC mobilization and homing can be accomplished by several means. These include the use of 

mobilizing chemokines, cytotoxic drugs or whole body irradiation (59). HSC mobilization from 

the endosteal niche to the vascular niche and ultimately into circulation normally occurs when 

stress induces changes of mainly SDF-1 levels in the BM (60). One commonly used method in 

the clinic, is the administration of granulocyte colony stimulating factor (GCSF). The mechanism 

of stress- or GCSF induced mobilization is not fully known but is in part accomplished by the 

release of certain proteases from neutrophils, such as MMP-2, MMP-9, cathepsin-G and elastase 

(61-63). These proteases cleave niche retention signals like mSCF, SDF-1 and VCAM-1 (61-63). 

When cleaved, mSCF turns into its soluble form, soluble SCF (sKitL), which have been shown 

to induce HSC/HPC proliferation, differentiation and mobilization (42,63). SDF-1 is a powerful 

chemoattractant that is responsible for the migration of many types of cells. SDF-1 has been 

found to be secreted, as well as bound and presented by proteoglycans on stromal cells, such as 

osteoblasts and BMECs in the BM (64-67). The bound and presented form of SDF-1, have been 

shown to increase HSC extravasation through sinusoidal endothelium during homing, which was 

especially evident when presented by selectins under sheer flow (66). Additionally, this bound 

form of SDF-1, when presented by osteoblasts or BMECs, is partly responsible for retaining 

HSCs/HPCs within the niche through the binding of its cognate receptor CXCR-4, expressed on 

HSCs/HPCs. MMP-9 released from neutrophils in response to stress, have been reported to 

cleave the N-terminal end of SDF-1 and thereby releasing HSC/HPCs from the niche (61). 

Ultimately, these events allow the HSC/HPCs to be released into circulation in order to migrate 
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to distant sites of ongoing injury or to initiate restoration of homeostasis following 

myelosuppression.  

HSC migration from the BM does not only occur during induced mobilization but also to a 

lesser extent during normal homeostasis (68).The reasons for this are still largely unknown, but 

the small numbers of circulating HSCs might serve as a reservoir to repopulate injured BM after 

trauma or be a result from the constant bone remodelling that goes on within the BM. 

Following transplantation, HSCs in circulation home back to their distinct niches within 

the BM. This process requires the HSCs to follow chemokine gradients, consisting of for 

instance SDF-1, that are carried by the blood from the BM (59,64-67). Upon reaching the BM 

vasculature, SDF-1 have stimulated circulating HSCs to express integrins such as: very late 

antigen 4 (VLA-4), leukocyte function antigen 1 (LFA-1) and hyaluronan binding-cellular 

adhesion molecule (CD44) (69). These in turn, interact with VCAM, ICAM, E- and P selectins 

expressed on BMECs which slows down the circulating HSC/HPCs in a process known as 

“rolling” (69). Following rolling, firm adhesion and subsequent endothelial trans-migration into 

the hematopoietic compartment is mainly accomplished by VLA-4, VLA-5 and LFA-1 

interactions (69-71). Once extravasated, the cells migrate along extravascular hematopoietic 

cords towards their specific niches through a SDF-1, FGF-4 or receding oxygen gradient 

originating from the supporting osteoblastic or endothelial niche cells (60,64,67). A summary of 

the complex interactions between the endosteal and vascular niches during mobilization and 

homing is provided in Figure 1-4. 

Role of BM in Tumor Blood Vessel Formation 

Adult blood vessel formation is believed to occur by two means, vasculogenesis and 

angiogenesis. Both result in the formation of new blood vessels which in general consist of a 

single layer of endothelial cells lining the interior of the vessel wall. Structural support, to 
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prevent leaking, is provided in part by pericytes and in the case of larger vessels smooth muscle 

fibre lining the outside of the vessel. Vasculogenesis can best be described as de novo generation 

of blood vessels by recruiting undifferentiated progenitor cells to the site of vessel formation 

where they differentiate into vascular endothelium. The circulatory system is formed this way 

during embryonic development. Postnatal neovascularization has been attributed to angiogenesis, 

a process characterized by sprouting of new capillaries from pre-existing blood vessels (72). This 

usually occurs as a result of injury when reduced blood flow leads to local hypoxia in the 

damaged area (72). The formation of new blood vessels are thought to be a process involving the 

division of existing endothelial cells, recruitment of circulating endothelial cells (CECs), 

endothelial progenitor cells (EPCs) and perhaps even HSC/HPCs (73). 

Tumor blood vessel formation differs in many ways from normal angiogenesis. The 

usually rapid growth of tumors, often create regions of acute hypoxia and necrosis when it 

outgrows its blood supply (74). In order for the tumor to continue to grow and metastasize, blood 

flow must be restored in these areas. Growing evidence suggests a major role for BM derived 

cells in modulating tumor angiogenesis. Apart from various stem- and progenitor cell 

involvement in producing tumor neovessels, recruited myeloid cells seem to be crucial for 

angiogenesis to occur (75-78). The development of hypoxic regions inside a tumor initiates a 

cascade of events that lead to the recruitment of various cell types, which upon arrival in the 

ischemic area contribute to blood vessel formation (75,76,79). Tumor associated macrophages 

(TAMs) have been observed to accumulate heavily within hypoxic tumor areas (80). This 

accumulation is thought to depend on the release of CCL-2 (MCP-1) from malignant or stromal 

tumor cells (80). Two phenotypes of TAMs are thought to exist, the M1 and M2 phenotypes. M1 

TAMs are believed to possess the ability to kill tumor cells. However, most TAMs in tumors are 
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believed to be of M2 phenotype, which appears to enhance tumor progression (81,82). During 

hypoxic conditions, TAMs respond by upregulating hypoxia inducible transcription factors (HIF) 

(83,84). Among several things, HIF-1 enhances the production of vascular endothelial growth 

factors (VEGF) and SDF-1, which have been shown to greatly influence angiogenesis by 

recruiting and inducing angiogenic phenotype in ECs, HPCs and BM derived myeloid cells (85). 

Upon hypoxic stimulation, tumor infiltrating macrophages (TAMs) have also been shown to 

secrete proteolytic enzymes, such as MMP-9, which could help break down basement 

membranes and cell to matrix interactions to create a “road” for newly formed vessels as well as 

to facilitate metastasis (86,87). 

Tie2 expressing monocytes (TEMs) are a different type of myeloid cells which are also 

recruited by tumors. These cells have mainly been observed to localize perivascular to newly 

formed tumor blood vessels but also in hypoxic, avascular areas (88-90). The intra-tumoral 

recruitment of TEMs seem to differ from TAMs in that instead of CCL-2, angiopoietin 2 is the 

main factor responsible (91). TEM involvement appears important, since ablation of TEMs 

reduce tumor angiogenesis and growth, without affecting intra-tumoral TAM numbers (89). The 

specific role of TEMs remains to be discovered, but initial experiments have suggested roles in 

increasing microvessel density through FGF-2 production and inhibiting anti-angiogenic 

cytokines (89,91).  

Apart from TAMs and TEMs, other cell types have been implicated in tumor blood vessel 

formation. CECs are believed to be adult endothelial cells, that have detached from the basement 

membrane due to some form of injury before incorporating into newly formed tumor blood 

vessels (92). EPCs, are BM derived cells characterized by, in addition of primitive hematopoietic 

cell markers, their expression of CD133 and VEGFR2 (93,94). These cells have in response to 
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VEGF been observed to be mobilized during tumor neovascularization and incorporate in large 

amounts into formed endothelium during the early stages of tumor growth (95,96). Tumor cells 

also secrete placental growth factor (PlGF) which recruit VEGFR-1 expressing HPCs to 

perivascular sites of tumor angiogenesis (97). These HPCs in addition to secreting more pro-

angiogenic factors, also provide help in stabilizing newly formed vessels (98,99). Additionally, 

myeloid-derived suppressor cells (MDSCs), dendritic cells, neutrophils and mast cells also have 

been shown to have roles in: evading immune responses, MMP-9/VEGF secretion,  and secretion 

of a number of angiogenic factors upon de-granulation (100-104). A summary of BM derived 

cell types proposed to play important roles in tumor progression is provided in Figure 1-5. 

Additionally, an illustration of tumor growth and angiogenesis is provided in Figure 1-6. 

Cellular In Vivo Imaging 

To date, many significant discoveries have been made in regards to cell function, post-

transplant localizations and pathology due to the use of histological analysis. However, great 

emphasis has recently been put on being able to follow cells carrying out their function in vivo. 

Being able to study living cells and tissues in vivo offers new opportunities for investigating 

pathological or cell migration details that previously were inaccessible. Various forms of non-

invasive imaging have been shown promising in monitoring cell fate in vivo. Where histological 

sections of tissues of interest can only provide snapshot images of the events that are taking 

place, in vivo imaging has the potential to provide unique advantages in tracking cell migration, 

engraftment, fate and tissue regeneration at multiple time points in the same study subject (105). 

Various successful techniques for in vivo imaging have been presented, each having their own 

distinct advantages and disadvantages. The most common of these techniques will be described 

and compared in this section. 
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Fluorescent and Bioluminescent Imaging 

Fluorescent imaging, for this section, will be divided up in two subcategories, in vivo 

fluorescent microscopy (FLM) and non-invasive fluorescent imaging (FLI). In vivo FLM has the 

best spatial resolution capability of all various imaging modalities and has been used extensively 

to track rare cell populations. The main advantages of FLM apart from providing single cell 

resolution are: the availability of many different fluorophores for labeling multiple cell types of 

interest and short image acquisition times. Short acquisition times provide the ability to record 

video in real-time of migrating cells. The main disadvantage with FLM is depth penetration. The 

inability for using FLM for deep tissue imaging mainly stem from light absorption, tissue 

associated light scattering and autofluorescence. Light scattering in skin, during imaging of 

subcutaneous xenotransplants, is usually dealt with by the temporary removal of the overlaying 

skin tissue, or by permanent replacement with a transparent window (106-108). In order to image 

deeper structures, microscope objectives have been designed that following surgical procedures 

can be inserted through the skin and allow for imaging of organs situated at deeper locations 

(57,109). Recent discoveries regarding the location of stem cell niches have been due to the use 

of FLM (110,111). In vivo imaging of stem cell homing to bone marrow indicated that both the 

endosteal and vascular niches were in close contact with each other and may very well be the one 

and the same (110). These experiments were performed in the mouse calvarium, where the 

shallow depth of the marrow cavity allows for direct optical visualization of stem cell homing. 

However, because of the narrow marrow space in this location, distinguishing these two possible 

niches is difficult. While these approaches have been proven extremely effective, they are by no 

means non-invasive and the effects of the surgical procedures on the normal milieu being 

investigated are hard to predict. 
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FLI and bioluminescent imaging (BLI) are two imaging modalities producing similar 

imaging results by differing methods. Both produce non-invasive planar projection images that 

are pseudo colored to match the signal intensity and overlaid on a greyscale picture of the 

animal. Use of sensitive cameras and exclusion of outside light sources are crucial parameters in 

order to detect the low amount of light that escapes absorption and scattering within the animal 

tissues being imaged. Cell tracking using FLI involves the use of either transgenic cells, 

expressing fluorescent proteins, or cells labelled with fluorescent dyes or particles prior to 

transplantation. The best results using FLI are usually obtained by using near-infrared (NIR) 

emitting dyes since these, due to the longer wavelength of emitted light, generate the least 

amount of tissue light scattering and autofluorescence (112). 

BLI exhibits less autofluorescence and greater sensitivity due to the fact that light is 

produced at the site of the cells of interest and therefore no excitation light source, contributing 

to autofluorescence, is necessary (113). BLI typically depends on the introduction of a gene 

encoding for luciferase being inserted into cells of interest (114). After the cells have been 

transplanted into the animal, a substrate, luciferin, is administered which is oxidized by 

luciferase to provide a bioluminescent reaction that can be registered by a camera (115). Both 

FLI and BLI makes it possible to detect signal from deep tissue structures, as well as being able 

to perform multiple measurements over several time points (116). This has been used to show 

bone precursor cells within bone marrow of living mice as well as longitudinally during the HSC 

engraftment process following irradiation and transplant (117-119). In general, both suffer from 

the same limitations of absorption, tissue associated light scattering and autofluorescence, which 

limit spatial resolution capability. Additionally, FLI and BLI lack the ability to produce three-

dimensional tomographic images, and signal originating from deep within the tissue will appear 
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less bright than the signal originating close to the surface without a reliable way of distinguishing 

the two from each other. The detection sensitivity is also a concern for tracking rare cell 

populations since at least 2500 cells expressing luciferase were required for optimal detection in 

an earlier report (120). Attempts are being made to improve on these shortcomings by 

developing mathematical models of light scattering and addition of multiple light detectors at 

different angles for improved image reconstruction (121,122). 

Computed Tomography/Positron Emission Tomography/Single Photon Emission 
Computed Tomography 

Positron emission tomography (PET) and single photon emission tomography (SPECT) 

have been used extensively in the clinic, especially in combination with X-ray computed 

tomography (CT), and proven especially useful in scanning for tumour metastases in human 

patients (123). PET/SPECT, in short, relies on the detection of positron- or photon emission 

decay of injected radiotracers to create 3D data sets of molecular events (124). The radioisotopes 

are usually incorporated into a biologically active molecule that accumulates in target tissues, 

where the rate of its decay provides spatial metabolic information (124). SPECT, which uses 

radiotracers with longer half-lives, exhibit lower sensitivity and resolution capability than PET, 

has been used for detecting macrophage tissue migration and nanoformulated drug delivery 

(124,125) The resolution capability of PET is one of its limiting factors. Therfore, PET is often 

used together with CT or magnetic resonance imaging (MRI), in order to combine the great 

metabolic or probe specificity of PET with the great anatomical resolutions of CT and MRI. 

Apart for low resolution capability, additional concerns regarding PET include the difficulties 

regarding handling and availability of radiotracers as well as radiation exposure associated with 

the use of the administered radioisotopes (124) 
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Magnetic Resonance Imaging (MRI) 

One of the most promising techniques, due to relatively recent advances in hardware and 

contrast agent design is magnetic resonance imaging (MRI). MRI uses external magnetic fields 

to align a majority of nuclear spins of hydrogen in water molecules along the direction of the 

applied field. Following an applied radiofrequency pulse that alters the spin-state of these 

hydrogen nuclei, the time it takes for these to return to their normal relaxed states is measured. 

Two- (or three) different relaxation times can be measured, the longitudinal relaxation time (T1), 

the transverse relaxation time (T2) and (effective transverse relaxation time (T2*)). These 

relaxation times vary from tissue to tissue, providing a basis for detecting injury and ongoing 

pathologies. MRI is widely used today in both research and clinical settings due to its ability to 

provide, excellent soft tissue contrast, great three dimensional anatomical details and relatively 

high resolutions. MRI cannot achieve the same spatial resolution as fluorescent microscopy. 

However, spatial resolutions of approximately 5 µm and routinely below 100 µm have been 

reported, with a theoretical lower limit of 1 µm (126-129). This is far better than any of the other 

non-invasive imaging modalities and sufficient to visualize cell clusters, small tissue structures 

and even single cells (130,131). Additionally, MRI does not suffer from tissue penetration issues 

or autofluorescence. Instead the major limiting factors normally associated with MRI are a lack 

of sensitivity in detecting cells of interest, due to signal-to-noise (SNR) limitations, and methods 

of generating specific molecular contrast. 

The field of MRI is aimed at improving MR sensitivity by increasing signal to noise and 

contrast levels through the use of higher magnetic field strengths, high performance gradients 

and better designed RF coils (132). The driving force behind producing stronger external 

magnetic field magnets is the increased SNR achieved at ultra high magnetic fields, which can be 

traded for enhanced resolution and shorter scan acquisition times.  
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Cellular MRI 

In order to track cells of interest by MRI in vivo, they have to be labeled with specific contrast 

agents (CAs) to make them different from surrounding cells and tissues. In general, MR CAs 

highlight regions of interest by altering the relaxation times of target cells or tissues. This usually 

occurs by either shortening T1- or T2 relaxation. Depending on which relaxation time is affected 

the most by the CA, they are named T1 or T2 CAs. The inverse of T1,2 is called relaxation rate 

(R1,2). By correlating the relaxation rate to the millimolar concentration of the metal responsible 

for the generated contrast, the term relaxivity (r1,2)is obtained, which allows different CAs to be 

compared to each other. The defining relaxation feature of a contrast agent is governed by its 

metal composition. Paramagnetic lanthanides such as gadolinium (Gd) and dysprosium (Dy) 

mainly affect T1 relaxation at lower magnetic fields (<4.7T) by interacting with water protons 

through dipole-dipole interactions (133). However, they also affect T2 and T2* relaxation times 

and reports suggest that this becomes predominant at higher field strengths (134-136). 

Apart from creating contrast through affecting relaxation times, contrast can also be 

created through chemical exchange saturation transfer (CEST). Paramagnetic lanthanides such as 

Dy3+ and europium (Eu3+) possess certain exchangeable protons that resonate at a different 

frequency than that of the bulk water of the tissue. By applying a radiofrequency pulse that is 

offset to this frequency, these protons can be saturated and transferred to the bulk water, 

resulting in decreased signal intensity (137). This enables contrast to be switched on and off 

simply by applying this offset radiofrequency pulse. 

Iron based CAs, such as the superparamagnetic iron oxide (SPIO) and FDA approved 

Feridex™, mainly reduce T2 and T2* relaxation times. SPIOs work especially well in reducing 

T2* relaxation because of its ability to dephase neighbouring water protons (138). This is called 

magnetic susceptibility effect and is used during susceptibility weighted imaging. The generation 
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of magnetic susceptibility, observed as strong hypointense signals on T2* weighted gradient echo 

(GE) scans, are not just encompassing the Feridex™ particles themselves, but also the dephased 

water protons surrounding them, leading to a “blooming” effect (139,140). Therefore, SPIOs are 

many times more sensitive than non-superparamagnetic CAs and provides the best option for 

detecting single- or small amounts of labelled cells by MRI (137,140). 

Iron-based CAs have been used extensively in experiments aimed at tracking cells non-

invasively by MRI (117,138,141-146). Most of these experiments have relied on pre-labeling of 

cells of interest in vitro with the contrast agent prior to in vivo administration (117,143-149). 

Some of these methods have involved the use of electroporation (145), cationic/anionic 

transfection agents (146,149-151), liposomal agents (152,153), dendrimers (144), viral 

transfection methods (143) and conjugated receptor targeting antibodies (154). The method of 

pre-labeling cells in vitro and then tracking them in vivo has been shown to be very promising, 

but they also introduce unique problems for studying rapidly dividing and hard to transfect cell 

populations (155,156). The initial homing, migration and engraftment of hematopoietic stem- 

and progenitor cells (HSC/HPCs) derived from the bone marrow has been studied using lower 

field strength MRI and pre-labeled cells (152,153). However, events such as; long term 

engraftment, vascular remodeling and organ regeneration that involve large scale proliferation 

and differentiation of the transplanted stem cells lead to a rapid and unavoidable dilution of 

contrast agent to undetectable levels, which limits the possible use of these methods to very short 

term tracking of HSC contribution during events that could take weeks or months 

(138,153,155,156). Concerns have also been raised about potentially negative effects on cell 

viability (147,157) and how extended in vitro labeling times could negatively effect stem- or 

progenitor cell function (145,158). Furthermore, there are also questions related to the fate of 
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contrast agent released from dead or dying cells. Free contrast agent could easily be taken up by 

resident phagocytic cells, such as; monocytes and macrophages, potentially resulting in false 

positives (138,152,159). 

Noninvasive gene reporter systems are attractive alternatives for long-term cellular 

imaging. When cells divide, the gene reporter will theoretically still be expressed in both cells at 

equal levels and still provide a similar contrast change upon activation. Previously proposed 

methods of genetic cell tracking systems by MRI includes the over-expression of cell surface 

proteins, such as, the transferrin receptor (TfR) and Her-2/neu receptor (160,161). More 

successful methods of creating MR contrast by gene manipulation have been obtained by the 

over-expression of the ferritin complex subunits (H and L), or the transferrin receptor together 

with the ferritin H-subunit (162-164). Up-regulating ferritin expression lead to an increase in 

intracellular iron accumulation when cells were grown in an iron rich medium that could be 

detected on T2 or T2
* weighted MR scans (162-164). The resulting contrast difference was 

further enhanced by increasing the magnetic field strength from 1.5 to 7T (164). The cellular 

expression of the bacterial enzyme β-galactosidase (β-Gal) has also been considered for MR 

imaging. Reports using this form of reporter system have relied on: coating contrast agents with 

a substrate that is cleaved by β-gal and thus activates the contrast agent, or by using 19F chemical 

shift imaging to detect substrate cleavage by β-gal (165,166). 

While these approaches are promising, many still require in vitro manipulation of target 

cells prior to labeling. In order to effectively evaluate potential effects of stem cell therapies, it is 

highly desirable to be able to accurately follow transplanted cells and their fates in vivo. The 

goal of developing highly sensitive, non-invasive imaging techniques that are capable of 

detecting cell migration and fates in vivo are actively being pursued. Ultra-high field strength 
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MRI comprises one of the most promising methods for achieving this goal. Therefore, its 

capabilities for improving in vivo cell tracking using established methods and a novel molecular 

MR gene reporter in models of homing to BM niches and growing tumors are investigated here. 
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Figure 1-1.  Schematic of anatomical locations of the bone and bone marrow (BM) and cell 
lineages produced by hematopoietic stem cells (HSCs). BM is a major source of 
HSCs in adult mammals. It consists of a wide variety of hematopoietic and 
mesenchymal derived cells encapsulated by bone, as well as an intricate and highly 
specialized vascular network that extends throughout the marrow space. HSCs can be 
found at various locations throughout the BM in close contact with bone lining cells, 
stromal cells, and specialized endothelial cells. These supportive cell types govern the 
main responsibility of the HSC to maintain all the different cell lineages of the blood 
for the entire lifespan of the organism. (This figure was adapted from the NIH 
website, 2001 Terese Winslow). 
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Figure 1-2:  HSC isolation characteristics. Various properties and cell surface markers have been 

proposed for the characterization of various stages of HSC maturity. Long-term 
repopulating HSCs (LT-HSC) are considered to have an unlimited ability to sustain 
the production of all cell lineages of the blood. They differ in surface marker profile 
from more specialized short-term repopulating HSCs (ST-HSC) and multi-potent 
progenitor cells (MPP). ST-HSCs and MPPs are more committed HSCs that possess 
limited self-renewal capability, therefore, can only sustain blood cell production for a 
limited amount of time. (Adapted from Wilson and Trumpp, 2006 Nat. Rev.). 
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Figure 1-3.  Illustration of proposed BM HSC niches. HSC fate is believed to be controlled by 

specific BM microenvironments or “niches”. Two such niches have been proposed to 
date. The endosteal- or osteoblastic niche is thought to harbor mainly LT-HSCs, 
maintaining cell quiescence and self-renewal through a variety of cell-to-cell 
interactions with bone lining osteoblasts (Top inset). Additionally, asymmetric cell 
division arising from uneven distribution of intra-cellular fate determination cues or 
slight differences in the external microenvironment are also thought to occur in- or in 
the vicinity of endosteal niches. The vascular niche (bottom inset) has been suggested 
mainly to contain more committed HSC subsets through interactions with specialized 
bone marrow vascular endothelial cells. While positioned in close proximity to BM 
sinusoids, these HSCs could closely monitor molecular cues carried in the blood and 
mount a rapid response to injury. (Adapted from Wilson and Trumpp, 2006 Nat. 
Rev.) 
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Figure 1-4.  Illustration of HSC mobilization and homing from endosteal and vascular niches. In 

response to stress, HSCs have the ability to exit the BM and migrate to distant sites 
within the body. Stress caused by peripheral injury, irradiation, myeloablation or 
mobilization agents lead to increased chemotactic signals carried in the blood. Upon 
reaching the BM compartment, these molecules stimulate neutrophils to release a 
variety of proteases. This causes the cleavage of niche retention signals and migration 
of HSCs into peripheral circulation. HSCs in circulation also have the ability to home 
back to their supportive niches. Following irradiation, SDF-1 released from surviving 
osteoblasts and megakaryocytes induce the migration of HSCs to the BM. Within BM 
sinusoids, circulating HSCs are slowed down by interactions with selectins on 
endothelial cells in a process known as “rolling”. Strong integrin mediated adhesions 
are then formed and induce HSC extravasation into the BM stromal compartment. 
Once inside, HSCs migrate along hematopoietic chords towards chemotactic 
gradients until they reach and lodge within preferred niches. (Adapted from Wilson 
and Trumpp, 2006 Nat. Rev. and Yin et al., 2006 J. Clin. Invest.) 
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Figure 1-5.  BM derived cell types implicated in tumor growth and blood vessel formation. BM 

derived cells have been shown to greatly influence tumor angiogenesis, growth, and 
metastasis. HSCs/HPCs (hemangiocytes) and more differentiated cells of myeloid 
lineage, play distinct roles in promoting tumor growth. Certain cell types accomplish 
this through the secretion of a wide variety of chemotaxis and angiogenesis 
stimulating molecules, as well as matrix remodeling proteases. Other cell types, such 
as myeloid derived suppressor cells (MDSCs), serve mainly to suppress an immune 
response to the growing tumor. BM derived cell types shown to incorporate into 
growing tumors and the identified mouse cell surface markers for each cell type is 
provided in the top portion of the figure. (Adapted from Murdoch et al., 2008 
Nat.Rev). 
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Figure 1-6.  BM derived cells modulate tumor angiogenesis and growth. Rapid tumor growth 

often leads to the development of hypoxic regions in the center due to an inadequate 
blood supply (bottom portion). Through up-regulation of hypoxia induced 
transcription factors, chemokines such as SDF-1, VEGF and CCL-2 are secreted 
which initiates recruitment of HSCs, HPCs, EPCs and a wide variety of myeloid cells. 
Monocytic cells, such as TAMs and TEMs, incorporate within these hypoxic hot-
spots and have been shown to modulate angiogenesis, induce basement membrane 
remodeling, and stabilize newly formed vessels. Additionally, TAMs have been 
proposed to be able to transdifferentiate into an endothelial phenotype, as well as to 
further enhance stem- and progenitor cell recruitment through the release of 
additional chemotactic signals. Ultimately, the complex interactions between tumor 
cells and recruited BM derived cells lead to revascularization, progression to 
malignancy and metastasis. (Adapted from Wels et al., 2008 Genes Dev.). 
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CHAPTER 2 
MATERIALS AND METHODS 

The optimized materials and methods described here have been developed and adapted 

over a number of years from multiple previous reports and own observations. This chapter will 

discuss the various procedures used during these experiments including, parameters for 

optimized magnetic resonance imaging (MRI) scans, magnetic resonance (MR) relaxivity 

measurements, flow cytometry, cell labeling and tissue preparations for histology. Additionally, 

all experimental procedures performed were in accordance with the University of Florida’s 

Institutional Animal Care and Use Committee. 

Animals 

Control C57BL6J (BL6) and FVB mice were purchased from Charles River Laboratories. 

Homozygous dsRed transgenic animals (Tg(CAG-DsRed*MST)1Nagy/J, expressing the red 

fluorescent protein variant DsRed in all tissues under the control of the chicken beta actin 

promoter coupled with the cytomegalovirus (CMV) immediate early enhancer, were obtained 

from The Jackson Laboratory. B6Rosa26 (B6.129S7-Gt(ROSA)26Sor/J) mice that ubiquitously 

express the LacZ gene in most adult tissues were obtained from The Jackson Laboratory (Bar 

Harbor, Maine). Tie2LacZ (FVB/N-Tg(Tie2-LacZ)182Sato/J) mice, conditionally expressing 

LacZ under the control of the Tie2 promoter, were obtained from The Jackson Laboratory (Bar 

Harbor, Maine). The LacZ gene encodes the bacterial enzyme β-galactosidase (β-Gal). Bacterial 

β-gal has differing substrate specificity from its mammalian counterpart. LacZ is a widely used 

generic reporter system used both in vitro and in vivo, particularly in the field of developmental 

biology where countless LacZ transgenic mouse strains have been generated. 
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Materials and Methods used in Chapter 3 

Irradiation Induced Injury 

Two cohorts of 6-8 week old BL6 mice were given 950 Rads of whole body γ-irradiation. 

The first cohort of animals was subsequently transplanted with approximately 2×106 BL6 whole 

bone marrow (BM) cells by retro orbital sinus (ROS) injection one day following irradiation 

(n=15). This cohort was used for investigating irradiation induced morphological BM changes as 

well as changes in MR characteristics over two weeks following irradiation. The second cohort 

was used for subsequent in vivo imaging of BM cell homing (n=5). Antibiotics (Enrofloxacin) 

were added to the drinking water during the first 2 weeks of engraftment to prevent infection. 

BM Labeling with Feridex 

BM cells for homing studies were harvested from homozygous male dsRed transgenic 

animals. These cells were incubated with a mixture of Feridex (Berlex laboratories) and 

Protamine sulfate (Sigma) as previously described (167). Following overnight labeling, cells 

were purified using 10 U/ml Heparin (Sigma) to remove excess Feridex that had not yet been 

taken up by the cells. The cells were then washed, counted and re-suspended in PBS before 

injection (168). Cytospins of labeled BM cells were stained with Prussian blue, AccustainTM Iron 

stain (Sigma Diagnostics inc, MO, USA) for 3 minutes to visualize cellular iron uptake. Cell 

labeling efficiency was estimated by manual counting of Prussian blue positive cells. 

Tibia Window Installment 

24 hours post-irradiation, animals from the second cohort were sedated by intra peritoneal 

Avertin injections (600 mg/kg, Aldrich). Tibia windows were installed by first carefully 

exposing and subsequent thinning of the bone in the diaphysis region of the tibia. Great care was 

observed to not injure the marrow itself while thinning the bone. A custom fitted coverslip was 

then mounted in place using Vectashield (Vector laboratories inc.) over the exposed BM and 
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attached using superglue. This procedure provided a “window” for optical microscopy of BM 

cell homing that could be correlated with MRI. 

Feridex Labeled BM Cell Transplantation 

For studying BM cell homing, young animals were of great importance due to loss of BM 

signal intensity (SI) on T2 weighted MRI scans as the animals grew older, in accordance with 

previous reports (169). Therefore, 6 week old BL6 female mice (n = 15) were used for optimal 

initial MR SI properties. 24 hours after irradiation and directly following the installation of the 

tibia window, approximately 10000 Feridex labeled dsRed BM cells were transplanted via the 

left femoral artery (FA) while the animal was still anesthetized. FA injection was performed by 

placing a ligature around the FA proximally to the injection site, making a small incision distally 

to the ligature and injecting approximately 10 µl of the cell suspension. This was followed by, 

incision cauterization, ligature removal, suturing the skin and covering it with antibiotic 

ointment. Following FA injection, a booster dose of 2×106 BM cells were delivered via ROS 

injection to ensure that a sufficient irradiation rescue dose of BM cells were given. 

In Vivo Fluorescent Microscopy of DsRed BM Cells 

In vivo fluorescent microscopy of dsRed BM cell homing was performed directly after cell 

delivery via the FA while the animals were still sedated. Images and videos were acquired 

through a Texas Red filter at 10X magnification using a LEICA 5500B microscope (LEICA, 

Wetzlar, Germany), a Hamamatsu 3CCD camera.and Volocity 4.2.1 software (Improvision, MA, 

USA). 

MRI of BM Following Irradiation and Transplantation 

MRI was performed at 17.6T (750MHz) magnetic field strength following transplantation 

(Bruker Biospin,) using Paravision 4.0 software (Bruker). Animals were sedated during the 

imaging process by breathing a mixture of Isofluorane and oxygen. Respiration and body 
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temperature was monitored during the imaging process (SA Instruments). A custom built single 

tuned 8×11 mm surface coil (Doty Scientific) was placed over the knee and tibia, allowing 

imaging of the BM space. Three-dimensional (3D) gradient echo (GE) scan sequences were 

obtained with imaging parameters of; repetition time (TR) = 80 ms, echo time (TE) = 2.5 ms, 

field of view (FOV) = 1.1×0.6×0.5 cm3, matrix size = 393×214×83, spectral width = 75 kHz and 

4 signal averages, resulting in a resolution of 28×28×60 µm3. 

For ex vivo imaging of excised legs, a 10 mm birdcage coil and 3D GE scan sequence was 

used with imaging parameters; TR = 70 ms, TE = 3 ms, FOV = 1.7×0.9×0.6 cm3, matrix size = 

566×300×200, spectral width = 75 kHz and 8 signal averages. These imaging parameters 

resulted in a resolution of 30×30×30 µm3. BM SI was measured by normalizing the SI of BM to 

the SI of an adjacent portion of the tibialis anterior (TA) muscle for each time point. MR images 

and 3D renderings were processed using OsiriX v.3.5 (http://www.osirix-viewer.com). 

Histological Analysis of Feridex Labeled DsRed BM Cells 

Freshly harvested bones were fixed overnight in 4% paraformaldehyde (PFA), decalcified 

overnight in 5% formic acid and embedded in paraffin. Hematoxylin and eosin (HøE) staining 

was used to determine BM cellularity. For the animals receiving Feridex labeled dsRed BM 

cells, antibody retrieval was performed on 5 µm tissue sections using DACO heat retrieval and 

stained with a primary dsRed antibody (1: 200 dilution, Pharmingen). This was followed by a 

peroxidase secondary antibody with 3, 3’-Diaminobenzidine (DAB) development and Prussian 

blue stain for iron detection. Prussian blue iron development was only allowed for 2 minutes, 

instead of the manufacturers recommended 10 minutes, in order to limit the development of 

endogenous iron. 

http://www.osirix-viewer.com/�
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Materials and Methods used in Chapter 4 

S-Gal Substrate Specificity Studies 

S-Gal™ (3,4-cyclohexeneoesculetin-B-D-galactopyranoside salt) is one of the 

commercially available histological stains for LacZ. Upon cleavage by β-Gal, S-Gal chelates 

ferric iron, derived from ferric ammonium citrate (FAC), to create a dark, colored reaction 

product (170). Traditionally, this dark stain is used to rapidly identify cells expressing LacZ in 

cultures, histological sections, or in whole mounted,fixed embryos (171,172). 

S-Gal labeling solution was prepared by mixing 1mg/ml S-Gal™ Sodium salt (Sigma, St 

Louis, MO, USA) and 0.5 mg/ml FAC (Sigma Aldrich, St Louis, MO, USA) in Dulbecco’s 

Phosphate Buffered Saline (DPBS) (GIBCO, Grand Island, NY, USA). Following mixing, the S-

Gal labeling solution was filtered to remove precipitants. Recombinant β-gal enzyme (US 

Biological, Swampscott, MA, USA) was added to yield a final concentration of 0.06 U/ml in one 

of the S-Gal/FAC samples and allowed to react for 1-2 minutes at room temperature. Control 

samples consisted of just PBS, 0.5 mg/ml FAC and 0.5 mg/ml FAC with 1 mg/ml FAC without 

enzyme addition. Substrate phantoms for subsequent MRI were then manufactured by diluting 

the sample solutions with an equal amount of 1% Ultra-PureTM Agarose (Invitrogen, Carlsbad, 

CA, USA). The resulting mixtures were then injected into glass capillary tubes (Curtin-Matheson 

Scientific, Broomall, PA, USA) and allowed to solidify on ice to eliminate substrate 

sedimentation during imaging. 

S-Gal Staining of BM Cells 

BM cells were harvested from BL6 and Rosa26 mice by flushing BM from femurs and 

tibias with 1X DPBS. Cells were then passed through a 26 gauge needle until single cell 

suspensions were obtained. Cells were re-suspended with 1 mg/ml S-Gal and 0.5 mg/ml FAC in 

DPBS, 0.5 mg/ml FAC in DPBS or only DPBS in ClicksealTM micro centrifuge tubes (National 
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Scientific, Claremont, CA, USA) and incubated at 37°C for 2 hours. Following incubation, cells 

were washed twice with 1X DPBS to remove free S-Gal and FAC. Cells were subsequently 

filtered through FACS tubes with cell strainer caps (BD Falcon, Franklin Lakes, NJ, USA) to 

remove large aggregations of S-Gal and cells. We found that this step was essential since 

unfiltered cell- and substrate aggregations seemed to generate strong non-specific magnetic 

susceptibility artifacts on T2* weighted scans. Finally cells were counted and re-suspended at a 

concentration of 8×107 cells/ml in 100 µl DPBS.  

Intra-Cellular Iron Accumulation Determination 

Intra-cellular iron accumulation was determined by a ferrozine iron assay (173). 3×106 BM 

cells labeled as described above were incubated at 60°C with 50 mM NaOH, 10 mM HCl and 

iron releasing reagent (equal volumes of 1.4M HCl and 4.5 % KMnO4) for 2 hours (n=5). The 

samples were allowed to cool down to room temperature and an iron detecting reagent was 

added consisting of; 6.5 mM ferrozine, 6.5 mM neocupoine, 2.5 M Ammonium acetate and 1 M 

Ascorbic acid. The mixture was allowed to react for 30 minutes at room temperature before 

measuring absorbance at 562 nm in a plate reader. Intra-cellular iron amounts was determined by 

extrapolating absorbance values on a standard curve of known iron concentrations. 

Measurements were repeated on five sets for each sample. Statistical significances between 

sample groups were determined by one-way analysis of variance (ANOVA) tests using 

GraphPad Prism 4.0 software. Data are presented as average ± standard deviation (SD) of 

measurements. 

Cell Viability Assay 

Cell viability was determined by Trypan blue (Invitrogen, GIBCO, Grand Island, NY, 

USA) exclusion at 40 minutes and 2 hours of labeling. 4x104 BM cells selected from the labeling 

solutions were re-suspended in a 1:10 dilution with equal amounts of DPBS and Trypan blue. 
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Cell viability was then estimated by counting the dye excluding- and dye retaining fractions to 

obtain a percentage of viable cells. Measurements were repeated five times for each sample and 

data are presented as average ± SD of the measurements. 

Magnetic Resonance (MR) Measurements on S-Gal Substrate- and Cell Phantoms 

Cell phantoms was made by adding 100 µl 1% Agarose to the cell samples and injecting 

the resulting solution into glass capillary tubes to keep cells or precipitates from sedimenting 

during the imaging steps. Final cell concentration for the imaging steps was 4x107cells/ml. The 

capillary tubes were placed in FC-43 fluorinertTM (3M) to minimize susceptibility artifacts 

during imaging. Cell- and (substrate) phantoms were kept on ice until imaging at 4.7, 11.1, 14.1 

and 17.6 T magnetic field strength magnets with Paravision® software (PV3.02;Bruker). For 

transverse relaxation (R2) measurements a spin echo (SE), multiple slice multiple echo (MSME), 

scan sequence was used with parameter settings: TR = 15 s, TE = 7 ms (100 echoes), matrix size 

= 128×64, FOV = 2.5×1.25 cm2, slice thickness 1mm. Effective transverse relaxation (R2*) 

measurements used a series of GE, fast low angle shot (FLASH), scan sequences with the 

parameters:  TR = 6 (or 18) s, TE = 4.0 - 140 ms, FOV = 2.8×2.8 cm2, matrix size = 256×256, 

spectral width = 60 kHz and 1 mm slice thickness. Regions of interest (ROIs) for each sample 

were then drawn to contain the entire cross section of each of the samples and Paravision 

software was used to calculate R2 values. R2* values were determined by plotting the mean SI 

within the ROIs against TE using nonlinear least squares curve fitting. These measurements were 

repeated on five sets for each sample. Statistical significances between sample groups at each 

magnetic field strength as well as between β-gal containing samples at varying magnetic field 

strengths were determined by one-way ANOVA tests using GraphPad Prism 4.0 software. Data 

are presented as average ± SD of measurements 
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In Situ MRI of S-Gal Labeled BM Cells 

Rosa26 and BL6 animals were used as BM cell donors. Cells were labeled as described 

above with S-Gal/FAC. BL6 recipient mice were anesthetized by intra peritoneal Avertin 

injections and the hair on their lower hind limbs were removed to facilitate a consistent intra 

muscular delivery of cells. Subsequently, 0.5×106 S-Gal/FAC labeled LacZ expressing- or 

control BM cells suspended in 40 µl DPBS were injected into the TA muscles of the left and 

right legs respectively (n=3). The animals were kept stationary during the imaging steps by 

breathing a mix of Isofluorane and oxygen. The hind limbs were placed inside a custom made 

single tuned (4.7T) proton solenoid coil or a custom made proton loop gap coil (11.1T) and 

imaged with 3D GE scan sequences at 4.7 and 11.1 T magnetic field strengths with; TR = 100 

ms, TE = 5 ms, spectral width = 100 kHz, 30º pulse angle, FOV = 1.45×1.20×2.40 cm3 and 

matrix size = 384×192×64. Images were acquired with Paravision® Software and analyzed with 

OsiriX software. 

In Vivo S-Gal Labeling of Rosa26 Tissues 

First, 2 mg/ml S-Gal with 1 mg/ml FAC or just 1 mg/ml FAC, was suspended in 200 µl 

PBS containing 25% dimethyl sulfoxide (DMSO, Sigma, St Louis, MO, USA) and 30-40 µl 

were injected into the left- and right TAs respectively of Rosa26 animals (n=5). Animals were 

anesthetized and positioned in the coil as mentioned previously and imaged at 11.1T magnetic 

field strength at 1, 5 and 24 hours post-injection using; a 3D GE scan sequence with: TR = 100 

ms, TE = 3.8 ms, spectral width = 100 kHz, 30º pulse angle, FOV = 1.50×1.20×2.40 cm3 and 

matrix size = 384×192×64 or a MSME scan sequence with: TR = 2 s, TE = 5.7 ms (6 echoes), 

spectral width = 100 kHz, FOV = 1.5 × 1.4 cm2, matrix size = 256 × 128 and 1 mm slice 

thickness. MR data was subsequently analyzed using OsiriX software. 
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Secondly, a group of BL6 animals (n = 3) underwent a procedure where an approximate 2 

mm3 piece of Rosa26 muscle was surgically implanted in their left gastrocnemius muscles. These 

animals underwent a pre-injection scan followed by an intra-muscular injection of 50 µl S-Gal 

labeling solution (1 mg/ml S-Gal, 0.5 mg/ml FAC in PBS with 10% DMSO). The animals left 

hind limbs were then imaged 1 and 24 hours post injection with 3D GE scan sequences with: TR 

= 100 ms, TE = 3.8 ms, spectral width = 100 kHz, 30º pulse angle, FOV = 1.1×1.1×2.4 cm3 and 

matrix size = 384×192×64. MR data was subsequently analyzed using OsiriX software. 

Histological Analysis of S-Gal Labeled Cells and Tissues 

Samples of labeled and non-labeled BM cells were spun onto positively charged 

microscope slides (Fisher scientific) at 100 rpm/min for 1min using a Shandon Cytospin 3 and 

stained with Prussian blue to identify intracellular iron accumulation according to the 

manufacturers specifications. The slides were fixed for 2 minutes in 100% methanol, mounted 

with CytosealTM XYL (Richard-Allan Scientific) and coversliped. Brightfield Images were 

acquired at 40X with a LEICA 5500B microscope and Volocity 4.2.1 software. 

Following MRI, mice were sedated and euthanized by cervical dislocation. TA muscles 

were dissected out and frozen immediately with liquid nitrogen for optimal preservation of 

morphology. Following storage at -80ºC overnight, 10 micrometer tissue sections were cut and 

fixed for 5 minutes with 4% PFA. Staining of tissue sections were then performed with either 

Prussian blue iron stain, HøE or Nuclear Fast Red (NFR). Slides were mounted with CytosealTM 

XYL and coversliped. Brightfield Images were acquired with a LEICA 5500B microscope and 

Volocity software. 
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Materials and Methods used in Chapter 5 

Irradiation Damage and BM Cell Transplantation 

6-8 week old BL6 and FVB mice were given 950 Rads of whole body irradiation and 

subsequently transplanted by ROS injection one day following irradiation with approximately 

2×106 BL6, Rosa26 or Tie2LacZ whole BM cells respectively. Antibiotics (Enrofloxacin) were 

added to the drinking water during the first 2 weeks of engraftment to prevent infection. 

BM Engraftment Analysis of β-Galactosidase Expression in Peripheral Blood 

Three months following irradiation and transplantation, BM cell engraftment was 

evaluated by measuring β-Gal expression using flow activated cell sorting (FACS) analysis of 

peripheral blood (PB) (174). Prior to FACS analysis, PB cells were loaded with the fluorescent 

substrate Fluorescein di(β-D-galactopyranoside) (FDG) (Sigma), which upon cleavage by β-Gal, 

emits fluorescence in the FIT-C range. Additional to β-Gal expression, Rosa26 derived PB was 

simultaneously analyzed using CD11b-PE conjugated antibodies. 

Tumor Cell Implantation 

Lewis lung carcinoma (LLC) (ATCC) and Lung AB carcinoma (LAP0297) (a generous 

gift from Dr Peigen Huang at Harvard medical school) were used for BL6 and FVB respectively. 

After confirmation of successful BM engraftment, 1×106 to 2×106 tumor cells were injected into 

the TA muscles of the engrafted animals. The tumor cells were allowed to grow for 14 days, 

during which in vivo MRI of the growing tumor was performed. Approximately 14 days after 

initial tumor cell implantation, the animals were sacrificed due to the size of the formed tumor. 

In Vivo Fluorescent Imaging of Intra-Tumoral BM Derived Cells 

The fluorescent β-gal substrate FDG was used over more recently developed and improved 

substrates due to its shorter wavelength and therefore decreased ability for emitted light to 

penetrate tissue (175). This was desirable since light emitted from engrafted cells within the BM 
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would interfere with the light emitted by BM derived cells within the tumor. Animals were given 

25 mg/kg of FDG solution by ROS injection approximately 30 minutes prior to imaging. An 

excitation of 500 nm and a recorded emission of 540 nm were used to collect the image data 

using an IVIS®Spectrum biophotonic imager (Xenogen). 

In Vivo MRI of Tumor Recruited Myeloid Cells. 

MR imaging was performed at 4.7, 11.1 and 17.6T magnetic field strength using 

Paravision 3.01 and 4.0 acquisition software (Bruker). 3D SE and 3D GE scans were obtained of 

the tumor containing lower hind limb prior to and following S-Gal administration. SE scans were 

acquired in order to visualize the extent of the growing tumor based on the increased T2 

relaxation time that is characteristic for tumors. GE scans were used to visualize iron containing 

cells within the tumor based on iron induced T2* shortening. 

In vivo MR imaging at 17.6T was performed using a custom built surface coil with 

dimensions 8×11 mm (Doty Scientific) placed over the animals TA muscles. 3D GE scan 

sequences were acquired using; TR = 70 ms, TE = 3 ms, spectral width = 50 kHz, 4 signal 

averages, matrix size = 314×257×88, FOV = 1.1×0.9×0.7 cm3, resulting in a resolution of 

35×35×80 µm3. 

In vivo MR imaging at 11.1T was performed on tumor containing lower hind limbs using a 

custom built solenoid coil. 3D SE, rapid acquisition with relaxation enhancement (RARE), scan 

sequences were acquired with imaging parameters: TR = 1 s, effective TE = 41.3 ms, spectral 

width = 75 kHz, rare factor = 10, 1 signal average, matrix size = 204×120×120, FOV = 

2.2×1.3×1.3 cm3. 3D GE, gradient echo fast imaging (GEFI), scan sequences were then acquired 

with imaging parameters: TR = 100 ms, TE = 5 ms, spectral width = 61 kHz, 1 signal average, 

matrix size = 440×200×150, FOV = 2.2×1.3×1.3 cm3, resulting in a resolution of 108×108×108 

µm3 for the SE scan sequence and 50×65×87 µm3 for the GE scan sequence. 
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Following baseline scans, animals were given ROS injections with 100 µl of a mixture of 

2mg/ml S-Gal and 1 mg/ml FAC in PBS. Animals were allowed to rest for approximately 3 

hours following imaging and injection before the start of post contrast imaging. 

In vivo imaging at 4.7T was performed 24 hours post S-Gal injections to visualize the 

extent of the growing tumors in both LacZ transplanted and control animals. Images were 

acquired using a custom built loop gap coil and a 3D SE (RARE) scan sequence with imaging 

parameters: TR = 1.5 s, effective TE = 42.83 ms, spectral width = 75 kHz, 1 signal average, rare 

factor = 4, matrix size = 256×128×80, FOV = 2.5×1.25×1.25 cm3, resolution = 98×98×156 µm3. 

Excised fixed tumors were submerged in FC-43 fluorinert (3M) to improve signal to noise 

ratio (SNR) and imaged ex vivo at 17.6T using a 3D GE scan with parameter settings: TR = 80 

ms, TE = 3.2 ms, spectral width = 50 kHz, 8 signal averages, matrix size = 433×300×300, FOV 

= 1.3×0.9×0.9cm3 and resolution = 30×30×30µm3. Post-processing of images was performed 

using OsiriX v.3.5 software. 

Histological Analysis of Tumor Recruited BM Derived Myeloid Cells 

Following imaging, animals were sacrificed by cervical dislocation. The tumors were 

excised and freshly frozen in optimum cutting temperature embedding compound (OCT). Ten 

micrometer thick sections were cut and placed on positively charged glass slides. Sections were 

stained for LacZ expression using X-gal (Sigma), iron accumulation using Prussian blue iron 

stain, HøE, CD11b monocytic cell marker, F4/80 macrophage cell marker, MECA32 endothelial 

marker and terminal deoxynucleotidyl transferase nick end labeling (TUNEL) for cells 

undergoing apoptosis. 
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CHAPTER 3 
IN VIVO VISUALIZATION OF BM CELL HOMING USING ULTRA HIGH FIELD MRI 

FOLLOWING IRRADIATION AND CELL TRANSPLANTATION 

Introduction 

Since the discovery of the hematopoietic stem cell (HSC), much has been learned about its 

phenotype and biological function (12). Even though much is known about the function of the 

HSC, there is an ongoing debate regarding where the HSC resides within the bone marrow (BM) 

and what are the underlying molecular cues which determine its fate (1). As discussed in chapter 

1, two distinct niches, have been proposed to be crucial for HSC maintenance and function, “the 

endosteal-” and “vascular niche”. BM remodeling and subsequent restoration of homeostasis 

following irradiation relies heavily on the ability of transplanted cells to “home” back to these 

niches (176). Therefore, the function of vascular structures within the BM is of great importance. 

Irradiation induced changes of vascular structures within the BM have been elegantly visualized 

ex vivo using vascular casting and electron microscopy (48). This study indicated that 5 days 

post 5-FU treatment or irradiation, marked swelling and fusion of BM sinusoids and dilation of 

the central sinus vein occurred together with a decrease in BM cellularity (48). 

Changes in BM signal intensity (SI) on magnetic resonance imaging (MRI) scans have 

previously been described and attributed to the red to yellow marrow conversion that occurs with 

age in mice, where the presence of TNFα was described to be crucial for the conversion to occur 

(169). This report indicated that this conversion occured between 2 and 5 months of age. Another 

study described the changes in the blood to BM barrier using MRI following irradiation (177). 

By administering a blood-pool contrast agent, disruption of the BM vasculature could be 

visualized by a greater change in SI of irradiated animals versus non-irradiated (177). These 

studies are valuable in elucidating physiological changes on the macro imaging level within the 
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BM, but have not been able to provide sufficient resolution to determine specific spatial 

locations of transplanted BM cells. 

In vivo magnetic resonance (MR) characteristics of the BM and cell homing at Ultra-high 

magnetic fields of 17.6T have not been described to date. Here the ability of ultra-high field 

strength MRI for achieving high resolutions images of the initial homing of transplanted 

superparamagnetic iron oxide (SPIO) labeled BM cells to specific locations within the BM was 

investigated. The hypothesis was that the increased MR sensitivity at higher magnetic field 

strengths would enable the non-invasive visualization of single- or small clusters of homing iron 

labeled cells that could be further confirmed using in vivo fluorescent microscopy and histology. 

Irradiation Induced Changes in BM Signal Intensity at Ultra High Magnetic Field Strength 

In order to establish BM MR characteristics at ultra-high magnetic field strength, young 

animals were lethally irradiated and transplanted with normal unlabeled BM cells. These animals 

were imaged throughout the first two weeks of engraftment in order to determine the optimal 

time frame for tracking SPIO labeled BM cells. This was necessary because BM SI has 

previously been reported to change drastically following lethal irradiation, with a marked drop in 

SI occurring from day 3 following irradiation, due to hemorrhage associated shortening of T2 

(178). Since we planned to use FeridexTM, due to the strong negative contrast generating effect 

associated with SPIOs, we needed to ensure that labeled cells would be optimally distinguished 

from non-specific, irradiation induced T2 shortening. 

Following lethal irradiation and BM transplantation, host BM SI was observed to decrease 

steadily during the two weeks the animals were followed (Figure 3-1a, top and Fig 1b). This drop 

in SI coincided with a prevalent decrease in BM cellularity (Figure 3-1a, bottom) and increased 

iron deposition within the marrow space, especially towards the central portions of the diaphysis, 

observed towards later time points (> 1 week post-irradiation). Decreasing BM cellularity 
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coupled with increased iron deposition are likely reasons for the observed drop in SI on three-

dimensional (3D) renderings of the BM space (Figure 3-1c, d). A previous report has indicated 

that a loss in BM cellularity leads to the swelling of BM sinusoids through a lack of structural 

support (48). This effect led to the ability to visualize sinusoidal vasculature by MRI at 7 days 

post irradiation (Figure 3-1c). Eventually, between week 1 and 2, the signal originating from BM 

cells and smaller vascular structures was markedly decreased, leaving mostly signal originating 

from the larger, centrally located vascular structures, that by this time were becoming enlarged 

(Figure 3-1c, d). Rupturing of BM sinusoids as a result of irradiation has previously been 

described to occur (48). This could be a likely explanation for the disappearance of previously 

observed sinusoidal vasculature on MRI scans by day 14 following irradiation (Figure 3-1d). 

Based on these observations, we found that 6-8 week old mice were ideal candidates for SPIO 

labeled BM transplantation, due to the fact that their BM still exhibited relatively high SI and 

that it was maintained at a reasonable level for up to 5 days following irradiation and 

transplantation. Additionally, increased amounts of non-specific iron within the BM, as a result 

of hemorrhage from ruptured BM sinusoids, could potentially lead to the detection of false 

contrast on susceptibility based MR scan sequences. However, no such iron accumulation was 

observed prior to one week following irradiation and therefore should not contribute significantly 

to observed MR contrast from SPIO labeled BM cells during early time points. 

BM Labeling and In Vivo Fluorescence Tracking 

Prior to BM transplantation, cytospins of dsRed expressing BM cells, labeled overnight 

with the SPIO contrast agent FeridexTM, were performed in order to ensure a reasonable labeling 

efficiency. Cellular expression of dsRed fluorescent protein was confirmed by direct fluorescent 

visualization (Figure 3-2a), and the iron cell labeling efficiency was estimated by manual 

counting to be approximately 40 percent, following Prussian blue iron staining (Figure 3-2b). 
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Using in vivo fluorescent microscopy (FLM), dsRed fluorescent cells could be observed to enter 

the BM space through a “bone window” installed on a thinned portion of the animal tibia within 

minutes following systemic delivery via the femoral artery (FA). Arriving cells were observed to 

join groups of previously lodged cells (Figure 3-2c). The resulting clusters seemed to form at 

favorable niches located close to the bone surface underneath the tibia window (Figure 3-2d). 

In Vivo Tracking by MRI 

Following confirmation of transplanted BM cell arrival by FLM, high resolution in vivo 

MRI was performed for up to 48 hours post transplant. SPIO labeled cells were detected as small 

regions of signal voids, located throughout the limb within muscle as well as within the BM 

cavity. These areas of signal voids measured approximately 80-110 µm in diameter, which 

indicated the presence of small clusters of labeled cells. While labeled cells were mainly 

observed close to the bone surface, they were also observed more centrally located away from 

the tibia window (Figure 3-3a). The use of ex vivo MRI of excised and fixed hind limbs enabled 

the acquisition of additionally enhanced resolution data sets that further confirmed the presence 

and spatial localization of transplanted BM cells within the marrow space (Figure 3-3b, c). 

Orthogonal slices in all three directions confirmed the presence of single- or small clusters of 

labeled cells as negative contrasting spheres (Figure 3-4).  

Histological Confirmation of In Vivo Findings 

Post-imaging histology of the imaged tibia identified cells with enhanced iron content at 

the very sites indicated by FLM and MRI. Using a shorter iron development period on the tissue 

sections ensured that mainly Feridex™ containing cells, responsible for the hypointense SI areas 

observed by MRI, were staining positive inside the marrow space (Figure 3-5a). Subsequent 

antibody staining for dsRed protein coupled with Prussian blue iron stain further proved that 



 

54 

small clusters of iron containing cells, at the locations indicated by MRI, were indeed of donor 

origin (Figure 3-5b). 

In summation, “dual-tagged” cells, obtained by harvesting BM cells from dsRed 

expressing transgenic mice and labeling them in vitro using SPIOs, could be used to visualize 

homing of transplanted cells in vivo, by both FLM and MRI. Once delivered, these tagged BM 

cells could be observed from the first moment of arrival to the BM by FLM and subsequently by 

MRI. This validates the use of high resolution MRI with FLM confirmation for the visualization 

of BM cell homing to spatially resolved locations within the marrow space in vivo. Furthermore, 

ultra-high field strength MRI (17.6 T) possesses the sensitivity to be capable of high resolution, 

non-invasive cell tracking during the complex events occurring inside the normally inaccessible 

BM cavity following irradiation and BM cell transplantation. In order to validate the presence of 

transplanted cells within the marrow space, in vivo FLM or BLI coupled with histology provides 

a great advantage and is vital in confirming the MRI findings. 

However, issues concerning label dilution due to cell division as well as MR contrast 

originating from dead cells cannot satisfactorily be addressed using SPIO labeled cells. In the 

next chapter, a MR active gene reporter system for the longitudinal tracking of viable cells will 

be proposed and characterized. 
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Figure 3-1.  Magnetic resonance imaging (MRI) clearly depicts changes in contrast between day 

0 and day 14 following irradiation. a: As SI within the BM space decreased, BM 
cellularity was also observed to decrease (bottom panel, hematoxylin and eosin (HøE) 
staining). Normalized BM SI of irradiated animals was observed to drop steadily 
during two weeks following irradiation (b) (n = 5). 3D MR renderings of the BM 
space following irradiation enabled the visualization of swollen sinusoids at day 7 (c). 
BM sinusoids were no longer visible at day 14 and instead signal was generated 
predominately from the larger more centrally located vascular structures (d).  
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Figure 3-2.  Fluorescent microscopy detection of initial BM cell homing following 

transplantation. DsRed fluorescence (a) and presence of Feridex (b) within labeled 
cells were detected prior to systemic delivery into the host animals (n = 5). In vivo 
fluorescent microscopy was used to detect the arrival of dsRed fluorescent BM cells 
inside the marrow cavity within minutes of femoral artery injection (c). The arriving 
BM cells seemed to be seeding into favorable niches (d) (n = 5). 
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Figure 3-3.  Superparamagnetic iron oxide (SPIO) labeled BM cell homing visualized using 

MRI. The bone window (*) and SPIO labeled cells are visible on an inverted signal 
overview of an excised hind limb (a). Small clusters of transplanted Feridex labeled 
BM cells (arrowheads) could be visualized by in vivo MRI as small hypointense areas 
in close proximity of the bone window (b) (n = 5). Ex vivo MRI provided further 
enhanced resolution which led to even easier distinction of these hypointense areas 
(c) (n = 1). The majority of the Feridex labeled BM cells seemed to be in close 
proximity of the endosteum of the central portion of the tibia. Animals receiving 
dsRed BM cells without Feridex label lacked the presence of hypointense regions 
within the same area underneath the tibia window (d) (n = 1). 
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Figure 3-4.  Orthogonal validation of Feridex positive spheres. The thinned tibia bone and 

window were visible both in vivo (a) and ex vivo (b) on orthogonal MR slices. 
Negatively contrasting spheres (arrows), indicative of iron loaded cells could be 
distinguished in all three orthogonal directions. 
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Figure 3-5.  Histological identification of iron labeled dsRed expressing BM cells. a: HøE 

staining combined with Prussian blue iron staining shows iron positive cells (black 
arrows) located at sites close to the bone (*), as indicated by MRI. Enhanced iron 
uptake was also observed in one endothelial cell close to iron labeled BM cells (white 
arrow). b: Dual staining using dsRed antibody and Prussian blue iron stain verified 
that clusters of transplanted dsRed cells also contained enhanced intracellular iron 
levels (arrow). 
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CHAPTER 4 
LACZ AS AN IN VIVO GENETIC REPORTER FOR REAL TIME MRI 

Introduction 

Ultra high field magnetic resonance imaging (MRI) comprises a very attractive tool for cell 

tracking. As seen in Chapter 3, the excellent resolution capability and use of highly sensitive iron 

based contrast agents (CAs), enables the non-invasive visualization of small amounts of 

transplanted cells. Iron as a contrast agent, is well known for its magnetic properties and fairly 

high tolerance by living organisms (138,142). However, the vast majority of iron based CAs 

require external manipulation of non-phagocytic cells (i.e. most stem cells) to induce label 

uptake (147,148). Additionally, once these labeled cells are transplanted into the host, it can be 

difficult to distinguish whether contrast is generated by viable or dead cells (138,147). The 

usefulness of MRI for real time, longitudinal in vivo studies, would be greatly enhanced by an 

effective genetic reporter system that is capable of creating magnetic resonance (MR) contrast on 

demand. As mentioned in Chapter 2, S-Gal was specifically designed to form large, poorly 

diffusible, non-toxic, intracellular accumulations of iron-containing reaction products in the 

presence of β-galactosidase (β-gal) and ferric salts (170). While S-Gal has most commonly been 

used as a colorimetric stain on histological sections, we reasoned that accumulation of such large 

iron-containing deposits within lacZ-expressing cells could be visualized using ultra high field 

MRI. 

S-Gal Forms a MR Visible Precipitate with Ferric Ammonium Citrate (FAC) in the 
Presence of β-Gal 

The specificity as well as the contrast enhancing effect of the reaction between S-Gal and 

β-gal enzyme was confirmed by adding recombinant β-gal to a solution of S-Gal and ferric 

ammonium citrate (FAC). The following reaction resulted in a change from a clear to a dark 

colored solution within 1 minute of labeling at room temperature (Figure 4-1a). Subsequent MR 



 

61 

relaxometry showed that the β-gal enzyme containing phantoms exhibited a significant increase 

in transverse relaxation rate (R2) and effective transverse relaxation rate (R2*) when compared to 

controls at all magnetic field strengths (N = 3; P < 0.05). Control R2 and R2* values were not 

significantly different from each other (P >0.05), except at 4.7T where the R2 of the SGal/FAC 

compared to Blank and FAC were significantly different (P <0.05). R2 (Figure 4-1b) and 

especially R2* (Figure 4-1c, d) were enhanced with higher magnetic field strength for enzyme 

treated samples (P < 0.05). However, only between 14.1 and 17.6T was there no significant 

differences in R2 or R2* (P > 0.05). The observed increase in relaxivity with field is consistent 

with previous reports where T2 and susceptibility (T2*) based contrast agents have been shown to 

increase their ability to generate contrast with increasing external magnetic fields (164,179-181). 

For instance, there is a 10 fold reduction in the minimal concentration of ferritin necessary, when 

used as a contrast agent at 11.7 T compared to 1.5T (180). Therefore, we decided to investigate 

whether LacZ-expressing bone marrow (BM) cells labeled in vitro with S-Gal, would exhibit 

enhanced relaxivity with increasing magnetic fields. 

Transverse Relaxation Rates (R2) and Effective Transverse Relaxation Rates (R2
*) is 

Increased in LacZ Expressing Bone Marrow Cells Following S-Gal/FAC Labeling 

To evaluate the use of S-Gal/FAC for cellular detection by MRI, we harvested lacZ 

expressing Rosa26 and control C57BL6 BM cells. Three different samples containing Rosa26 

cells labeled with S- Gal/FAC, FAC, or left untreated were compared to control C57BL6 cells, 

incubated with S-Gal/FAC. Following labeling Rosa26 and control cells could be easily 

distinguished based on color. Rosa26 cell pellets turned dark while control cells maintained their 

original color (Figure 4-2a). 

Intra-cellular iron accumulation was determined by Prussian blue staining and ferrozine 

assays. Cytospins of S-Gal/FAC labeled Rosa26 BM cells revealed an increased intracellular 
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iron accumulation when compared to controls (Figure 4-2b). Iron accumulation determination by 

ferrozine assay showed that all samples accumulated significantly different amounts of iron (N 

=5; P < 0.05). However, Rosa26 cells incubated with S-GalTM/FAC accumulated significantly 

more iron (0.3 pg/cell) than any of the control samples (Figure 4-2d) (N =5; P < 0.05). This 

intracellular iron accumulation is approximately an order of magnitude higher than that 

following the co-expression of transferrin and ferritin (164), but lower than that reported by 

inducing the bacterial reporter gene MagA (0.6 pg/cell) (182). As anticipated this also represents 

less than the 0.7-30.1 pg/cell reported using direct labeling with iron oxides (183,184). As 

increased iron levels have been proposed to be metabolically cleared in vivo, we assumed that 

the accumulated intercellular free iron should be transported out from non-lacZ expressing cells 

(185,186). However, the cleaved S-Gal product was specifically designed to chelate ferric iron 

into large, non-diffusible intercellular complexes (170). Once assembled inside the cell these 

large complexes would most likely be retained. In fact, only LacZ expressing cells, incubated 

with S-Gal/FAC, still possessed elevated intracellular iron levels 24 hours following incubation 

compared with control cells (16%), as determined by the ferrozine assay. 

Additionally, S-Gal/FAC labeling did not appear to have a negative effect on cellular 

viability as revealed by Trypan blue exclusion test following 40 minutes and 2 hours of labeling. 

This test showed a slight but not a significant drop in viability for Rosa26 cells treated with S-

Gal/FAC compared to control cells after 40 minutes and 2 hours of labeling (Figure 4-2c) (N = 5; 

P > 0.05). 

Subsequent MR relaxometry was performed on cell phantoms at 4.7, 11.1 and 17.6T 

magnetic field strengths. R2 was observed to be increased for the S-Gal/FAC treated Rosa26 

cells compared to controls at the different magnetic field strengths (Figure 4-3a). R2 values for all 



 

63 

samples were observed to be significantly different from each other (N = 5; P < 0.05). R2* values 

were obtained by acquiring gradient echo (GE) images at varying echo times (TEs) (Figure 4-3b, 

lower) (Images acquired with TE = 60ms) and plotting the mean signal intensities of the samples 

with respect to TE (Figure 4-3b, upper) (representative measurements with normalized SI plotted 

against TE). R2* was observed to be drastically increased for Rosa26 cells labeled with S-

Gal/FAC when compared to controls at varying magnetic field strengths (Figure 4-3d) (N = 5; P 

< 0.05). Control R2* values were all significantly different from each other, except for 

Rosa26/FAC compared to Rosa26/Unlabeled and C57BL6/S-Gal/FAC at 17.6T (P > 0.05). Both 

R2 and R2* values for S-Gal/FAC labeled Rosa26 cells were significantly enhanced with higher 

magnetic field strengths (P < 0.05), resulting in a cellular relaxivity of r2 = 16.7 (mmol Fe)-1s-1 

and an apparent r2* of 198 (mmol Fe)-1s-1 at 17.6T. As previously proposed, this large increase in 

relaxivity is likely an effect of intracellular iron accumulation and subsequent clustering 

(162,164,181,183). The change in R2* with increasing magnetic field strengths is also 

demonstrated by representative curves of normalized signal intensity (SI) plotted against TE for 

S-Gal/FAC treated Rosa26 cells in Figure 4-3c. 

In Vivo Detection of LacZ Expressing BM Cells Following Intramuscular Transplantation 

Next we determined if transplanted BM cells labeled with S-Gal/FAC could be detected in 

vivo. Furthermore we determined if the observed increase in relaxivity with magnetic field 

observed in vitro would translate into enhanced detection of cells at the higher magnetic fields in 

vivo. Control or Rosa26 cells were labeled as described above with S-Gal/FAC for 2 hours in 

PBS. Following labeling, and 24 hours prior to imaging, C57BL6 mice were injected with 5×105 

of the labeled Rosa26 and control cells into the tibialis anterior (TA) muscles of the left and right 

hind limbs respectively (n=3). The animals were anesthetized and the hind limbs of these mice 

were then imaged at 4.7T and 11.1T magnetic field strengths with three-dimensional (3D) GE 
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scan sequences. At 4.7T magnetic field strength, signal loss was observed at the injection site of 

the labeled Rosa26 cells while minimal effect was observed in the leg receiving labeled control 

cells (Figure 4-4d, e). At 11.1T, the region of signal loss at the injection site of the labeled 

Rosa26 cells was markedly increased while the effect from the labeled control cells was 

relatively unchanged (Figure 4-4a, b). Subsequent histology, 24 hours after injection, verified the 

presence of iron containing cells at the Rosa26 cell injection site (Figure 4-4c, f) while iron 

levels were too low to be detected in the TA receiving control cells (data not shown). 

In Vivo Labeling of LacZ Expressing Tissues 

The potential use of S-Gal, for in vivo detection of LacZ expression by MRI, was 

investigated in two steps. First, by direct delivery of S-Gal/FAC into TA muscles of Rosa26 

animals and secondly, by establishing LacZ+ (Rosa26) muscle transplant into C57BL6 mice 

gastrocnemius muscles followed by S-Gal/FAC injection. S-Gal/FAC was dissolved in a 

PBS/DMSO solution to facilitate the transport of the substrate across the cell membranes of 

LacZ expressing muscle fibers. Following injection, hypointense signal areas (green) were 

observed on T2* weighted GE scan sequences in the left TA, which received S-Gal/FAC (Figure 

4-5a). The right control leg, receiving only FAC, showed significantly less effect (Figure 4-5a). 

The hypointense areas in the left leg were detectable for approximately 48-72 hours following 

initial labeling. Additionally, increased cellular permeability was evidenced in both legs by an 

increase in extra-cellular water accumulation (elevated T2 contrast) (blue areas), as seen on T2 

weighted spin echo (SE) images (Figure 4-5b). The animals were later sacrificed for visual 

confirmation, and dark areas indicative of S-Gal/β-gal specific reaction were observed in the left 

TA (Figure 4-5c, d (Top)), as well as increased iron accumulation determined by Prussian blue 

staining (Figure 4-5d (Bottom)). The surgically implanted muscle tissues were not visible on T2* 

weighted scan sequences before injecting the labeling solution (Figure 4-5e). Administration of 
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labeling solution, led to cleavage of the S-Gal substrate by the implanted LacZ-expressing 

muscles, creating strong hypointense signal areas (green) surrounding the muscle within 1 hour 

post-injection (Figure 4-5f), which is also depicted in 3D (inset). 

In summary, the results obtained in this chapter indicate that S-Gal provides the ability to 

detect cellular LacZ expression by MRI, both in vitro and in vivo. A comparison between using 

S-Gal, previously reported genetic reporter systems and SPIO labeled cells to generate MR 

contrast is provided in Table 4-1. High magnetic field strengths are important for optimal 

contrast generation using this iron based system. However, the sensitivity of creating cell 

specific contrast following systemic delivery of S-Gal still needs to be addressed. The 

effectiveness of the MR active gene reporter system presented here for longitudinal in vivo 

studies will be examined and presented in the next chapter. 
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Figure 4-1.  S-Gal forms magnetic resonance (MR) active precipitates with ferric ammonium 

citrate (FAC) in the presence of β-galactosidase (β-gal). a) Addition of β-gal to S-
Gal/FAC led to a rapid reaction, resulting in a color shift, left: β-gal added to S-
Gal/FAC, right: without β-gal. S-Gal/FAC/β-gal samples showed significantly 
(P<0.05) increased R2 (b) and R2* (d) when compared to controls at 4.7-17.6T (n = 
3). Error bars represent the SD in each case. R2* for β-gal treated samples are further 
enhanced when compared to R2 and increases significantly with magnetic field 
strength. c) Normalized signal intensities of S-Gal/FAC/β-gal plotted with respect to 
echo time for R2* determination at varying magnetic field strengths. 



 

67 

 
 
Figure 4-2.  S-Gal reaction is specific for β-gal expressing cells and results in increased 

intracellular iron accumulation. a) 8×106 BM cells after incubation with S-Gal/FAC. 
Left: Rosa26 BM cells expressing β-gal, right: C57BL6 BM cells (control). Cytospins 
of labeled Rosa26 BM cells stained with Prussian blue iron stain for intracellular iron 
accumulation (b) (Top left): unlabeled, (Top right): FAC, (Lower left): Control 
C57BL6 BM cells incubated with S-Gal/FAC, (Lower right): Rosa26 labeled with S-
Gal/FAC showed increased amounts of intracellular iron compared to controls. c) 
Viability assessment by Trypan blue exclusion showed negligible effect of S-
Gal/FAC incubation on cellular viability following 40 minutes and 2 hours (P>0.05, n 
= 5). d) Ferrozine iron assay indicated a large increase in intracellular iron in Rosa26 
BM cells following S-Gal/FAC incubation compared to controls (P<0.05, n = 5). 
Error bars represent SD. 
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Figure 4-3.  Incubation of β-gal expressing cells with S-Gal/FAC leads to increased effective 

transverse relaxation rates (R2*) that are enhanced with stronger external magnetic 
field. Rosa26 BM cells incubated with S-Gal/FAC showed a slight increase in R2 (a) 
but large increase in R2* (d) when compared to controls at varying field strengths 
(P<0.05, n = 5). Furthermore, this increase in R2* was observed to be significantly 
increased with magnetic field strength (P<0.05, n = 5). Error bars represent SD. b) 
Images of cell phantoms were acquired at different magnetic field strengths with 
varying TEs (bottom) and the signal intensities were plotted with respect to TE to 
obtain R2* (top). R2* curves corresponding to Rosa26 BM cells incubated with S-
Gal/FAC for the different field strengths are shown in (c). 
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Figure 4-4.  The in vivo detection capability of S-Gal labeled Rosa26 BM cells is increased with 

field strength. (a, d) 3D GE data rendering from 11.1T (a) showed a large region of 
signal void (green) at the site of S-Gal labeled Rosa26 BM cell injection that was less 
pronounced at 4.7T (d) (n = 3). A much smaller effect was observed in the right leg 
receiving labeled control cells (purple). (b, e) Representative MR cross-section of 
mouse hind limbs corresponding to the area of histology sectioning (same hind limbs 
imaged at (a) 11.1T and (d) 4.7T). Histology cross-sections of the TA injected with S-
Gal labeled Rosa26 BM cells are shown with hematoxylin and eosin (HøE) staining 
in (c) (40X) and with Prussian blue iron stain in (f) (40X). 
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Figure 4-5.  In vivo labeling of Rosa26 tibialis anterior (TA) muscles by intra-muscular delivery 

of S-Gal/FAC. a: 3D GE images showed a strong hypointense region (green) in the 
left TA due to S-Gal/β-gal specific reaction (n = 5). b: Increased permeability within 
the TA as evidenced by extracellular water accumulation (blue). c: S-Gal precipitant 
was easily observed within the left TA (bottom), Control (Top). d: Top: Nuclear fast 
red (NFR) stain at 5X magnification showed presence of S-Gal in left TA (left 
image), control TA without S-Gal staining (right image). (Bottom): Prussian blue 
staining of left TA at 5X and 40X magnification confirmed increased iron 
accumulation at the location of S-Gal staining. e: Implanted Rosa26 muscle tissues 
were not visible before S-Gal substrate administration. f: Following intra-muscular 
injection of S-Gal/FAC, strong hypointense signal areas surrounded the site of muscle 
implantation (green) which is depicted in 3D (inset)) (n =3). 
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Table 4-1.  Comparison of cellular contrast enhancing effect of various iron based contrast 
agents 

MR contrast method Iron content/ 
labeled cell 

R2 (Magnetic field 
strength) 

R2*(Magnetic 
field strength) 

Reference # 

S-Gal/FAC labeling 
of LacZ expressing 
mouse BM cells 

0.3 pg 11.5 s-1 (17.6T), (s) 46 s-1 (17.6T), (s)  

Transferrin/transferrin 
receptor up-regulation 
in C17 (mouse neural 
progenitor cells) 

0.03 pg 26 s-1 (7T), (p) 58 s-1 (7T), (p) (164) 

Induced bacterial 
MagA expression in 
293FT cells 

0.6 pg 17.5 s-1 (3T), (p) N/A (182) 

SPIO labeled HeLa 
cells  

11.8 pg 87.2 s-1 (1T), (s) N/A (183) 

SPIO labeled human 
cervical carcinoma 
(CG-4) cells 

14.7 23.25 s-1 (1T, (s) N/A (183) 

SPIO labeled mouse 
lymphocytes 

1.82 pg 10.2 s-1 (1T), (s) N/A (183) 

SPIO labeled human 
mesenchymal stem 
cells (MSCs) 

30.1 pg 80.6 s-1 (1T), (s) N/A (183) 

Methods of creating iron based MR contrast generally rely on increased intracellular iron 
accumulation. Here, the use of S-Gal as a MR active genetic reporter system is compared to 
previously described methods of generating MR contrast. Listed above are the methods used to 
label various cell populations, resulting intracellular iron accumulation and their effect on R2 or 
R2* relaxation rates. Relaxation measurements were made on cell suspensions (s) or cell pellets 
(p). Relaxation rate values tended to be slightly higher for measurements made on cell pellets 
due to increased cell densities within the imaged volume. (N/A = not available). 
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CHAPTER 5 
IN VIVO MRI OF BM DERIVED MYELOID CELL RECRUITMENT TO GROWING 

TUMORS USING A MR ACTIVE GENETIC REPORTER SYSTEM 

Introduction 

As discussed in Chapter 1, bone marrow (BM) derived myeloid cells have been implicated 

in several studies to influence tumor growth, angiogenesis and metastasis (187-189). These cells 

are recruited to the tumor where they contribute to the release of pro-angiogenic factors that 

modulate the supply of nutrients to the tumor (187,188). Tumor associated macrophages (TAM) 

and Tie2 expressing monocytes (TEM), are two identified sub-populations of BM derived cells 

that have been shown to infiltrate certain tumors to induce the formation of blood vessels that 

sustain, facilitate growth and spread of the tumor (187-189). 

In order to assess and characterize the involvement and kinetics of BM cell contribution to 

tumor angiogenesis, growth and ultimately metastasis, non-invasive imaging methods could 

prove extremely useful for longitudinal tumor studies. Fluorescent imaging (FLI) and 

bioluminescent imaging (BLI) have been proven to be extremely useful in vivo imaging 

modalities (55,124). However, both methods, as discussed in chapter 1, are limited in providing 

high resolution three-dimensional (3D) data sets. Also, the use of fluorescent microscopy (FLM), 

is limited by shallow penetration depths (< 1 mm) and is inadequate for the non-invasive 

imaging of deeper structures (124). While positron emission tomography (PET) and single 

photon emission computed tomography (SPECT) demonstrate the ability to provide great 

molecular specificity and sensitivity, low resolution capability, radiation exposure and handling 

of radiotracers, are concerns that limit its use. As presented in Chapter 3, ultra high field 

magnetic resonance imaging (MRI) provides both excellent resolution and high detection 

sensitivity of superparamagnetic iron oxide (SPIO) labeled cells in vivo. Indeed, previous 

studies, aimed at visualizing cells homing to tumors by MRI, have used cells that were pre-
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labeled with SPIOs prior to transplantation (190-192).However, as discussed earlier, while pre-

labeling cells with SPIOs enables single cell detection in vivo, it has the disadvantages of 

providing potentially nonspecific contrast and suffers from label dilution in dividing cells 

(138,159,193). In Chapter 4, a method of avoiding these pitfalls was proposed by the novel use 

of a commercially available magnetic resonance (MR) responsive LacZ stain. It was 

demonstrated that S-Gal could be used to read out LacZ expression in BM cells and that the 

sensitivity of this reporter was greatly enhanced at ultra high magnetic field strengths (17.6T). In 

order for this gene reporter system to be effective for longitudinal in vivo studies, the ability of 

S-Gal to generate viable cell specific contrast upon systemic delivery needed to be addressed. 

Therefore the use of S-Gal for non-invasive tracking of LacZ expressing-, BM derived cell 

involvement in growing tumors will be examined next. 

In Vivo Fluorescent Imaging Can Detect BM Derived Cell Recruitment to Growing 
Tumors 

In order to selectively visualize BM derived cell infiltration in tumors, chimeric mice with 

LacZ expressing myeloid cells were generated by lethally irradiating C57BL6- or FVB mice 

followed by Rosa26- or Tie2-LacZ expressing BM cell transplants respectively. Three months 

following transplantation, flow activated cell sorting (FACS) analysis of peripheral blood (PB) 

cells in transplanted animals was performed to check for engraftment. Using a fluorescent 

substrate, fluorescein di(β-D-galactopyranoside) (FDG), for detection of β-galactosidase (β-gal) 

expression, this analysis showed that approximately 39.6% of PB cells in Rosa26 transplanted 

animals expressed the LacZ gene product β-gal. Of these, 10.5 % also expressed the monocyte 

cell marker CD11b (Figure 5-1c). Animals transplanted with Tie2-LacZ expressing BM cells 

showed only 5.6 % LacZ expressing cells in PB circulation (Figure 5-1d). Endogenous, weak β-

gal expression has previously been reported using this system (194) and was observed as a small, 



 

74 

slightly shifted population in wild type C57BL6 animals (Figure 5-1b). Ten days following 

tumor cell implantation, animals were analyzed for β-gal expression at the site of the growing 

tumor following retro orbital sinus (ROS) injection of FDG. Fluorescent signal originating from 

tumor infiltrating BM derived cells, was observed in Rosa26 transplanted animals (Figure 5-2a, 

right), Tie2-LacZ transplanted animals (Figure 5-2b), but not in control C57BL6 animals (Figure 

5-2a, left). LacZ expressing cells were only abundant enough to generate detectable fluorescent 

signals at the sites of growing tumors, while contra-lateral tumor free hind limbs produced no 

detectable fluorescence.  

Ultra High Field MRI Combined with a MR Active Genetic Reporter Substrate Can Detect 
Intra-Tumoral Recruitment of BM Derived Cells 

Subsequent MRI analysis of tumor bearing hind limbs showed a large change in signal 

intensity on pre- versus post S-Gal injection at specific locations within the tumor mass (Figure 

5-3). Rosa26 transplanted animal tumors exhibited numerous areas of specific negative contrast 

(Figure 5-3b), generated by the cleaved, MR active S-Gal product, while control C57BL6 animal 

tumors showed no visible change in contrast following S-Gal injection (Figure 5-3c). T2-

weighted spin echo (SE) scans at 4.7T magnetic field strength clearly demonstrated the large 

extent of the growing tumors in both Rosa26 transplanted and control C57BL6 animals (Figure 

5-3d, e). The extent of growing tumors (Figure 5-4a), as well as the involvement of BM derived 

LacZ expressing Rosa26 cells (Figure 5c, d, f), could easily be observed at 11.1T magnetic field 

strength (Figure 5-4).Tie2-LacZ transplanted animal tumors showed much less, but still 

detectable, areas of negative contrast (Figure 5-5b, d). The lesser contrast generation reflecting 

the much smaller prevalence of conditional Tie2-LacZ expressing cells versus Rosa26 cells that 

express LacZ ubiquitously. This observed negative contrast appeared to be cleared within 48 

hours post injection. Interestingly, MRI analysis of tumors prior to 1 week after tumor cell 
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implantation showed no signs of cleaved S-Gal product within the tumors. The lack of MR 

contrast generation prior to 1 week following tumor cell implantation may have been caused by 

two reasons. Either BM derived cells had not been recruited in sufficient numbers to the tumor, 

or the substrate was unable to reach the growing tumor due to an underdeveloped blood supply to 

the tumor at earlier time points. 

High resolution ex vivo imaging of excised tumors at a resolution of 30×30×30 µm3 

provided additional detail of the hypointense regions generated by recruited LacZ expressing 

cells (Figure 5-6 a-c). Upon isolation and further magnification of the hypointense regions, small 

clusters and potential single cells could be resolved within these tumor hotspots (Figure 5-6d). 

Post Imaging Histology of Intra-Tumoral BM Cell Recruitment 

Post imaging histology of Rosa26 transplanted animal tumors confirmed heavy 

involvement of LacZ expressing BM derived cells within avascular tumor hot spots which 

seemed to exhibit central areas of hypoxia and damage (Figure 5-7a-d). These areas of LacZ 

positive BM derived cells, responsible for negative MR contrast, also stained positive for the 

monocytic cell marker CD11b and macrophage marker F4/80 which suggests a possible TAM 

phenotype (Figure 5-7g, h). This is in accordance with previous reports, where monocyte derived 

TAMs were observed to accumulate extensively in hypoxic areas due to a lack of functional 

blood vessels to sustain the growing tumor (74,80,195). Although few MECA32 positive tumor 

blood vessels were present in these avascular zones, there seemed to be a certain degree of co-

localization between them and BM derived angiogenic monocytes (Figure 5-7i). This may 

indicate the onset of an angiogenic switch within the tumor hot spot since it has been shown that 

upon arrival to these areas, TAMs respond to the hypoxic environment by up-regulating pro-

angiogenic factors that stimulate angiogenesis and induction of malignancy (85,86,196,197). 
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TEMs have relatively recently been suggested as a potential target for treating cancer 

(89,188). These cells are, in part, characterized by its expression of the angiopoietin receptor 

Tie2. Except for Tie2, these cells also are believed to express the monocyte marker CD11b, 

F4/80 macrophage marker and a variety of other cell markers (187). Here TEMs were identified 

on tumor sections by conditional Tie2-LacZ (Figure 5-8d), CD11b (Figure 5-8b) and F4/80 

(Figure 5-8e) expression. These cells were observed perivascular to tumor blood vessels in areas 

of ongoing angiogenesis as evidenced by MECA32 staining (Figure 5-8c). This correlates to 

previous findings, indicating that the perivascular location is ideal for stimulating angiogenesis 

and metastasis (89). As opposed to the observations of ubiquitously LacZ expressing BM cells, 

Tie2-LacZ expressing cells mainly seemed to be recruited to sites less obviously affected by 

hypoxia, as seen by high tumor microvessel density, more homogenous tumor morphology and 

reduced amounts of TUNEL positive cells (Figure 5-8a, f). The observed difference in locations 

of TAMs and TEMs, likely stems from a different mechanism of intra-tumoral recruitment, since 

TEM recruitment has been suggested to be modulated by angiopoietin-2, which is highly 

expressed by intra-tumoral blood vessels (89,91,198). 

Apart from TAMs and TEMs, other cell types also known to infiltrate tumors include a 

number of cell types, such as: endothelial progenitor cells (EPC), circulating endothelial cells 

(CEC) and hematopoietic stem- and progenitor cells (HSC/HPC) (187). These cell types were 

not specifically addressed in here, though their contribution to the observed MR contrast 

generation, especially in the case of ubiquitous LacZ BM transplants, cannot be excluded. 

However, these results demonstrate that S-Gal, as an MR active gene reporter, exhibits sufficient 

sensitivity to detect viable-, LacZ-expressing-, BM derived cells, longitudinally in vivo.  
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Figure 5-1.  BM engraftment check of peripheral blood in transplanted animals by fluorescein 

di(β-D-galactopyranoside) (FDG) and flow activated cell sorting (FACS) analysis. a: 
Wild type C57BL6 PB cells without FDG labeling lack β-gal expressing cells in 
circulation. b: Wild type C57BL6 PB cells following FDG labeling showing weak 
endogenous β-gal expression as a slightly shifted population of cells. c: Rosa26 
transplanted animal PB cells labeled with FDG show large amounts of β-gal 
expressing cells in circulation. Additionally, many of the β-gal expressing cells also 
express monocytic CD11b (PE channel). d: Conditional Tie2-LacZ transplanted 
animal PB cells with FDG labeling show a small population of β-gal expressing cells, 
which correlates with the normally smaller prevalence of Tie2 expressing cells 
circulating in PB. 
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Figure 5-2.  Fluorescent imaging of donor derived LacZ expressing BM cell recruitment to the 

growing tumor. a: Strong fluorescent signal was generated following systemic FDG 
injection from the legs containing growing tumors (*) by infiltrating, Rosa26 derived, 
LacZ expressing cells (n = 4). LacZ negative C57BL6 (BL6) control animals showed 
no fluorescent signal generation following FDG injection (n = 2). b: Animals 
transplanted with Tie2-LacZ expressing BM cells, also exhibited strong fluorescence 
emitted from tumor infiltrating LacZ expressing cells (n = 4). 
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Figure 5-3.  In vivo 17.6T three-dimensional (3D) MRI of tumor infiltrating donor derived BM 

cells. a: Rosa26 transplanted animal tumor (dotted line) prior to S-Gal injection. Top: 
Sagittal view, Bottom: Axial view. b: Following systemic S-Gal injection, numerous 
negatively contrasting regions (arrowheads) are visible at sites of Rosa26 donor 
derived LacZ expressing cell infiltration (n = 4). c: Control BL6 animals showed no 
signs of specific negative contrast generation following S-Gal injection (n=2). The 
extent of the growing tumors in Rosa26 transplanted (d) and control BL6 (e) animals 
could be observed as regions of enhanced signal intensity at 4.7T using a T2 weighted 
SE scan sequence following S-Gal injection. 
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Figure 5-4.  Recruitment of BM derived cells detected at 11.1T magnetic field strength. a: 

Rosa26 transplanted animal tumor (red) growing in mouse hind limb prior to S-Gal 
injection. Prior to S-Gal injection, the extent of the growing tumor is observed as an 
area of enhanced signal intensity (dotted lines) on SE scan sequences (b). Following 
systemic S-Gal delivery, negatively contrasting regions (arrows, arrowheads) are 
observed at sites of Rosa26 donor derived LacZ expressing cell infiltration (n = 
4).(c:(SE), d:(3DGE), f:(GE)) that are absent in pre-injection scans (b:(SE), e:(GE)). 
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Figure 5-5.  Conditional Tie2 LacZ expression originating from tumor infiltrating donor derived 

cells, as visualized by in vivo 17.6T MRI. a, c: Prior to S-Gal injection few 
hypointense areas are visible within the large tumor (dotted line). Following systemic 
S-Gal administration, regions of negative contrast were observed at sites of successful 
S-Gal cleavage by recruited LacZ expressing cells (arrows) (n = 4) (b:(coronal view), 
d:(axial view)). 
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Figure 5-6.  High resolution MRI of excised tumors. a: Strong hypointense signal areas on a T2* 

weighted GE scan indicates LacZ expressing cell presence (Top/left: Rosa26 
transplanted animal tumor, Bottom/right Control BL6) (n = 1). b: Rosa26 transplanted 
(Top left) and control BL6 (lower right) animal tumors imaged side by side with 
LacZ specific S-Gal generated signal in white (3D maximum intensity projection 
(MIP)). c: Same 3D volume rendering but rotated and cropped to show the region of 
S-Gal labeling. d: Magnified 3D surface rendering of the hypointense region 
visualized in (a), shows infiltrating LacZ expressing cells. 
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Figure 5-7.  Tumor histology confirms heavy infiltration of BM derived monocytes. a: Overview 

image of tumor and stroma clearly shows specific hot spots of LacZ expressing cells, 
morphologically similar to images obtained by MRI (X-Gal, 5X). b: Hematoxylin and 
eosin (HøE) staining of Rosa26 transplanted animal tumor hotspot (40X). c: LacZ 
expressing (blue), BM derived cells are prominent within the same area (X-Gal, 
40X). d: TUNEL staining (red) indicated that a level of hypoxia/necrosis is occurring 
in the area (40X). Control BL6 animal tumor sections show presence of a similar 
hotspot in (e) (HøE, 40X), without the presence of LacZ expression, as seen in (f), 
(X-Gal, 40X). g: Prominent expression of LacZ (green) and CD11b (red) within 
hotspots (40X). h: Areas also stained for F4/80 (red), LacZ (green) (40X). i: LacZ 
expressing cells (green), occasionally localized close to MECA32 positive endothelial 
cells (red) (40X). 
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Figure 5-8.  Presence of BM derived Tie-2 expressing monocytes within tumors. a: HøE of 

tumor region containing TEM. b: Tie2 Ab+ cells (green) within an area of CD11b 
expressing cells (Red) (40X). c: β-Gal Ab+ cells (green) reside in close proximity to 
MECA32 expressing endothelium (Red) (40X). d: Enzymatic X-Gal staining 
(arrowheads) for Tie2 conditional expression of β-Gal (40X). e: Co-localization of β-
Gal (green) and F4/80 (red) expression (40X). f: Few apoptotic cells are visible in the 
same region as evidenced by weak TUNEL stain (40X). 
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CHAPTER 7 
DISCUSSION 

Earlier belief, that magnetic resonance imaging (MRI) lacks great specificity and 

sensitivity has always been regarded as the main limiting factor in using MRI for cellular in vivo 

imaging. However, with the arrival of ultra high magnetic field strength magnets, especially for 

research purposes, these traditional weaknesses may not be as limiting as they once were thought 

to be. The advantage of using ultra-high magnetic field strength MRI for detecting transplanted 

cells has been proposed earlier. For instance, using superparamagnetic iron oxide (SPIO) labeled 

embryonic stem cells that were imaged both in vitro and in vivo at 17.6T the authors determined 

that small amounts of labeled cells could easily be detected in the mouse brain at an isotropic 

resolution of 98 µm following stereotactic injection (199). Though single cell detection at low 

magnetic field strength has been previously reported using SPIO labeled cells (141), the use of 

higher magnetic field strengths (17.6T) enables the acquisition of much more detailed images of 

surrounding tissues as well as the detection of cells containing less-, or different forms of iron 

based contrast agents (CAs).  

The process of cell homing to the bone marrow (BM) has been described at lower 

magnetic field strengths. In one case, human hematopoietic stem cells (HSCs) labeled with 

SPIOs were determined to be homing to the liver, spleen and BM in mice based on the loss of 

signal of the entire target organ (153). In another case, SPIO labeled mesenchymal stem cells 

(MSCs) were imaged within the BM of mice (117). In this case, the authors circumvented the 

process of homing by injecting the labeled cells directly into the marrow cavity. While this study 

was elegantly performed using bioluminescent imaging (BLI) of transplanted cells to confirm the 

magnetic resonance (MR) findings, the resulting susceptibility artifacts from the injected cells 

affected the entire BM and eliminated single cell detection as well as any spatial information of 
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the surrounding niche. Furthermore, direct injection of cells into the BM cavity may not 

accurately depict the normal seeding patterns that occur during homing through an intact 

vascular system. As discussed and demonstrated in Chapter 3, BM provides unique challenges in 

detecting single cells. Transverse relaxation rates are extremely short in normal adult, or 

irradiated mouse BM (178), resulting in an increased difficulty in accurately distinguishing dark, 

SPIO labeled cells against a normally dark background. The ideal way of dealing with this 

dilemma would be by using positive contrast generating agents for cell labeling. However, to 

date, the only reported CAs sensitive enough to enable single cell detection in vivo, are iron 

based CAs that normally do not provide positive contrast. Methods for generating positive 

contrast from iron based CAs exist (200), but could be proven difficult to use at this location 

because of the strong susceptibility effects generated by the bone itself. Other means of 

generating positive contrast for single cell tracking at ultra-high magnetic field strengths have yet 

to be improved. To allow for the imaging of, for instance, “darker” BM at later time points 

following irradiation, non-susceptibility based CAs sensitive enough for single cell detection 

would be ideal. To this end, creating contrast by chemical exchange saturation transfer (CEST) 

techniques are extremely interesting but so far seem to exhibit too low sensitivity for single cell 

tracking (137). Other tissues, exhibiting longer transverse relaxation rates would be ideally suited 

for single cell tracking experiments using iron oxide based CAs, as reported previously (141). 

MR active gene reporter systems have recently become an area of much investigation. The 

advantages of these systems over the traditional ways of cell pre-labeling are many. Such a 

system, as described in Chapters 4 and 5, could potentially be used to track stem cell migration 

and the functional involvement of their progeny over extended periods of time in multiple 

experimental models. While SPIO labeled cancer cells could easily be observed migrating to the 



 

87 

brain by MRI in vivo in a model of cancer metastasis (191). The use of S-Gal as a cellular in 

vivo gene reporter may potentially suffer from decreased detection sensitivity at lower magnetic 

field strengths, due to systemic delivery and the resulting dilution of the MR active substrate. On 

the other hand, it has distinct advantages over using cells pre-labeled with SPIOs. First, 

specificity is increased since theoretically only live cells expressing the LacZ transgene will 

generate contrast. Secondly, issues regarding label dilution within pre-labeled cells due to cell 

division and subsequent loss of contrast could effectively be avoided. Additionally, cells can be 

re-labeled in vivo at subsequent time points to allow for longitudinal non-invasive studies. Due 

to the fact that the iron based S-Gal/LacZ reaction product seems to be cleared faster than SPIOs 

in vivo (193), the possibility of detecting false contrast originating from resident macrophages 

taking up iron label from dead cells, could be reduced (159,193). Finally, specific promoters can 

be used to drive the gene expression and provide more specific information about the function of 

the cells of interest. However, in order to utilize these advantages, great emphasis is put on the 

use of higher magnetic field strengths to maximize detection sensitivity allowing for the in vivo 

detection of small amounts of cells. Other methods of creating genetically specific contrast have 

been proposed previously and have been proven to be very promising (161-163,165,182). 

However, the use of LacZ has distinct advantages in that, numerous animal models utilizing the 

LacZ gene reporter has already been developed and together with S-Gal are readily available for 

use. Additionally, no visible side effects were observed following daily intravenous injections of 

10 mg/kg of S-Gal over a period of 14 days. 

In Chapter 5, the detection sensitivity of S-Gal, following systemic injection, was validated 

using a model of myeloid cell invasion into growing tumors. BM derived myeloid cells in tumors 

represent a large amount of cells generating LacZ specific contrast. The use of conditional Tie2-
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LacZ expression further tested the in vivo detection sensitivity by reducing the amount of cells 

generating the contrast. The large amounts of available LacZ expressing cells, together with the 

availability of “leaky” tumor vasculature, comprise an ideal situation for the use of this gene 

reporter system in vivo. Ultimately, it was shown that systemic administration of S-Gal during 

early time points of tumor growth did not result in detectable contrast generation. This prompted 

the suspicion that the interaction between S-Gal and LacZ expressing cells was dependent on the 

level of intra-tumoral vascularization. Therefore, this model could serve as a valuable tool in 

visualizing BM derived myeloid cell involvement in growing tumors, during- and following the 

angiogenic switch. Potentially, this can be used to predict the onset of malignancy and metastasis 

as they have both been linked to the degree of intra-tumoral TAM/TEM involvement and 

vascularization (196). Additional experiments aimed at elucidating the roles of BM derived cells 

in modulating angiogenesis, growth and metastasis of tumors, are poised to benefit from this 

system as a non-invasive, longitudinal readout. 

This new application, of an already established gene reporter system presents novel and 

exciting possibilities for studying transgene expression non-invasively, using MRI. Because of 

the wide spread use of the LacZ gene reporter system, there are many current biological models 

that could directly benefit from utilizing this new methodology. The efficacy of combining ultra 

high field MRI with the LacZ gene reporter for real time in vivo imaging could prove to be a 

useful tool for longitudinal studies of rapidly dividing cells in real time following transplantation, 

such as in: hematopoiesis recovery, hematopoietic niche remodeling, cancer metastasis, embryo 

development and tissue regeneration. 
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