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General introduction Nuclear Magnetic Resonance (NMR) is a broad concept that has proven to be very useful for many different branches in research. In this report, two totally different properties of stem cells, namely the metabolic and migratory phenotype, have been assessed with two different applications of NMR, i.e. Magnetic Resonance Spectroscopy (MRS) and Magnetic Resonance Imaging (MRI), respectively. In order to provide a clear picture of the concept “stem cells” the first chapter consists of an introduction on stem cells, and (stem) cell culture. In the second chapter the identification and quantification of pertinent metabolites present in cell extracts of several different stem cells by HighResolution NMR will be treated. A closer look will be given on the choline metabolism of stem cells at distinct stages of differentiation: both as pure pluripotent ES cells, and as multipotent NP cells. The focus of the last part is the study of the migratory properties of stem cells using MRI. By analyzing a migration assay, the relative migratory capacity of neural stem cells compared with fibroblasts cocultured with glioma cells will be assessed. By labeling cells with MRI detectable contrast agents (magnetodendrimers) the behavior of these cells can be followed with MRI during the experiment.
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Stem cells Definition of a stem cell Stem cells are defined as cells that are immortalized through self-renewal and able to generate mature cells of a particular tissue through differentiation. They are best portrayed in the context of normal human development. In the very beginning of human development, a single cell (zygote), with the potential to form an entire organism is created by the fertilizing of an egg with a sperm (Figure 1). This zygote has the (full) potential to generate all the cells and tissues that make



Figure 1: human development: from zygote to adult person



up the embryo and that take care of its development in utero, and is therefore called totipotent. In the first hours after fertilization, the zygote divides into equal totipotent cells. After several cycles of cell division, these totipotent cells begin to specialize, and form a hollow sphere of cells, called the blastocyst. Inside the hollow sphere is located a cluster of cells called the inner cell mass. The outer layer of cells will eventually form the placenta and other supporting tissues



Figure 2: schematic diagram of the differentiation of stem cells to blood cells.
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needed for fetal growth in the uterus. Whereas the inner cell mass cells will in time form practically all of the tissues of the human body. These inner cell mass cells are pluripotent, they can give rise to many types of cells but not all types of cells necessary for fetal development. Therefore, the inner cell mass cells cannot form an organism because they are unable to give rise to the placenta and supporting tissues necessary for development in the human uterus. The pluripotent stem cells endure further specialization into stem cells dedicated to give rise to cells that have a particular function. For example blood stem cells give rise to red blood cells, white blood cells and platelets; and skin stem cells give rise to the numerous types of skin cells (Figure 2). These more specialized stem cells are called multipotent and can also be found in children and adults. Derivation of pluripotent stem cells At the moment, there are two possible sources for obtaining human pluripotent cell lines: directly from the inner cell mass of human embryos at the blastocyst stage (Thomson et al., 1998) or from fetal tissue obtained from terminated pregnancies (Shamblott et al., 1998). The cells originating from these methods are denoted as embryonic stem (ES) and primordial or embryonic germ (EG) cells, respectively (Figure 3). Although ES and EG cells are derived from different sources, their physiological properties appear to be very similar.



(A)



(B)



Figure 3: Sources for stem cells: (A) the inner cell mass of the blastocyst or (B) the fetal tissue.
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Figure 4: Potential applications of stem cells.



Potential Applications Human stem cell lines could offer insights into developmental events that cannot be studied directly in the intact human embryo or in other species, but which have important consequences in clinical areas, including birth defects, infertility, and pregnancy loss. There are several important reasons why the isolation of human pluripotent stem cells is essential to science and to progress in health care. The identification of the factors involved in the cellular decision-making process that results in cell specialization is a primary goal in pluripotent stem cells research. At the most basic level, pluripotent stem cells could help us to comprehend the complicated events that occur during human development (Figure 4). Human pluripotent stem cell research could also dramatically change the way drugs are developed and tested them for safety. For example, new medications could be initially tested using human cell lines. Pluripotent stem cells could allow testing in more cell types, than the cancer cells that are being tested at the moment. This would not replace testing in whole animals and testing in human beings, but it would make the process of drug development more efficient. One of the most extensive applications of human pluripotent stem cells is “cell therapy”, in which generation of cells and tissue can be used for medical purpose. Disruption of cellular function or destruction of tissues of the body are
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common causes for many diseases and disorders. Nowadays, these diseases can only be treated by utilization of donated organs and tissues to replace ill or destroyed tissue. Unfortunately, there are much more people suffering from these disorders than there are organs available for transplantation. A new possibility of a renewable source of replacement cells or tissue is the pluripotent stem cell. If stimulated to develop into specialized cells, it can possibly treat a multitude of diseases such as Parkinson's and Alzheimer's diseases, spinal cord injury, stroke, burns, heart disease, diabetes, osteoarthritis and rheumatoid arthritis. In time, practically all fields of medicine could be influenced by this innovation. Unfortunately little is known about the underlying mechanisms and factors that give these stem cells these unique properties. Clarifying the basics of stem cells will help us to understand the complex events that occur during mammalian development, and furthermore to comprehend and explore their usage in many medical applications. There remain technological challenges before these discoveries can be included in clinical practice, but fortunately, these significant challenges do not seem to be impossible. The two main issues are the understanding of the cellular events that lead to cell specialization in the human, so that pluripotent stem cells can be directed to become the type of tissue needed for transplantation, and the overcoming of the problem of immune rejection during transplantation. Another Source: Adult Stem Cells Because stem cells are needed to replenish the supply of cells in our body that normally is exhausted, stem cells can be found in some types of adult tissue. In animals, it has been shown that some adult stem cells previously thought to be dedicated to the development of one line of specialized cells are able to develop into other types of specialized cells. These findings suggest that even after a stem cell has begun to specialize, the stem cell may, under certain conditions, be more flexible than first thought. At this time, demonstration of the flexibility of adult stem cells has been only observed in animals and limited to a few tissue types. In fact, there is no evidence that adult stem cells have the broad potential characteristic of pluripotent stem cells. In order to determine the best source of many of the specialized cells and tissues of the body for new treatments and cures, it will be crucially important to study the developmental potential of adult stem cells and compare it to that of pluripotent stem cells (National Institutes of Health, 2000;(Evans & Kaufman, 1981; Doetschman et al., 1985; Okabe et al., 1996; Gearhart, 1998; Solter & Gearhart, 1999). Growing of stem cells by cell culture Cell culture Cell culture is a well-established technique that allows growth and propagation of cells of higher organisms under controlled, isolated conditions. It is a method of propagating microorganisms, cells, tissues, or organs and growing them in a selected temperature, atmospheric and nutritional environment. In general, cells



7



MR studies of stem cells J.F.A. Jansen



are grown embedded in growth media as a single layer on the bottom of a tissue culture dish, while the in vivo physiological conditions are mimicked (Figure 5). The starting materials for the establishment of a cell culture are organs or tissues of a suitable donor obtained under sterile conditions. These tissues are pulverized and frequently treated with proteolytic enzymes (e.g. trypsin) to obtain a single cell suspension that can be used to place on a culture dish. Culture dishes usually consist of glass or plastic and the surface can be treated with a coating that consists for example of collagen, polylysine, or components of the extracellular matrix to facilitate the attachment of the cells. Some advanced techniques also make use of entire layers of adherent cells, known as feeder cells, which are used to support the growth of cells with more delicate growth requirements.



Figure 5: Schematic representation of the cell culture setup



In order to mimic the normal physiological environment, the cells are grown in semi-synthetic growth media and kept in incubators with a 5% CO2 atmosphere. These media are buffered and contain, among other things, amino acids, nucleotides, salts, vitamins, and also a supplement of serum such as fetal calf serum (FCS). Cells grown in vitro do not organize themselves into tissues. Instead, they grow as monolayers (or in some instances as multilayers) on the surface of tissue culture dishes. The cells usually multiply until they come into contact with each other, form a so-called confluent monolayer. The percentage of confluency is a measurement used to indicate the current situation of the cells on the dish, and whether the cells have to be split (transferred from one old dish into
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two or more new dishes). Normal cells stop growing when they come into contact with each other, a phenomenon known as contact inhibition. Cell cultures freshly initiated from tissues or organ pieces are called primary cell cultures. These are characterized by a normally limited life span of the cells, and may die after a number of cell divisions. A cell line can be obtained from the primary culture by renewed disruption of the cell layers with trypsin and fresh inoculation of a limited number of cells into new dishes containing fresh medium. This process, which is repeated normally every three to four days, is called cell passage. After approximately 70 passage steps the cell line is called an established cell line (Barnes & Sato, 1980). Accomplishment of stem cell culture One of the most noticeable differences between the culture of stem cells and most cell culture is the use of feeder layers. The primary purpose of the feeder layer is to prevent the differentiation of the stem cells. This effect is in part attributed to the feeder layer’s production of leukemia inhibitory factor (LIF), but other factors, largely unknown, are also presumed to exist. Although it has been demonstrated that stem cells can remain undifferentiated in culture without feeder layers, to do so requires that LIF be added to the culture medium either directly or indirectly through the use of medium conditioned by cells that secrete LIF. Culture in the absence of feeder cells is commonly accomplished using gelatinized plates. Although the culture of stem cells in the absence of feeders eliminates many complications, there is evidence that the use of feeders is superior for maintaining stem cells in the optimal state. Consequently, culture with feeders is generally the preferred method. Some protocols take advantage of LIF by culturing undifferentiated stem cells without feeders, using a medium supplemented with LIF and growing the cells on the extra-cellular matrix remaining after feeder cells are lysed and rinsed. The most commonly used feeder cells are primary mouse embryonic fibroblasts (MEF) and STO (murine embryonic fibroblast line) cells. The MEF cells do extremely well at keeping the stem cells in an optimum state, but use of these cells requires their periodic isolation from mouse embryos, as they are not an established cell line. The STO cells are an established line, but may become less effective at high passage numbers. A stem cell line that was established on an STO feeder layer may perform better on STO cells while a stem cell line established on MEFs would most likely prefer the MEF cells. Before use with stem cells, the cell division of feeder cells must be inactivated to prevent the feeder cells from dividing and overgrowing the stem cell colonies. This is accomplished by treating the cells with either gamma irradiation (3,000 rads) or mitomycin C (0.01mg/ml for 2 hours). In summary, the procedures to isolate, culture, and manipulate stem cells require considerable attention and are expensive, but can be rewarding. They absolutely require the presence of LIF, either from feeder cells, a conditioned medium, or as a medium component (recombinant form), to retain their valuable pluripotent abilities (Wight, 1998; Wight, 1999; Shamblott et al., 1998; Thomson et al., 1998).
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H-NMR spectroscopy on stem cell extracts



Abstract Here, 1D and 2D 1H-NMR techniques were used to identify and quantify intracellular metabolites present in extracts of murine embryonic stem (ES) cells and neural progenitors (NP). The most striking differences were observed in the choline-containing compounds of these cells, where a metabolic phenotype commonly linked to cancer cells was observed. In particular, the metabolic profile of ES cells observed here is perfectly in line with their known proliferative capacity, and may reflect their immortalized, cancer cell-like state. Introduction H-NMR can act as a powerful window onto the intracellular machinery of cells, and is therefore a well-suited tool for studying cellular metabolism (Sze & Jardetzky, 1990a; Sze & Jardetzky, 1990b). But due to the low overall sensitivity of NMR compared to other analytical methods only the most sensitive NMRexperiments can be used for the detection of low concentrated metabolites. The large number of cell-metabolites results in many signal superpositions in the one dimensional 1H spectrum, which makes correct signal integration in many cases impossible. For this reason, next to the normal 1H-proton spectrum, twodimensional TOCSY experiments can be used for metabolite detection. In this study, the metabolic profiles of murine embryonal stem (ES) cells during differentiation into neural progenitor (NP) cells were characterized by using 1D and 2D 1H-NMR spectroscopy of cell extracts ex vivo. An embryonic stem cell is derived from the blastocyst in the early (4- to 5-day) embryo, and is pluripotent. A neural progenitor cell occurs in fetal or adult tissue and is partially specialized, it divides and gives rise to differentiated neural cells, and is therefore multipotent. By comparing the intracellular contents of these two cell-types, differences in metabolism between two stages of differentiated stem cells were observed. Of special interest were the choline-containing compounds, since choline metabolism has previously been associated with the progression from normal to malignant phenotype (Aboagye & Bhujwalla, 1999). 1



Choline Metabolism Choline and compounds derived from choline serve a number of vital biological functions (Figure 6): • Structural integrity of cell membranes: Choline is used in the synthesis of the phospholipids, phosphatidylcholine and sphingomyelin, structural components of all human cell membranes (Kent, 1990). • Cell signaling: The choline-containing phospholipids, phosphatidylcholine and sphingomyelin are precursors for the intracellular messenger molecules diacylglycerol and ceramide. Two other choline metabolites, platelet activating factor (PAF) and sphingophosphorylcholine are also known to be cell signaling molecules.



10



MR studies of stem cells J.F.A. Jansen



• •



•



Nerve impulse transmission: Choline is a precursor for the neurotransmitter acetylcholine, involved in muscle control, memory, and many other functions. Lipid (fat) transport and metabolism: Consumed fat and cholesterol are transported to the liver by lipoproteins called chylomicrons. In the liver, fat and cholesterol are packaged into lipoproteins called very low-density lipoproteins (VLDL) for transport through the blood to tissues that require them. Phosphatidylcholine is a required component of VLDL particles. Without adequate phosphatidylcholine, fat and cholesterol accumulate in the liver. Major source of methyl groups: Choline can be oxidized irreversibly to form a metabolite called betaine. Betaine is a source of methyl (CH3) groups required for trans-methylation reactions in the synthesis of amino acids and proteins. Furthermore, choline itself contains three methyl groups, which enable it to serve as a methyl donor in many important biochemical pathways



Figure 6: The metabolism of choline; essential processes for signal transduction in cells



Given the multiple functions of choline, it is not surprising that this nutrient is involved in many areas of health and disease prevention. A choline deficiency therefore, can be a contributing cause of abnormal platelet aggregation, alcoholism, panic/anxiety attacks, liver disease, memory loss, heart disease (along with B-vitamin deficiencies), and tardive dyskinesia(Holmes et al., 2000; Aboagye & Bhujwalla, 1999).
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Results and discussion In figure 7, detailed high resolution 1H NMR 1D and 2D TOCSY spectra are shown of ES cells and ES-derived neural progenitor cells. In the 2D TOCSY the crosspeaks (peaks at distant spots from the diagonal) correspond to metabolites



A



methanol



B



choline



choline



C



methanol



D



HEPES HEPES



HEPES HEPES lactate



myoinositol



myoinositol



Figure 7: High-resolution 1H NMR spectra 1D and 2D TOCSY (δ 0.50-4.50 ppm) of PCA extracts of (a. & c.) embryonic stem cells and (b. & d.) ES-derived neural progenitor cells, obtained at 500 MHz.



with 2 distinctive resonances in the 1D spectrum. Because of the crosspeaks in the TOCSY these resonances can be assigned unambiguously to the corresponding metabolites. Remarkable is the intense methanol peak at 3.35 ppm which was found to be from the D2O contaminated with methanol, and therefore one should realize that methanol is typically not present in stem-cell 12
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extracts. Unfortunately, not all metabolites present in the investigated extracts of stem cells could be identified. Despite the newly compiled chemical shift list, and the 2D-spectroscopy methods there remained resonances in the 1H NMR spectra of the extracts that could not be assigned unambiguously, and further work needs to be done. In figure 8, a detailed high resolution 1H NMR spectrum is shown of ESderived neural progenitor cells, once more not all resonances could be assigned.



Figure 8: Typical highresolution 1H NMR spectra ( δ 0.50-4.50 & 2.58-4.20 ppm) of PCA extracts of embryonic stem cell derived neural progenitor cells, obtained at 500 MHz.



Notable is the presence of HEPES in both ES and EG derived stem cells. Since HEPES is a ingredient of the medium, in which the cells have been cultured, it is likely that HEPES is not intracellular, but originates from the culture medium metabolism (Sze & Jardetzky, 1990a; Sze & Jardetzky, 1990b). Fortunately, the analysis of the choline containing compounds of ES and ES-derived NP cells was more successful. In Figure 9, 1H spectra for ES and NP cells are shown. The region at ~3.2 ppm comprising the choline-containing (N(CH3)3) metabolites is shown in more detail. In table 1 the concentration ratios of the metabolites GPC, Choline and GPC are shown. These ratios reveal that NP cells have a choline profile that is close to glioma cells, and dramatically different from normal brain tissue extracts. The ES cells have an even more elevated PC to GPC ratio (table 1), which has previously been associated with highly proliferating and immortalized cells (Aboagye & Bhujwalla, 1999).
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Metabolites PC:GPC PC:Cho



Embryonic Stem Cells 70.90 ± 14.20* 11.53 ± 0.78**



NP Cells 3.93 ± 2.27 2.90 ± 0.64



Normal Brain Cells1 0.83 ± 0.09 1.04 ± 0.14



BrainTumor Cells1 1.46 ± 0.22 2.56 ± 0.20



Table 1: Mean values of ratios of choline containing metabolites present in murine embryonic stem cells, murine neural progenitor cells, normal brain and gliomas (rat) Values are mean ± SEM (n=3). 1Values adopted from (Aboagye & Bhujwalla, 1999). * P < 0.05, ** P < 0.01 in comparison to NP cells.



ppm



Figure 9: Typical high-resolution 1H NMR spectra (δ 0.50-4.30 & 3.19-3.25 ppm) of PCA extracts of (a. & c.) embryonic stem cells and (b. & d.) ES-derived neural progenitor cells, obtained at 500 MHz. ppm



Conclusions We show here that pluri- and multipotent ES and NP cells, respectively, present with abnormally high PC:GPC ratios much like malignant tumor cell lines. Since the PC:GPC and PC:Cho ratio in stem cells and tumor cells is much higher than in normal brain cells, the production of PC is probably at a higher rate. An important enzyme in the pathway from Cho to PC is Choline kinase. Choline kinase catalyzes the phosphorylation of choline with ATP to form phosphocholine and ADP (formula (1)).



Choline + ATP



cholinekinase ⎯ ⎯→ ← ⎯⎯ phospholipaseD



Phosphocholine + ADP



(1)
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The higher rate of PC production is related to a higher consumption of ATP. Adenosine triphosphate (ATP) is an energy-rich compound that functions as "fuel" used for all the energy requiring processes within the cell. The potential energy stored in the ATP molecule represents chemical energy made in the cell as it is needed, and is responsible for 95 percent of all cellular energy throughout the body (Schwiebert, 2001). The energy released by the consumption of ATP might be used in the proliferative processes of stem cells. Furthermore, Choline kinase is known to be highly active in pre-implantation stage embryos (Pratt, 1980). These finding suggests that tumors may share some of their metabolism with more primitive cell types, such as stem cells, and that the abnormally high PC:GPC ratio is consistent with the cancer-like properties of ES cells. Pure ES cells are known to form malignant tumors, teratomas and teratocarcinomas if inoculated into living tissue. In time, this technique may allow us to characterize the proliferative state of therapeutic stem cell preparations. Materials and methods Derivation of stem cells The NP cells were derived from ES cells obtained from the inner cell mass of mouse blastocysts. The cells were grown in the presence of serum and leukemia inhibitory factor, which was withdrawn to form embryoid bodies (EB). EBs were transferred to a serum free media adjusted with insulin, transferrin, selenium and fibronectin to facilitate progression into NP cells (Okabe et al., 1996; Shamblott et al., 1998). These cells were harvested by trypsinization at (80-90%) confluency, no more than 24 hours after changing fresh medium. Cells were washed twice with PBS and centrifuged in 10 mL of PBS for 10 minutes. The remaining supernatant was discarded and the cell pellet was snap frozen in liquid nitrogen and stored at -80 oC until analysis. Cell extractions were performed in excess (23 mL) perchloric acid (PCA, 0.9 mol/L) on ice. Samples were sonicated (Brooklyn Instruments, NY, USA) for 60 seconds, and centrifuged (15,000 g at 4oC) for 15 min. The supernatants were then adjusted to pH 7.0 + 0.1 using 1 mol/L KOH and 1 mol/L HCl and centrifuged at 4oC at 3,000 g for 10 minutes. The resulting clear supernatants were lyophilized, and stored at -80 oC for NMR analyses. 1



H NMR analyses of cell extracts Lyophilized extracts were dissolved in 0.6 ml of pure D2O, with 0.97 mmol trimethylsilyl propionate (TSP) added as chemical shift and concentration standard. 1H NMR was performed at 11.7 T (Varian). Spectra were recorded at 20±1oC using a 60o flip angle, 6000 Hz sweep width, 4.3 s repetition time, 32K points, and 512-2048 scans. Remaining HOD was suppressed using gated water presaturation. Data were Fourier transformed using a 0.3 Hz exponential line broadening filter. Proton resonances in the 1D spectra were identified by comparison with literature assignments for metabolites, and by 2D spectroscopy.
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Two-dimensional total correlation spectroscopy (TOCSY), using standard tntocsy pulse sequence ("clean tocsy" used with windowing and MLEV16+60° spin lock), was also used for identification of resonances. Spectra were taken with presaturation of the residual water peak between pulses, a mixing time of 120 ms, 2.5s recycle time, 32 transients per slice, and spectral widths of 6199.7 Hz in both dimensions. 1D Spectra were analyzed in reference to the internal TSP standard using line-fitting software (Perch, Perch Solutions Ltd., Kuopio, Finland, http://www.perchnmrsoftware.com/perch.html). Composition of chemical shift list Based on several literature values al list of chemical shift of metabolites was compiled (appendix I) (Cerdan et al., 1985; Birken & Oldendorf, 1989; Sze & Jardetzky, 1990a; Sze & Jardetzky, 1990b; Urenjak et al., 1993; Preece et al., 1993; Remy et al., 1994; Florian et al., 1997; van Zijl & Barker, 1997; Garrod et al., 1999; Bollard et al., 2000; Pfeuffer et al., 1999; Govindaraju et al., 2000).
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MR-tracking of magnetically labeled neural stem cells on tissue culture dishes Abstract The ability to track specific cell types in live animals is an immense benefit in the study of a number of physiological processes. By tagging cells with MRI detectable contrast agents the behavior of specific cell types can be followed during medication. The results may lay the foundation for the approach to tracking the movement of a specific cell type in live animals and humans (Bulte et al., 2001). To visualize the migratory properties of NSCs when tackled with a tumor, in vitro studies were performed to evaluate the relative migratory capacity of NSCs compared with fibroblast cocultured with glioma cells. By studying a cellmigration assay as described by Aboody et al. with a similar cell model, the proposed migratory properties of NSCs were tested. The migration assay involved murine ES- and Neurosphere-derived NSCs, Rat F98, RG2, 9L glioma and 3T3 fibroblast cell lines. By labeling the NSCs magnetically with magnetodendrimer the migration could be followed with MRI. Unfortunately, the migration assay as described by Aboody et al could not be repeated successfully using similar cell-types. Possible explanations are that the migration setup was almost impossible to repeat or that different obtained NSCs show different migratory properties. Introduction Recently, Aboody et al. (Aboody et al., 2000) reported that certain neural stem cell (NSC) derivatives have the ability to migrate toward a malignant tumor cell mass, when transplanted in mice with tumors (at sites distant from the tumor). The exact mechanism underlying this extensive tropism is not known yet, but it has been proposed that tumor cells excrete certain molecules, such as cytokines, that are recognized by the NSCs and which upon contact make the cells migrate towards the source, the malignant tumor cell. Furthermore, Benedetti et al. (Benedetti et al., 2000) showed that genetically modified NSCs could promote tumor regression and prolong survival of mice with malignant tumors. A potential application of these interesting properties of NSCs is to treat brain tumors with neural stem cells as therapeutic vehicles, able to deliver the medication at the exact location of the tumor. This treatment would not require surgical operation in regions were vital functional and biochemical processes reside in the brain, nor chemo- and/or radiation-therapy. Although these potential applications seem to be promising, much research still remains to be done (Noble, 2000a; Noble, 2000b; Gearhart, 1998; Solter & Gearhart, 1999; Shamblott et al., 2001). One specific issue regarding this application is that once the patient has been clinically treated with stem cells, the exact behavior of the cells cannot be followed. A method to overcome this problem is to tag the NSCs with MRI-visible particles, what yields a technique capable of monitoring the distribution of 17



MR studies of stem cells J.F.A. Jansen



therapeutic stem cells in vivo during treatment. By labeling the cells with superparamagnetic iron oxide particles surrounded by a dendrimer structure, magneto-dendrimers, the static magnetic field around these cells will be disturbed during a MRI experiment and thus the labeled cells can be detected with an appropriate experiment (Bulte et al., 1999; Bulte & Frank, 2000). To visualize the migratory properties of NSCs when confronted with a tumor, in vitro studies were performed to assess the relative migratory capacity of NSCs compared with fibroblast cocultured with glioma cells. By analyzing a cellmigration assay as described by Aboody et al. with a similar cell model, the proposed migratory properties of NSCs can be probed. The migration assay comprised murine ES- and Neurosphere-derived NSCs, Rat F98, RG2, 9L glioma and 3T3 fibroblast cell lines. The NSCs were seeded into a cell-free metal cylinder located on plated glial tumor cells. The migration of cells from this spot was evaluated after removal of the cylinder several times up to 5 days following plating. Several control experiments that consisted of different cell-type combinations were performed as well. Eventually, NSCs were labeled with magneto-dendrimers and with Hoechst 33342 as fluorescent co-label. Results and discussion In order to be able to perform a migration assay with several kinds of cell lines, cells first have to be grown and cultured. Therefore, a great part of the time was spent to grow the cells 9L, 3T3, RG2 and F98. After several weeks of cell culture, a simple migration test was performed with the intention to test whether the cells in this study show analogous properties compared with the similar model used by Aboody et al. By labeling the cells with the fluorescent label Hoechst 33342 it should have been easy to analyze the possible migration. Unfortunately, the setup as described by Aboody was ambiguous, and it proved difficult to obtain a setup that eventually would generate the best results. One of the encountered bottlenecks involved the positioning of the metal cylinder on the culture dish. In figure 10(A) Hoechst 3342 labeled cells are shown. The picture was taken after 3 days following plating. The curved white line is where the cloning cylinder was, at the left side of this line are the cells that have been seeded into the cloning cylinder, at the right side the cells present on the whole plate are located. Since the cells could not have migrated in such way in only 3 days, the Hoechst dye must have leaked into the medium and cells outside the cylinder. By attaching the cylinders to the plate with silicone grease, we attempted to prevent this leaking. Unfortunately the effect of the grease on the cells was not clear. Eventually we decided not to use grease, since the cells didn’t migrate, possibly because of the barrier caused by the grease.
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Figure 10: Labeled cells on culture dishes. (A) Hoechst33342 labeled 3T3 cells initially seeded in a cloning cylinder in the middle of a 3T3 cells plated dish, that has been taken away before the final 3 days of incubation. (B) Magneto-dendrimer labeled 3T3 cells initially seeded in a cylinder that has been taken away before 5 days of incubation, on 3T3 cells. (C) Magneto-dendrimer labeled NP cells on 3T3 cells. (D) Magneto-dendrimer labeled NP cells on 9L cells. Bars = 500μm (A), 1 cm (B-D).



Fortunately the labeling of the cells with magneto-dendrimers and the visualizing of these cells with MRI was successful. In figure 10(B), 10(C) & 10(D) images of plates after 5 days following plating are shown for several setups. In figure 10(B) magentodendrimer labeled 3T3 cells (initially seeded in a cloning cylinder in the middle of the plate, that has been taken away before the final 5 days of incubation) on 3T3 cells are shown. In figure 10(C) and 10(D) are shown labeled NP on 3T3 and labeled NP on 9L, respectively. The setups depicted in 10(B) and 10(C) served as control experiments. In all images the initial place in the center of the plate where the labeled cells have been seeded can be easily found. The various remaining small black dots here and there visible on all plates have to be identified as artifacts, caused by microsusceptibilities around impurities and air bubbles. None of the plates showed extensive migration for the labeled cells initially seeded in the middle of the cells in the various setups. This is remarkable, since a similar setup described by Aboody et al, to the setup depicted in figure 10(D) showed rapid migration and dispersion of NSCs throughout the glioma
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monolayer. Furthermore, the central spot corresponding to label NP cells in figure 10(B) is smaller because the NP cells have clumped together (this could be confirmed by visual inspection). Conclusions Unfortunately we were not able to successfully repeat the migration assay as described by Aboody et al using similar but not the same cell-types. In none of the different (control) migration setups could any clear migration be observed. One possible explanation could be that it was simply impossible to employ a successful setup within a relatively short time with no experience in cell culture, while the exact procedures of the successful migration setup were not decent and unambiguously documented or commented on by Aboody et al. The other explanation could be that the NSCs used in the migration assay behave differently with regard to migration throughout glioma cells compared with the NSCs utilized by Aboody et al. Although both NSC lines are similar, they have a distinctively different origin that could contribute to different migratory properties.



Materials and methods Cell Culture 9L, RG2 and F98 cells were grown under sterile conditions in Dulbecco's Modified Eagle's Medium (DMEM), whereas 3T3 cells were grown in Rosweli Park Memorial lnstitute medium (RPMI). All chemicals used were obtained from Sigma Aldrich Ltd. The medium contained (on a total of 573.1 ml) 500 ml DMEM or RPMI, 50 ml fetal calf serum (FCS), 10 ml 200mM L-Glutamine, 5 ml Sodium Pyruvate, 0.6 ml gentamicin, 1.25 ml HEPES, 17.5 μl mercaptoethanol, 6.07 ml Phosphate Bufferd Saline (PBS) and 0.2 ml of amphotericin B. The cells were cultured in Corning 75 cm2 flasks or Corning 100-mm culture dishes under standard conditions of 370C, and 95% air and 5% CO2. The medium was changed on alternate days, and the cells were treated with 0.25mg/ml trypsin before confluency was reached to detach the cells (approx. 4 minutes). The cells were then transferred to sterile 50ml centrifuge tubes, which contained medium and FCS to inhibit trypsin activity. Cells were collected by centrifugation (10 min at 1200 rpm). The final cell pellet was resuspended in culture medium and the cells were dispersed by repeated aspiration through a sterile pipette. Following trypsination and resuspension of the cells, the cells were passaged into in new flasks (dilution ratio 1:8) and these were placed in the incubator for a further 24 Hrs to allow the cells to attach. To insure the prolongation of each cell line, a part of each cell line was stored in special cryoprotectant medium in liquid nitrogen, after 24h in –80oC. The cryoprotectant medium consisted of 65% RPMI, 25% FCS and 10% DMSO.



20



MR studies of stem cells J.F.A. Jansen



9L and 3T3 cell lines were kindly provided by John Laterra (Kennedy Krieger Research Institute, Baltimore MD, USA). RG2 and F98 cell lines were obtained from American Type Culture Collection (Manassas VA, USA). Cell Migration Assay In order to asses the migration properties of NSC several different assay setups were used, that all involved laminin coated 100-mm culture tissue dishes and metal cloning cylinders (ø 5mm). In the first setup rat F98, RG2, 9L glioma and 3T3 fibroblast cell lines were plated in 100-mm culture tissue dishes around a metal cloning cylinder that remained cell-free. After overnight incubation, ES- and Neurosphere derived NSCs were inserted in this single central point. The amount of dissociated cells in this suspension was calculated according to the area-ratio of the culture dish and the cloning cylinder: 1/800 of a confluent culture dish (3x104 cells). The migration of cells from this locale was permitted after overnight incubation by removing the cloning cylinder. Up to 5 days following plating, the migration was assessed. The medium was refreshed as normally on alternate days. In the control experiments other cell-line combinations (in stead of glioma-stem cells) such as gliomaglioma, glioma-fibroblast, and fibroblast-stem cells were utilized. Another setup was highly similar to the previous one, except that the glioma or fibroblast cells were plated on culture tissue dishes without cloning cylinders. After overnight incubation the cylinders were positioned on top of the cells. The insertion of stem cells, the assessment of migration and control experiments were performed as described previously. For practical reasons both setups were performed on the same dishes. In the final setup cloning cylinders were positioned on an empty laminincoated plate at a distant of other cylinders of 2cm. Seeded in the cylinders were both stem cells glioma or fibroblast cells. In appendix II a detailed overview of all setups is shown. In the end, NSCs were labeled with magneto-dendrimers and with Hoechst 33342 as fluorescent co-label. Hoechst 33342 Staining The immunofluerescent labeling of the cells was done with Hoechst 33342 while the cells were still alive. The cells were incubated for 10 minutes in 37oC in standard medium containing 25μgl/ml Hoechst 33342. Afterwards, the cells were washed three times. The staining was visualized with an inverted phase-contrast Nicon microscope equipped with appropriate UV filters. The light source provided light at 340-380 nm, whereas the emission maximum was at 465 nm. Magnetic labeling Cells were trypsinized, washed three times, and then incubated for 24h in standard medium containing 25 μg iron/ml. Afterwards, cells were fixated as described subsequently.
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Fixating cells Dishes were rinsed 2 times carefully with PBS(1X). Subsequently 4% Gluteraldehyde in PBS(1X) was added and after 10 minutes removed. Finally 20 ml of PBS(1X) was added to the plate. MR imaging 3D Gradient Echo MR images of the tissue culture plates were acquired with a 1.5 T Philips NT scanner (Philips Medical System, The Netherlands). Protocol parameters were: TR = 81 ms, TE = 60ms, flipangle = 600, FOV = 100 mm, matrix = 256 x 128 pixels, 40 slices acquired, 80 reconstructed, and slice thickness = 0.1 mm. A 3” coil was used for both transmission and reception.
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Conclusions Magnetic Resonance has been proven to be an excellent technique to study certain properties of stem cells. Whereas 1H NMR enabled us to take a closer look at the choline metabolism of murine pluripotent ES cells and multipotent NP cells, MRI let us splendidly detect magneto-dendrimer labeled cells on a tissue culture dish, although the height of one cell-layer does not exceed 10 micrometers. Unfortunately, not all result were that pleasant. First of all, despite the extension of the 1D 1H NMR with an extra dimension, we still were not able to address all peaks to known metabolites. Another setback was that the migration setup failed for the most part. Whether this is caused by the difficulty of the setup itself or that the cell used by us did not work with this setup, remains a question. Presumably, this research represents an average success: failure ratio, and therefore reflects the ups and downs of research in general. In any case, I had a lot of fun while doing it.



Jacobus F.A. Jansen Nijmegen, The Netherlands May 2002



23



MR studies of stem cells J.F.A. Jansen



References Aboagye, E.O. & Bhujwalla, Z.M. (1999). Malignant transformation alters membrane choline phospholipid metabolism of human mammary epithelial cells. Cancer Res 59, 80-84. Aboody, K.S., Brown, A., Rainov, N.G., Bower, K.A., Liu, S., Yang, W., Small, J.E., Herrlinger, U., Ourednik, V., Black, P.M., Breakefield, X.O. & Snyder, E.Y. (2000). From the cover: neural stem cells display extensive tropism for pathology in adult brain: evidence from intracranial gliomas. Proc Natl Acad Sci U S A 97, 12846-12851. Barnes, D and Sato, G. Methods for growth of cultured cells in serum-free medium. Analytical Biochemistry 102, 255-270. 1980. Benedetti, S., Pirola, B., Pollo, B., Magrassi, L., Bruzzone, M.G., Rigamonti, D., Galli, R., Selleri, S., Di, M., De, F., Vescovi, A., Cattaneo, E. & Finocchiaro, G. (2000). Gene therapy of experimental brain tumors using neural progenitor cells. Nat Med 6, 447-450. Birken, D.L. & Oldendorf, W.H. (1989). N-acetyl-L-aspartic acid: a literature review of a compound prominent in 1H-NMR spectroscopic studies of brain. Neurosci Biobehav Rev 13, 23-31. Bollard, M.E., Garrod, S., Holmes, E., Lindon, J.C., Humpfer, E., Spraul, M. & Nicholson, J.K. (2000). High-resolution (1)H and (1)H-(13)C magic angle spinning NMR spectroscopy of rat liver. Magn Reson Med 44, 201-207. Bulte, J.W. & Frank, J.A. (2000). Imaging macrophage activity in the brain by using ultrasmall particles of iron oxide. AJNR Am J Neuroradiol 21, 17671768. Bulte, J.W., Douglas, T., Witwer, B., Zhang, S., Strable, E., Lewis, B.K., Zywicke, H., Miller, B., van Gelderen, P., Moskowitz, B.M., Duncan, I.D., Frank, J.A. (2001). Magnetodendrimers allow endosomal magnetic labeling and in vitro tracking of stem cells. Nat. Biotech. 19, 1141-1147. Bulte, J.W., Zhang, S., van, G., Herynek, V., Jordan, E.K., Duncan, I.D. & Frank, J.A. (1999). Neurotransplantation of magnetically labeled oligodendrocyte progenitors: magnetic resonance tracking of cell migration and myelination. Proc Natl Acad Sci U S A 96, 15256-15261. Cerdan, S., Parrilla, R., Santoro, J. & Rico, M. (1985). 1H NMR detection of cerebral myo-inositol. FEBS Lett 187, 167-172. Doetschman, T.C., Eistetter, H., Katz, M., Schmidt, W. & Kemler, R. (1985). The in vitro development of blastocyst-derived embryonic stem cell lines:



24



MR studies of stem cells J.F.A. Jansen



formation of visceral yolk sac, blood islands and myocardium. J Embryol Exp Morphol 87, 27-45. Evans, M.J. & Kaufman, M.H. (1981). Establishment in culture of pluripotential cells from mouse embryos. Nature 292, 154-156. Florian, C.L., Pietsch, T., Noble, M. & Williams, S.R. (1997). Metabolic studies of human primitive neuroectodermal tumour cells by proton nuclear magnetic resonance spectroscopy. Br J Cancer 75, 1007-1013. Garrod, S., Humpfer, E., Spraul, M., Connor, S.C., Polley, S., Connelly, J., Lindon, J.C., Nicholson, J.K. & Holmes, E. (1999). High-resolution magic angle spinning 1H NMR spectroscopic studies on intact rat renal cortex and medulla. Magn Reson Med 41, 1108-1118. Gearhart, J. (1998). New potential for human embryonic stem cells. Science 282, 1061-1062. Govindaraju, V., Young, K. & Maudsley, A.A. (2000). Proton NMR chemical shifts and coupling constants for brain metabolites. NMR Biomed 13, 129-153. Holmes, H.C., Snodgrass, G.J. & Iles, R.A. (2000). Changes in the choline content of human breast milk in the first 3 weeks after birth. Eur J Pediatr 159, 198-204. Kent, C., Snod (1990). Regulation of phosphatidylcholine biosynthesis. Prog Lipid Res. 29, 78-105. National Institutes of Health. (2000). Stem http://www.nih.gov/news/stemcell/primer.htm



Cells:



A



Primer.



Noble, M. (2000a). Can neural stem cells be used as therapeutic vehicles in the treatment of brain tumors? Nat Med 6, 369-370. Noble, M. (2000b). Can neural stem cells be used to track down and destroy migratory brain tumor cells while also providing a means of repairing tumor-associated damage? Proc Natl Acad Sci U S A 97, 12393-12395. Okabe, S., Forsberg, N., Spiro, A.C., Segal, M. & McKay, R.D. (1996). Development of neuronal precursor cells and functional postmitotic neurons from embryonic stem cells in vitro. Mech Dev 59, 89-102. Pfeuffer, J., Tkac, I., Provencher, S.W. & Gruetter, R. (1999). Toward an in vivo neurochemical profile: quantification of 18 metabolites in short-echo-time (1)H NMR spectra of the rat brain. J Magn Reson 141, 104-120. Pratt, H.P. (1980). Phospholipid synthesis in the preimplantation mouse embryo. J Reprod Fertil. 58, 237-248.



25



MR studies of stem cells J.F.A. Jansen



Preece, N.E., Baker, D., Butter, C., Gadian, D.G. & Urenjak, J. (1993). Experimental allergic encephalomyelitis raises betaine levels in the spinal cord of strain 13 guinea-pigs. NMR Biomed 6, 194-200. Remy, C., Arus, C., Ziegler, A., Lai, E.S., Moreno, A., Le, F. & Decorps, M. (1994). In vivo, ex vivo, and in vitro one- and two-dimensional nuclear magnetic resonance spectroscopy of an intracerebral glioma in rat brain: assignment of resonances. J Neurochem 62 , 166-179. Schwiebert, E.M. (2000). ATP release mechanisms, ATP receptors and purinergic signalling along the nephron. Clin Exp Pharmacol Physiol 28, 340-50 Shamblott, M.J., Axelman, J., Littlefield, J.W., Blumenthal, P.D., Huggins, G.R., Cui, Y., Cheng, L. & Gearhart, J.D. (2001). Human embryonic germ cell derivatives express a broad range of developmentally distinct markers and proliferate extensively in vitro. Proc Natl Acad Sci U S A 98, 113-118. Shamblott, M.J., Axelman, J., Wang, S., Bugg, E.M., Littlefield, J.W., Donovan, P.J., Blumenthal, P.D., Huggins, G.R. & Gearhart, J.D. (1998). Derivation of pluripotent stem cells from cultured human primordial germ cells. Proc Natl Acad Sci U S A 95, 13726-13731. Solter, D. & Gearhart, J. (1999). Putting stem cells to work. Science 283, 14681470. Sze, D.Y. & Jardetzky, O. (1990a). Characterization of lipid composition in stimulated human lymphocytes by 1H-NMR. Biochim Biophys Acta 1054, 198-206. Sze, D.Y. & Jardetzky, O. (1990b). Determination of metabolite and nucleotide concentrations in proliferating lymphocytes by 1H-NMR of acid extracts. Biochim Biophys Acta 1054, 181-197. Thomson, J.A., Itskovitz, E., Shapiro, S.S., Waknitz, M.A., Swiergiel, J.J., Marshall, V.S. & Jones, J.M. (1998). Embryonic stem cell lines derived from human blastocysts. Science 282, 1145-1147. Urenjak, J., Williams, S.R., Gadian, D.G. & Noble, M. (1993). Proton nuclear magnetic resonance spectroscopy unambiguously identifies different neural cell types. J Neurosci 13, 981-989. Van Zijl, P.C.M. & Barker, P.B. (1997). Magnetic Resonance Spectroscopy and Spectroscopic Imaging for the Study of Brain Metabolism. Annals New York Acadamy of Sciences 820, 75-96. Wight, M. Embryonic Stem Cells Part One: History and Use. Art to Science 17(3), 1-4. 1998. 26



MR studies of stem cells J.F.A. Jansen



Wight, M. Embryonic Stem Cells Part Two: Isolation and Manipulation. Art to Science 18(1), 1-3. 1999.



27



MR studies of stem cells J.F.A. Jansen
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Appendix I List of metabolites chemical shifts, sorted by chemical shift. Based on (Cerdan et al., 1985; Birken & Oldendorf, 1989; Sze & Jardetzky, 1990a; Sze & Jardetzky, 1990b; Urenjak et al., 1993; Preece et al., 1993; Remy et al., 1994; Florian et al., 1997; van Zijl & Barker, 1997; Garrod et al., 1999; Bollard et al., 2000; Pfeuffer et al., 1999; Govindaraju et al., 2000). Compound



Resonance



δ (ppm)



multiplet



isoleucine leucine valine isoleucine valine b-Hydroxybutyrate isoleucine lactate threonine alanine isoleucine lysine leucine leucine lysine aristeromycin NAAG GABA homocarnosine acetate lysine isoleucine OH-proline NAA NAAG NAAG glutamate glutamate glutamine glutamine glutathione NAAG NAAG valine GABA



CH3(Cd) CH3(Cd) CH3(C4') CH3(Cg) CH3(C4) CH3 CH2(Cg)1 CH3(C3) CH3(C4) CH3(C3) CH2(Cg)2 CH2(Cg) CH(Cg) CH2(Cb) CH2(Cd) CH(C5'a) CHb'(C3)(Asp) CH2(C3) CH2(C3) CH3(C2) CH2(Cb) CH(Cb) CH3(C2) CH3(C2) CHb(C3)(Asp) CHb'(C3) CHb(C3) CHb'(C2) CHb(C3) CH2(C3,Glu) CH2(C4)2 CH2(C4)1 CH(C3) CH2(C2)



0.96 0.96 0.98 1.01 1.03 1.20 1.27 1.32 1.32 1.48 1.48 1.50 1.69 1.72 1.73 1.81 1.88 1.89 1.89 1.90 1.91 1.99 2.00 2.01 2.05 2.05 2.05 2.12 2.13 2.14 2.16 2.18 2.19 2.26 2.30



d d d d d m m qu m s m s s m m m m m m m m m t
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aristeromycin b-Hydroxybutyrate glutamate glutamate pyruvate homocarnosine malate succinate succinate OH-proline glutamine glutamine NAA OH-proline aristeromycin alanine-b glutathione citrate hypotaurine malate NAA dimethylamine aspartate sarcosine citrate aspartate glutathione asparagine glutathione asparagine trimetylamine homocarnosine dimethylglycine homocarnosine GABA phenylethylamine creatine histamine phosphocreatine histamine lysine tyrosine phenylalanine ethanolamine alanine-b choline



CH(C4') CH(C2) CHg'(C2) CHg(C2) CH3(C3) CH2(C4)1 CH2(C2) CH2(C3) CHg'(C2) CHg(C2) CHb(C3) CH(C5'b) CH2(C4,Glu) CH(C2a) S-CH2 CHb'(C3) N(CH3)2 CHb(C3) N(CH3) CH(C2b) CHb'(C3) CHb(C3,Cys) CHb'(C3,Cys) N(CH3)3 CH2(C2) N(CH3)2 CH2(Cb)2 CH2(C4) CH(Ca) N(CH3) CH2(Ca)1 CH3 CH2(Ca)2 N-CH2 CH2(Cb)2 CH2(Cb)2 CH2(C2) N(CH3)3



2.31 2.34 2.34 2.36 2.36 2.37 2.37 2.40 2.40 2.44 2.45 2.46 2.49 2.49 2.52 2.56 2.56 2.63 2.65 2.67 2.68 2.68 2.69 2.73 2.74 2.80 2.87 2.88 2.94 2.95 2.95 2.96 2.97 3.00 3.01 3.01 3.03 3.03 3.03 3.04 3.04 3.04 3.11 3.15 3.18 3.19



m m m s m dd s s m m m dd dd m t m d dd dd s dd s d dd dd dd dd dd s m s dd m t s m s m dd dd m t s
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histidine homocarnosine tyrosine phosphoryl-choline glucose phosphoethanolamine taurine histidine trimetylamine-N-oxide betaine inositols myo-inositol phenylalanine tryptophan phenylethylamine histamine glucose glucose scyllo-inositol hypotaurine OH-proline glucose taurine glucose threhalose tryptophan choline glucose inositols myo-inositol fructose fructose glycine threonine fructose inositols valine myo-inositol phosphoryl-choline threhalose choline fructose isoleucine glucose glucose fructose



CH2(Cb)1 CH2(Cb)1 CH2(Cb)1 N(CH3) CH(C2b) CH2(C2) NCH2(C2) CH2(Cb)2 N(CH3)3 N(CH3)3 CH(5) CH(C5) CH2(Cb)1 CH2(Cb)2 CH(Cb) CH2(Cb) CH(C4a) CH(C4b) CH N-CH2 CH(C5b) SCH2(C1) CH(C3b) CH(C4) CH2(Cb)1 CH2(C2)(PC) CH(C2a) CH(1,3) CH(C1/3) CH(C1a)(fur) CH(C1a)(pyr) CH2 CH(C2) CH(C1b)(fur) CH(4,6) CH(C2) CH(C4/6) CH2(C2) CH(C2) CH2(C2)(GPC) CH(C6a)(fur) CH(Ca) CH(C3a) CH2(C6a) CH(C1b)(pyr)



3.19 3.19 3.20 3.21 3.22 3.22 3.25 3.26 3.26 3.27 3.27 3.28 3.28 3.29 3.30 3.31 3.35 3.35 3.35 3.36 3.37 3.40 3.42 3.45 3.45 3.48 3.50 3.52 3.53 3.54 3.55 3.56 3.56 3.58 3.59 3.59 3.60 3.62 3.64 3.65 3.66 3.67 3.67 3.68 3.70 3.71



dd dd dd s dd m t dd s s t dd dd t t t t s d m t t t dd m dd dd d d s d d t m dd m t dd d



31



MR studies of stem cells J.F.A. Jansen



fructose sarcosine leucine aristeromycin glutamate lysine glutamine glutathione threhalose alanine fructose fructose glucose uridine ethanolamine glutathione fructose serine threhalose threhalose threhalose aspartate choline fructose glucose histidine creatine uridine phosphocreatine tyrosine serine phenylalanine phosphoethanolamine serine asparagine fructose histidine dimethylglycine fructose choline inositols myo-inositol tryptophan aristeromycin lactate fructose



CH(C6a)(pyr) CH2 CH(Ca) CH(C6') CH(C2) CH(Ca) CH(C2) CH2(C2,Gly) CH(C6b) CH(C2) CH(C3)(pyr) CH(C6b)(fur) CH(C5a) CH(C5'b) CH2(C1) CH(C2,Glu) CH(C5)(fur) CH(C2) CH(C5) CH(C6a) CH(C3) CH(C2) CH2(C1)(GPC)1 CH(C4)(pyr) CH2(C6b) CH(C2) CH2(C2) CH(C5'a) CH2 CH(Ca) CH2(C3)1 CH(Ca) CH2(C1) CH2(C3)2 CH(C5)(pyr) CH(Ca) CH2 CH(C6b)(pyr) CH2(C1)(PC) CH(2) CH(C2) CH(Ca) CH(C3') CH(C2) CH(C3)(fur)



3.71 3.72 3.73 3.74 3.75 3.76 3.77 3.77 3.77 3.78 3.80 3.80 3.80 3.81 3.82 3.82 3.83 3.83 3.83 3.85 3.86 3.89 3.90 3.90 3.90 3.90 3.91 3.92 3.93 3.93 3.94 3.98 3.98 3.98 4.00 4.00 4.00 4.02 4.03 4.05 4.05 4.05 4.05 4.11 4.11 4.12



dd s dd t s q d m dd m t dd dd dd m dd dd d s dd s dd dd dd m dd dd m dd s dd m t dd q -
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fructose NAAG uridine b-Hydroxybutyrate ATP uridine threonine phosphoryl-choline phosphoryl-choline ATP malate choline OH-proline uridine NAA ATP homocarnosine homocarnosine aristeromycin NAAG glutathione NAAG ATP glucose NAAG ATP aristeromycin threhalose glucose glycogen uracil uridine uridine ATP adenine-nucleotide inosine-monophosphate fumarate phosphocreatine creatine ATP glutamine tyrosine tyrosine homocarnosine histidine histamine



CH(C4)(fur) CH(C2)(Glu) CH(C4') CH(C3) CH(C5'') CH(C3') CH(C3) CH2(C1) CH2(C1) CH(C5') CH2(C1)(GPC)2 CH(C2') CH(C2) CH(C4') NH3 CH(Ca) CH(C2') CHb(C3)(Asp) CH(C2,Cys) CH(C2)(Ace) CH(C3') CH(C1b) CHb'(C3)(Asp) CH(C2') CH(C1') CH(C1) CH(C1a) CH(C1) CH(C5) CH(C5) CH(C1') CH(C1') CH(C1') CH(1') NH-1 NH NH2 NH2-1 CH(C3) CH(C5) CH(C2) CH(C5) CH2(C5)



4.12 4.13 4.14 4.15 4.21 4.23 4.24 4.29 4.29 4.30 4.30 4.31 4.35 4.35 4.39 4.40 4.40 4.47 4.51 4.52 4.56 4.61 4.62 4.63 4.72 4.80 4.87 5.20 5.23 5.35 5.80 5.89 5.92 6.15 6.15 6.15 6.52 6.58 6.65 6.76 6.82 6.89 6.89 7.08 7.10 7.16



m dd m m t m m m m dd m dd dd dd qu s m dd dd dd dd dd d dd t d d d d d d d d s s s s s m m s m m
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tryptophan tyrosine tyrosine tryptophan phosphocreatine tryptophan phenylalanine phenylalanine phenylethylamine phenylethylamine phenylalanine phenylalanine phenylalanine phenylethylamine glutamine tryptophan glutathione uracil nicotinamide tryptophan NAA uridine homocarnosine histamine homocarnosine glutathione hypoxanthine hypoxanthine inosine-monophosphate aristeromycin nicotinamide ATP adenine-nucleotide aristeromycin formate ATP adenine-nucleotide inosine-monophosphate nicotinamide nicotinamide



CH(C6) CH(C2) CH(C6) CH(C5) NH-2 CH(C2) CH(C2) CH(C6) CH(C2,6) CH(C4) CH(C4) CH(C3) CH(C5) CH(C3,5) NH2-2 CH(C7) NH(gly) CH(C6) CH(C4) NH CH(C6) CH2(C4)2 CH2(C2) CH(C5) NH(cys) CH(2) CH(8) CH(2) CH(C2) CH(C2) CH(C2) CH(C8) CH(C8) CH(C8) -



7.19 7.19 7.19 7.28 7.30 7.31 7.32 7.32 7.35 7.36 7.37 7.42 7.42 7.44 7.53 7.53 7.54 7.54 7.60 7.73 7.82 7.89 7.90 8.03 8.08 8.18 8.19 8.22 8.23 8.24 8.25 8.26 8.26 8.29 8.46 8.54 8.56 8.57 8.72 8.94



t m m t s s m m m m m m m m s d t d q d d d d d d d s s s s d s s s s s s s d s
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Appendix II Cell migration setup 02/26/2002
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9L 3T3 RG2 F98 NP-ns NP-es NP-es/10



NP*ns



9L-glioma cells 3T3-fibroblasts RG2-glioma cells F98-glioma cells neurosphere-derived Neuro progenitor ES-derived Neuro progenitor ES-derived Neuro progenitor 10X diluted Cloning cylinder is placed on top of other cells



X* Y#



Cloning cylinder is surrounded by other cells or nothing cell-line X is magnetodendrimer- labeled plate is laminen-coated
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