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Labeling stem cells and tracking the cells in vivo by imaging techniques is a new challenge 

that follows the increasing field and perspectives of grafting cells in human to eliminate 

pathological conditions or to reconstruct a tissue. Progresses in biology have led to distinguish 

and study cells coming from a tissue. Now, the much more difficult goal is to redo a tissue 

using cells. Several questions arise when dealing with in vivo tracking labeled-cells: why, 

which contrast agent for which imaging technique, how to label cells in vitro, which cells, 
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what are the risks for cell properties deterioration, which route of cell administration, what is 

the labeling duration, is it possible to add a therapeutic compound to use cells as delivery 

vehicle, what are the limitations linked to the concept itself? 

OBJECTIVES OF STEM CELLS IMAGING 

The primary goal is to assess and follow non invasively cell engraftment. When repeated over 

time, imaging modalities allow to evaluate in vivo cell mobility, viability and in some cases 

differentiation. Additionally, a lot of new knowledge are drawn by the observation of grafted 

cells behavior in the living matter. For an example, homing to the bone marrow of human 

hematopoetic progenitors (CD34+) labeled with MR compatible contrast agent (USPIO 

ferumoxides) has been assessed in vivo in mice at human magnetic resonance field (1.5T) [1]. 

Homing to the brain is another challenge since few cell types may migrate and traffic through 

it in physiological or pathological conditions. 

Spatial resolution of human compatible in vivo imaging modalities is not sufficient to show 

individual cells and to differentiate targeted cells from others. Increasing the signal of those 

cells requires a contrast agent with the need of amplification or signal change to be detected. 

Positron emission tomography (PET), single-photon emission computed tomography and 

magnetic resonance imaging (MRI) are today the candidates for in vivo human CNS cellular 

imaging. Although sensitivity of PET tracers is much higher at lower concentration than MRI 

contrast agents, experiments with PET are limited in time due to the short half-life of tracers 

though impeding the follow-up labeled cells.  

CONTRAST AGENTS TO LABEL CELLS IN VITRO 

When dealing with this question, the major goal is that the introduction of a contrast agent 

within a single cell and then within the organism must keep completely safe for the cell life 

and intrinsic properties, and for the whole recipient organism. The metabolism of the contrast 

agent should be fully known. Several contrast agents have been used to label cells in 

experimental studies. It is important to remain that no such studies have been conducted so far 

on human. The step forward i.e. human use will necessary need safety controls at several 

levels. With MR imaging, gadolinium chelates and iron oxide particles are currently the best 

contrast agent candidates to label cells because they are well tolerated when directly injected 

in the blood stream [4]. Complexes of gadolinium or liposomes carrying gadolinium chelates 

increase the efficiency of labeling and the stability of gadolinium molecules within the cells 

[5,6]. Some particles may also carry microscopically detectable fluorescent agents allowing to 

perform histology more easily in experimental models [5]. Commercially available iron 

particles such as superparamagnetic iron oxides (SPIO) and ultra-small particle iron oxides 



(USPIO) can be used as such to label cells. In several studies using intracellular SPIO or 

USPIO, it has not been shown deterioration of cell metabolism or animal death [6]. Complex 

particles of iron oxide, magnetodendrimers, might also been used because their size and 

relaxivity increase the efficiency of labeling and MR imaging signal change respectively [7]. 

Some transplanted cells may directly act as therapy like it is expected from stem cells to settle 

and repair damaged tissues [8-10]. Another challenge is the drug delivery to the brain by cells 

carrying a therapeutic agent through the so-called “Troie Horse” strategy. New particles may 

carry MR contrast agent and a therapeutic agent. Thus the transplanted cells might act as 

delivery vehicles using several expected modalities like changing the cell metabolism or 

inducing cell apoptosis to activate and liberate the therapeutic agent, etc. 

HOW TO LABEL STEM CELLS IN VITRO WITH CONTRAST AGENTS? 

Several methods have been described. 

Prolonged incubation of the cells in contact to the contrast agent may result in the passive 

introduction of the contrast agent within the cell. However the efficiency of such method is 

restricted to cells that express a high degree of phagocytosis or pinocytosis [11]. 

Using the TAT peptide, an iron-based contrast agent has been successfully taken up within 

the nucleus of CD34 incubating cells [12]. 

Transfection of contrast agents in cells may dramatically increase the efficiency of cell 

labeling. Several transfection agents are commercially available and might be used safely 

[13,14]. 

Magneto-electroporation using a magnetic field to increase the membrane permeability 

transiently results in a quick cytoplasmic accumulation of contrast agent [15]. 

These methods always require a high level of safety and several analyses to ensure that 

viability, migration capability and intrinsic properties of cells are not altered. 

Other methods use the incorporation of genes in the cell nucleus with the goals either to 

express a cell membrane receptor to a contrast agent which may accumulate in viable cells, or 

to induce the production of a MRI detectable contrast agent such as ferritin thus making the 

cell construct is own contrast agent [16,17]. 

CELLS ELIGIBLE TO BE LABELED IN VITRO 

In the literature, many cell types have been labeled in vitro: embryonic stem cells, human 

mesenchymal stem cells, neural stem cells, hematopoïetic bone marrow stem cells, 

oligodendrocyte precursors, schwann cells, olfactory ensheathing cells, monocytes, 

lymphocytes, microglia, etc. This step does not appear to be challenging. However the control 

of the amount of contrast agent in the cells is not usually well described since it is quite 



difficult to assess it precisely. Heterogeneity from cell to cell must be considered. Figure 1 

shows in culture of microglial cells with an uptake of an USPIO-rhodamine contrast agent 

incorporated with a transfectant. 

LABELING-INDUCED RISKS FOR STEMS CELLS 

Several properties must be kept after the in vitro management of the cells and the intrusion of 

the contrast agent: viability, migration capability, differentiation into the appropriate 

phenotype, controlled proliferation, ability to retain the contrast agent to follow-up the cell 

course, etc. 

For an example, it has been shown that when containing between 9 and 14 pg iron/cell, cells 

are unaffected in their viability and proliferating capacity, and labeled human neuronal stem 

cells differentiate normally into neurons [7]. 

In several experiments, labeled cells with iron particles have been followed up to 8 weeks 

showing a long lasting duration of the labeling [18,19]. After released out of the cell the 

behavior of the contrast agent must be known. Commercially available contrast agents 

probably follow the same catabolism pathway than free particles when injected into the blood 

stream. This is not yet well established in the literature. Cells like hematopoetic progenitor 

may get an induction of forced iron elimination after incubation with USPIO or SPIO [20]. 

ROUTES OF CELLS ADMISNISTRATION 

After the in vitro step for labeling using a contrast agent that incorporates into the cell 

cytoplasm or nucleus, cells must be delivered in the targeted place within the CNS. Two 

methods can be used: 1) the direct injection of the cells via a stereotactic administration into 

the brain parenchyma or in the lateral ventricles [5,8,9,21,22]; 2) the injection in the blood 

stream either in the veins or in the CNS feeding arteries [10,19]. In animals the intraperitoneal 

administration of cells may also result in cell migration to a targeted organ. 

Direct administration to the brain or spinal cord 

In a pioneer work, Bulte et al. showed the migration of magnetically labeled oligodendrocyte 

precursors from the site of stereotactic injection in the spinal cord to areas that required 

myelination in new-born rats [21]. The same group showed the passage in the brain 

parenchyma of labeled oligodendrocyte precursors directly injected in the lateral ventricle of 

experimental encephalomyelitis rats [21]. 

In experimental stroke, implanted USPIO labeled embryonic stem cells in the contralateral 

hemisphere migrated to the periphery of the stroke area through the corpus callosum and 

populate the area around the ischaemic infarct [5,8]. It was observed that on arrival in the 



lesioned hemisphere several of the cells show neuron-like shapes of cell body with long 

dendritic- or axon-like extensions [8].  

Transplanted iron labeled C17.2 neural stem cells either stayed in the site of injection or 

migrated along the corpus callosum in normal mouse brains, whereas in neonatal mouse the 

cells demonstrated a widespread engraftment [22]. 

SPIO labelled schwann and olfactory ensheathing cells traced in vivo by MRI retain 

functional properties after transplantation into the CNS promoting axonal regeneration and 

remyelination [9]. 

Vascular administration to target the CNS 

The injection into the blood stream of stem cell may result in cell destruction in the blood, in 

the liver or the spleen. Daldrup-Link et al. showed in vivo the homing of SPIO labeled human 

CD34 hematopoietic progenitor into the femur bone marrow of mice [1]. Targeting the CNS 

has been achieved by Nakamizo et al. who injected into the contralateral carotid artery human 

mesenchymal stem cells (hMSC) that engrafted into a U87 glioma implanted in the right 

hemisphere [10]. Treated animals with hMSC had a significant increased survival [10].  

CONCLUSION 

Researches in the field of cell labeling and tracking are very tentative. However, it must be 

stressed that it is a sophisticated approach requiring several steps that we have try to resume 

here: isolation of cells, phenotype characterization, production/choice of contrast agent, 

labeling of cells in vitro, evaluation of uptake process in vitro by staining and/or electron 

microscopy of cells, MRI of labeled cells in vitro, assessment of cell viability, animal model, 

preparation of cells for transplantation, MRI of transplanted labeled cells in vivo and ex vivo, 

histology, verification of the cell type containing the contrast agent, and statistical analysis 

[9]. The major criticism about some published papers in this field is the weakness arising 

from statistical analysis that sometime misses to assess reproducibility of experiments or 

observations. Another limitation is the absence of verification that the labeled cells seen in 

vivo correspond to the cultured cell. Indeed, many labeled cells may dye during the 

administration and the contrast agent may be taken up by other cells especially macrophages 

or microglia. Lecture of images or histology are often of single reader thus not ensuring 

reliability. An effort is needed to go from very interesting isolated observations to strong 

reproducible methods. 
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