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 1.  Introduction The need for better methods of localizing cells in vivo is particularly evident in the field 
of cell therapy, where migration of transplanted stem cells, long-term viability, and capacity for differentiation 
strongly influence therapeutic outcomes.  No less important is the need to localize cancer cells, track metastasis and 
trace the path of tumour cell invasion into vascular or other tissue targets.  Accurate localization provides 
information about critical cell-cell interactions, and leads to a greater understanding of cell fate decision-making and 
the cellular processes that influence a cell's biological program.  However, few techniques permit non-invasive study 
of cells in living organisms.  Our studies in the emerging field of molecular imaging have grown out of the demand 
for greater resolution from MRI (magnetic resonance imaging). 
 
 To enhance cell contrast for molecular MRI, we have examined the potential of iron regulatory proteins to 
act as contrast agents.  Magnetotactic bacteria, for example, derive their magnetic properties from magnetosomes:  
membrane-bound, intracellular structures that form iron biominerals in response to the coordinated activity of 
approximately 20 genes [1].  Similar to SPIO particles in size and composition, magnetosomes respond comparably 
to magnetic fields.  We have investigated the ability of mammalian cells to produce magnetosome-like particles by 
expressing the MagA gene from Magnetospirillum sp. AMB-1 [2]. 
 
 2.  Methods Mouse neuroblastoma (N2A) cells were stably transfected with MagA cDNA, cloned into 
the Enhanced Green Fluorescent Protein (GFP) vector, pEGFP-C3, at the EcoR1 restriction site.  Cells were cultured 
in high glucose DMEM (Dulbecco's Modified Eagle Medium) / 10% fetal bovine serum / 4 U/ml penicillin / 4 µg/ml 
streptomycin; with selection in 500 µg/ml Geneticin; and in the presence or absence of 250 µM ferric nitrate. 
 
 Three dimensional MRI, 128 x 128 x 8 pixels3, was acquired at 11T with a dual echo: spin echo at TE (time 
of echo) 5 ms and gradient echo at TE 15 ms.  The repetiton time (TR) for this sequence was 1000 ms, with 8 
averages to improve the signal to noise ratio.  Imaging required 137 minutes and provided 65 x 65 x 75 µm3 
resolution.  In Figure 1, the gradient echo image in C was subtracted from the spin echo image in E to produce the 
positive contrast image in D. 
 
 2.1.  Imaging Cells Loaded with Contrast Agent by MRI A number of methods have been used to 
image single cells under insufficient low resolution imaging techniques. These methods rely on superparamagnetic 
contrast agents being incorporated in each cell with the effect of disturbing the local magnetic field around the cell 
to the point of rendering each of them visible on low resolution images.  
 
 Broadly speaking, the imaging techniques used in combination with the contrast agent could be classified 
as frequency, and phase selective techniques. The frequency selective techniques are specifically designed to excite 
a range of frequencies around each cell with the exclusion of the bulk water further away.  These techniques can be 
difficult in practice because of the need for very good field homogeneity in the bulk water. To their advantage they 
will provide a positive contrast image of the cells against the darken background of the bulk water. In contrast, phase 
selective techniques, such as gradient echo imaging, will rely on loss phase coherence of the spins in the vicinity of 
the cell to establish a negative contrast image of the cells against the bright background of the bulk water. These 
techniques have a very straightforward implementation. 
 
 Here we propose a technique that produces both the advantage of positive contrast imaging with the 
simplicity of use of the phase selective encoding technique. In addition, as will be explained below, the new 
technique allows for clear distinction between air bubbles and real cell concentrations.  
 
 As usual, it is assumed that the cells have been loaded with a proper contrast agent. The imaging technique 
relies on a single two echo imaging sequence with one echo being a spin echo, and the other one, a gradient echo. 
The spin echo serves as a reference image to the gradient echo. The spin echo will largely refocus all spins in the 



sample including those in the vicinity of the cells, so the contrast from the cell will be minimal. If the cell or more 
precisely cluster of cells is actually a hole, as with an air bubble, then it will be contrasted even on the spin echo 
image, and thus distinguishable from the real cells. As for the gradient echo image, it will show strong negative 
contrast for the cells, air bubbles or any solid particles. The combined information obtained from the two images 
allows for the distinction between the cells and the other possibilities. Also, a positive contrast image of the cells can 
be obtained by subtracting the gradient echo image from the spin echo image, largely removing the bulk water signal 
while positively enhancing the water signal around the cells. 
 
 3.  Results Overexpression of GFP-MagA fusion protein increases cellular contrast in neuroblastoma 
cells (Figure 1).  Correlation of gradient echo and positive contrast images confirms that signal voids are due to 
cells.  In serial planes, MagA expression allows detection of cells in adjacent layers, resolving cellular detail from a 
mixed population of cells (Figure 2). 
 

 
 
Figure 1.  Molecular MRI of MagA Expression in Mouse Neuroblastoma Cells.  MagA was expressed in N2A 
cells and cultured under selection.  Media was supplemented with iron for 7 days prior to mounting live cells in 
gelatin/phosphate buffered saline pH 7.4 and imaging by MRI at 11 Tesla.  Panels A and B are gradient echo images 
showing an axial cross section through the gelatin phantom and gelatin containing 106 cells expressing vector alone, 
respectively.  The plane of focus is marked by human hair.  Panels C-E are gradient echo, positive contrast 
(difference) and spin echo images of a single, axial cross section through gelatin containing 106 MagA-expressing 
cell. 
 
 During the initial cloning of MagA, a mutant form was obtained which resulted in a single point mutation 
changing glutamic acid 137 to valine.  This mutation in the predicted extracellular iron binding domain of MagA 
also decreased the cellular MRI signal (Figure 3), suggesting that iron incorporation had been compromised.  
Further analysis of cellular iron uptake by inductively coupled plasma mass spectrometry (ICP-MS) showed that 
N2A cells expressing wildtype MagA were also more sensitive to extracellular iron concentration, lowering the 
threshold of mammalian cells to extracellular iron uptake (Table 1).  Interestingly, magnetotactic bacteria also prefer 
extracellular iron concentrations in the 50 µM range [3]. 
 
 4.  Discussion The bacterial iron transporter, MagA, may be used to enhance contrast in mammalian 
cells.  By combining genetic engineering and MRI, we have developed a gene expression system that harnesses the 
ability of cells to form iron biominerals, and thus, acts as a contrast agent for non-invasive imaging.  These studies 
will enable long-term tracking of cells and molecular events, including reporter gene activity for MRI. 

Controls:
A    gelatin alone
B    vector alone

MagA:
C    gradient echo
D    positive contrast
E    spin echo

A B

C D E



 
 
Figure 2.  MRI of MagA Expression in Serial Cross Sections.  MagA-expressing N2A cells were mounted in 
gelatin and imaged as previously described.  Panels A-D show gradient echo images of 4 adjacent serial cross 
sections through 106 cells.  The plane of focus is marked by human hair. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  MagA Mutation Alters Intracellular Contrast.  The positive contrast signal from MRI of N2A cells 
expressing MagA, mutant MagA and vector alone is compared.  Cells were prepared as previously described.  Each 
bar represents the maximum number of signal voids from 3 experiments. 
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Table 1.  ICP-MS Analysis of Iron in MagA-Expressing Cell Lysates 
Iron Supplement Amount of Cellular Iron 

(micromolar ) (pg iron / µg protein) 
Ferric Nitrate MagA Expression Mutant MagA Expression 

          0           7.82           4.88 
        31.25           8.41         10.68 
       62.5         19.76         10.55 
     125         14.40         11.77 
     250        23.29        27.15 
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