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Abstract
Non-invasive detection of transplanted cells in damaged organs and longitudinal follow up of cell
fate and graft size is important for evaluation of cell therapy. We previously showed that
overexpression of the natural iron storage protein, ferritin, permitted detection of engrafted cells in
the mouse heart by MRI, but further imaging optimization is required. Here, we report a
systematic evaluation of ferritin-based stem cell imaging in infarcted mouse hearts in vivo using
three cardiac-gated pulse sequences in a 3T scanner: black-blood proton density weighted turbo
spin echo (PD TSE BB), bright-blood T2* weighted gradient echo (GRE), and black-blood T2*
weighted GRE with improved motion-sensitized driven equilibrium (iMSDE) preparation.
Transgenic C2C12 myoblast grafts overexpressing ferritin did not change MRI contrast in the PD
TSE BB images, but they showed a 20% reduction in signal intensity ratio in T2*-weighted black-
blood iMSDE (p<0.05) and a 30% reduction in T2*-weighted bright-blood GRE (p<0.0001). Graft
size measurements by T2* iMSDE and T2* GRE were highly correlated with histological
assessments (r=0.79 and r=0.89, correspondingly). Unlabeled wild-type C2C12 cells transplanted
to the mouse heart did not change MRI signal intensity, although endogenous hemosiderin was
seen in some infarcts. These data support the use of ferritin for tracking survival, growth and
migration of stem cells transplanted into the injured heart.
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INTRODUCTION
Cardiovascular diseases take more lives every year than any other major cause of death,
including cancer and HIV. Extensive loss of cardiomyocytes due to infarction, as well as the
extremely low regenerative capability of the heart, are the main causes of heart failure.
Cardiac regeneration based on transplantation of stem cell derivates is a rapidly developing
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area of research with high potential for clinical applications (1). Noninvasive imaging
technology is a key component for accurate localization of transplanted cells and tracking
graft changes over time.

Until recently, histology was the only reliable method to detect transplanted cells. Among
non-invasive imaging modalities, MRI provides the highest spatial resolution and the most
anatomic and physiologic information on deep tissue. However, visualization of transplanted
tissues remains challenging, because the new tissue has insufficient endogenous contrast
relative to the host tissue. To date, grafted cells can be distinguished from the host tissue by
MRI only by introduction of a magnetic label to cells prior transplantation. Cell labeling by
superparamagnetic iron oxide particles is a robust method providing strong signal-void
effect on MRI (2–4), but this technique does not reflect live, proliferating grafts, but rather
detects particles themselves, even if those particles were released from dead cells into
surrounding tissues (5, 6).

A novel approach for transplanted cell imaging is genetic modification of cells in vitro to
induce expression of reporter gene coding for MRI detectable probes. The use of the
endogenous iron storage protein, ferritin, as a tool to visualize gene expression was
described in 2003 by Dr. Ahrens (7). Ferritin is a globular protein that can be considered an
“endogenous nanoparticle”. It is a ubiquitous intracellular protein that stores iron in a non-
toxic form and releases it in a controlled fashion, thereby maintaining iron homeostasis and
preventing free radical formation by the Fenton reaction (8). If the intracellular level of
ferritin is genetically altered, the higher number of ferritin complexes per cell cause higher
iron accumulation, thus directly affecting MRI contrast (7). Overexpression of ferritin for
MRI visualization of transplanted cells has been proposed by Neeman et al. (9) and Ahrens
et al. in 2005 (10). Several studies have shown that ferritin overexpression increases
intracellular iron content and transverse relaxation rates of tumor cells in vitro and in vivo
(9, 11, 12). Ferritin overexpression was detected in utero in transgenic mice (13) and liver
hepatocytes (14). A ferritin shell was used in materials science as a precursor for making
nano-composite particles as an effective MRI contrast agent for macrophage tracking (15)
and for non-invasive imaging of atherosclerosis (16).

We recently demonstrated the feasibility of MRI detection of cardiac grafts overexpressing
ferritin (17). The next step in preclinical testing of this promising approach is the design of
an optimal imaging protocol and evaluation of different MRI sequences as tools for
detection and morphological measurements of ferritin-labeled grafts in vivo. Toward this
overall goal, this study aimed to investigate contrast properties of grafts overexpressing
ferritin in bright- and black-blood cardiac imaging sequences similar to those used in human
cardiac MRI. Further aims of this study were to quantify MRI signal intensity changes in
transgenic grafts overexpressing ferritin in the infarcted mouse heart for the above
sequences and to identify an optimal MRI sequence for visualization of ferritin-labeled
cardiac grafts.

More specifically, we have chosen three imaging techniques to compare. The first is the
standard bright-blood cine gradient-echo (GRE) imaging sequence, which is an essential
technique in the majority of cardiac imaging protocols. Based on the choice of the echo time
(TE), this technique can enable T2*-weighted contrast, which is beneficial for graft
detection. The second technique is a widely used black-blood sequence based on the double
inversion-recovery (DIR) magnetization preparation (18) combined with fast spin-echo
(FSE) signal readout (19). The DIR blood suppression method achieves effective
elimination of the blood signal by applying two consecutive inversion pulses (non-selective
and slice-selective) followed by the delay corresponding to the zero-crossing point on the
curve of blood magnetization recovery (18). The DIR-FSE sequence (19) is currently
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recognized as an essential approach for accurate evaluation of cardiac morphology. The
third sequence is a new black-blood imaging method based on the motion-sensitized driven
equilibrium (MSDE) preparation, which has been recently improved (iMSDE) (20). In the
iMSDE technique, the blood suppression effect is achieved via generating two consecutive
spin echoes in the presence of flow-dephasing gradients, followed by restoring
magnetization with a flip-back pulse (20).The key advantage of the iMSDE technique is its
time efficiency, since the preparation period in MSDE requires much shorter time than that
in the DIR sequence. It also has been demonstrated that MSDE blood suppression is more
effective than DIR for elimination of slow-flow artifacts (21). For the purposes of this study,
the iMSDE technique is of particular interest, since it allows combination with a fast
cardiac-gated cine GRE sequence, thus enabling black-blood imaging with T2*-weighted
contrast.

MATERIALS AND METHODS
Ferritin overexpression

The murine ferritin heavy-chain cDNA was ligated into the pcDNA3 vector plasmid
downstream of the cytomegalus virus (CMV) promoter. Mouse skeletal myoblasts (C2C12
cells) were transduced with pcDNA3-ferritin cDNA using FuGENE6 transfection reagent
(Roche Applient Science, Indianapolis, IN). Transduced C2C12 cells were cultured on
gelatin-coated 150 mm tissue culture dishes in growth medium (DMEM, Invitrogen)
supplemented with 20% fetal bovine serum (HyClone, Logan, UT), 2 mM L-glutamine
(Invitrogen) and penicillin/streptomycin. Neomycin (G418) was added to the cell culture
media at 1.2 mg/mL to select for stably transduced cells.

Expression of ferritin was detected by Western blot analysis with rabbit monoclonal
antibody to ferritin, 1:2000 dilutions (cat# ab75973, Abcam Inc, Cambridge, MA) and by
immunohistochemical staining of C2C12 cells embedded in Histogel using rabbit polyclonal
antibody to ferritin (cat#71562, Abcam, Cambridge, MA). Histogel sections were developed
with 3,3-diaminobenzidine (DAB; Sigma), and counterstained with hematoxylin (Sigma).
Prussian blue staining (20% aqueous solution of HCl and 10% of aqueous solution of
Potassium Ferrocyanide, 1:1) was used to detect iron accumulation in cytoplasm. Due to low
iron content in the standard cell growth media (DMEM) ferric citrate water solution (0.5
mM) was added to cell media 48 hours before Prussian blue staining to both wild type and
ferritin-tagged cells.

Cell transplantation
All animal procedures were approved by the University of Washington (Seattle, WA)
Institutional Animal Care and Use Committee and performed in accordance with federal
guidelines. To minimize immunological rejection of engrafted cells we chose C3H mice as
recipients for cell transplantation, since the C2C12 myoblast line was originally derived
from this mouse strain (22). Mice were anesthetized by intraperitoneal injection of 2.5%
Avertin (Phoenix Pharmaceuticals; 0.02–0.026ml/g), intubated and mechanically ventilated
with supplemental oxygen and 3 cm H2O of positive end-expiratory pressure (PEEP). The
heart was exposed via an open thoracotomy and subjected to myocardial injury by
permanent ligation of the left anterior descending artery by 8-0 Prolene suture. After
verification that coronary occlusion had occurred (blanching of the tissue distal to the
suture), 5×105 C2C12 cells suspended in 7 µl of serum/antibiotics-free medium were
injected into the border of infarcted region of the left ventricle in two injection sites using a
30-gauge needle. Thirteen syngeneic C3H mice received 5×105 C2C12 cells overexpressing
ferritin and six animals received wild type unlabeled C2C12 cells (control). The mouse chest
was then closed aseptically. Animals recovered from surgery in a heated chamber.
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MRI protocol
One month after surgery, all animals were imaged in vivo on a 3T Philips Achieva 3T MRI
scanner (42 cm horizontal bore, gradient strength 80 mT/m) using a single-channel solenoid
mouse coil (Philips Research Laboratories, Hamburg, Germany) with a built-in heating
system maintaining physiological body temperature. Animal sedation was induced by the
inhalation agent isoflurane (3% in oxygen) in an induction chamber; anesthesia was
maintained during imaging session by 1% isoflurane in oxygen (flow rate 1 liter/min)
delivered through a nose cone. The Small Animal Monitoring and Gating System (SA
Instrument Inc., Stony Brook, NY) was used for physiological monitoring of heart rate,
respiration and body temperature. The electrocardiogram (ECG) of the mouse heart was
recorded using needle electrodes attached to the animals’ extremities subcutaneously. MRI
acquisitions were triggered by R-peaks of ECG.

The imaging protocol included three ECG-gated sequences applied in the short-axis plane
with 1 mm slice thickness providing whole-heart coverage. To obtain high resolution in vivo
MR images of the mouse heart, we used ECG-gated proton-density weighted black-blood
double inversion-recovery turbo spin echo (PD TSE BB) multislice sequence (TE 10 ms; TR
~ 1100–1200 ms dependent of the heart rate, matrix 248×245; flip angle 90°; field of view
50×50 mm; 4 signal averages, image resolution 202×204 µm). The PD TSE BB sequence
allowed clear delineation of the left ventricle borders in the mouse heart and excellent blood
suppression.

To detect iron accumulated in the overexpressed ferritin complexes bright- and black-blood
T2*-weighted sequences were tested. Bright-blood imaging was performed using used T2*
weighted cine gradient echo (GRE) multislice sequence (TR/TE = 14/9 ms; slice thickness
1mm; flip angle 15°; echo train length 1; field of view 50×50 mm, matrix 200×198; 6 signal
averages, image resolution 250×250 µm).

For black-blood imaging of transgenic grafts a recently introduced (20) improved motion
sensitized driven equilibrium (iMSDE) preparative sequence was executed prior to the GRE
imaging sequence. The advantage of this MRI sequence for visualization of iron
accumulation is the presence of a T2*-prepulse along with a good suppression of blood flow
and improved soft-tissue signal-to-noise and contrast-to-noise ratio values. iMSDE
preparation parameters: gradient amplitude 12 mT/m, first gradient moment 500 mT.ms2/m
and slew rate 100 mT/(m.ms). The imaging parameters were as follows: TR/TE=16/8ms;
flip angle 13°; slice thickness 1 mm, field of view 50×50 mm, 8 signal averages, image
resolution 298×303 µm.

Image analysis
The following formulas were used to quantify MRI signal intensity changes in the transgenic
grafts. Graft-to-myocardium signal intensity ratio (SIR) was calculated as the ratio of signal
intensities (SI) from in vivo MRI using regions of interest centered in the middle of the graft
and in the non-infarcted area of the left ventricle (LV).

Signal-to-noise ratio (SNR) was calculated as the ratio of SI of the region of interest
centered in the left ventricle wall (SILV) of the mouse heart, or at the area of graft (SIgraft),
and a standard deviation of noise in background air.
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Contrast-to-noise ratio (CNR) was calculated as the difference between SNR of the non-
infarcted area of the left ventricle and SNR of the graft area.

The area of signal hypointensity was manually delineated in each MR image at the short-
axis plane of the heart using the image analysis software NIH ImageJ 1.43u. Graft size was
expressed as a ratio of graft area to the total left ventricle (LV) area in each slice of the
mouse heart.

Histological Analysis
Animals were euthanized by a lethal dose of pentobarbital. Hearts were fixed in methyl
Carnoy’s solution and processed for histological analysis. The whole mouse heart was
sectioned in the short-axis for histological staining: eight tissue sections (five-micrometers
thick) were cut at each millimeter of the heart to match MRI short-axis images of the mouse
heart. Established histological and immunohistochemical methods were used to validate
MRI assessment of infarct size, graft location and ferritin accumulation at the cardiac tissue.
Picrosirius red (collagen-specific)/fast green staining was used to define the infarct zone.
Skeletal muscle grafts in mouse hearts were identified using a mouse monoclonal antibody
against embryonic skeletal myosin heavy chain (hybridoma supernatant, 1:100,
Developmental Studies Hybridoma Bank, University of Iowa). Sections were blocked with
1.5% normal goat serum in PBS and incubated for 1 hr at room temperature with the
biotinylated primary antibody (Animal Research Kit, Dako). Sections were then incubated
for 30 min at room temperature with HRP-conjugated streptavidin (Dako), developed with
3,3-diaminobenzidine (DAB; Sigma), and counterstained with hematoxylin (Sigma).
Prussian Blue staining (20% aqueous solution of HCl and 10% of aqueous solution of
Potassium Ferrocyanide,1:1) was used for detection of iron deposition in cardiac tissue.

Immunohistochemical staining with a rabbit polyclonal antibody to ferritin (cat#71562,
Abcam, Cambridge, MA) was used to detect ferritin accumulation in the MC-fixed and
paraffin-embedded mouse hearts. Primary ferritin antibody was used at the manufacturer-
recommended concentration of 1 µg/µl; secondary biotinylated goat anti-rabbit antibody was
used at 1:500 dilutions (Animal Research Kit, Dako). Sections were developed with 3,3-
diaminobenzidine (DAB; Sigma), and counterstained with hematoxylin (Sigma).
Photographs of heart sections were taken with a QColor 3 Olympus digital camera and a
Nikon Eclipse 80i microscope.

Statistical Analysis
Microsoft Excel and SPSS 12.0 statistical software were used for statistical analysis.
Normality of distribution for each variable was assessed using one-sample Kolmogorov-
Smirnov test (K–S test) and the sample frequency distribution was compared with a
reference probability distribution. Group comparisons between ferritin-tagged and unlabeled
wild type grafts were assessed by independent t-test for variables with unequal variances.
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Measurements obtained using different MRI sequences for the same group of animals were
compared by paired t-test. Agreement between graft size measurements by MRI and
histology (embryonic skeletal myosin staining) was assessed using Pearson’s correlation
coefficient and Bland-Altman plots. The bias between two measurements was examined
using the one-sample t-test for the differences between paired measurements. The limits of
agreement were calculated as the mean difference ±1.96 standard deviations (SD) of the
mean difference. Significance level was defined as p<0.05. Data in the text and table are
presented as mean ± SD.

RESULTS
Confirmation of Ferritin Overexpression

We used several methods to confirm ferritin overexpression in transduced C2C12 cells.
Western Blot analysis with a rabbit monoclonal antibody specific to ferritin detected high
levels of ferritin in transduced cells (data not shown). Immunohistochemical staining with a
ferritin antibody also detected a high level of ferritin overexpression, identified as brown
areas of cytoplasm in transduced cells, but not in wild-type control (Figure 1). Prussian blue
staining detected higher accumulations of iron in the cytoplasm of ferritin-tagged cells than
in wild type control cells (Figure 1).

Histological Characterization of C2C12 Grafts in the Mouse Heart
Unlabeled wild-type C2C12 cells as well as transgenic C2C12 cells overexpressing ferritin
formed large skeletal muscle grafts in the mouse heart. The presence of the grafts was
confirmed by immunostaining for embryonic skeletal muscle myosin heavy chain (Figure 2:
A4, B4). Both WT and ferritin-tagged mouse skeletal myoblasts were well differentiated
into multinucleated myotubes that contained sarcomeres. There was no difference in size of
the skeletal muscle grafts after transplantation of wild type C2C12 cells and ferritin-tagged
cells to the mouse heart. Wild type graft size averaged in 21±12 % of the left ventricle;
C2C12 grafts overexpressing ferritin composed 18±7 % of the left ventricle of the mouse
heart. Both WT and ferritin-expressing graft regions showed dystrophic calcification and
macrophage accumulation in the graft areas (data not shown). The calcification exceeded
levels typically seen in non-engrafted hearts and likely resulted from acute death of the graft
cells.

MRI Detection of Ferritin-Tagged Graft in the Mouse Heart
Wild-type C2C12 grafts did not change MRI contrast in any of the MRI sequences used in
this study (Figure 2); SIR of the wild-type C2C12 grafts was about 1, i.e., showing no
difference from the surrounding myocardium (Table 1). Unlabeled skeletal muscle grafts in
the mouse heart could only be detected by MRI as a considerable thickening of the left
ventricle wall. No contractile activity was detected in areas of skeletal muscle graft by cine
MRI, consistent with previous observations by echocardiography (23).

C2C12 grafts overexpressing ferritin also did not change tissue contrast in the PD TSE BB
sequence (SIR=1.02). However, MRI signal intensity of ferritin-tagged grafts was
significantly reduced when T2*-weighted GRE and T2*-weighted iMSDE sequences were
used for graft detection (Figure 2B). Specifically, transgenic C2C12 grafts overexpressing
ferritin reduced SIR by 30% in bright-blood GRE (mean SIR=0.7) and by 20% in black-
blood iMSDE sequences (mean SIR=0.8). The SIR of transgenic grafts was significantly
different from SIR of unlabeled control grafts (p<0.0001). All acquired MRI images were
characterized by high signal-to-noise ratio, SNR (Table 1). T2*-weighted GRE images had
the highest contrast-to-noise ratio (CNR) among all used sequences (p<0.0001).
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Graft size evaluation by MRI and histology
To determine the optimal method of imaging the ferritin-overexpressing grafts, we
compared graft size measurements using different MRI pulse sequences to the histological
graft size as a gold standard. Only T2*-weighted iMSDE and T2*-weighted GRE MRI
sequences were used for graft size measurements, since the PD TSE BB sequence did not
provide sufficient contrast between graft and cardiac tissues.

The T2* bright-blood GRE and T2* black-blood iMSDE sequences provided similar graft
size measurements, with no statistically significant difference detected (21.23±7.81 and
21.85±7.64 %, correspondingly, p=0.84). Both measurements were significantly correlated
with histology, but a significantly stronger correlation was observed for the bright-blood
GRE sequence (r=0.79 for T2*-weighted iMSDE, figure 3A and r=0.89 for T2*-weighted
GRE, Figure 3B). Bland-Altman analysis indicated significant bias similar for both
sequences (3.3±4.9, p= 0.01 for T2*-weighted iMSDE, figure 3C; and 3.0±3.6, p=0.04 for
T2*-weighted GRE, figure 3D). This bias corresponds to approximately 10–15%
overestimation of the graft size by MRI and may be explained by mild (20–30%) changes in
contrast of ferritin-tagged grafts or by a slight extension of the region of signal attenuation
beyond the anatomical boundaries of the ferritin-tagged grafts.

DISCUSSION
Non-invasive detection of transplanted cells in the damaged organ and longitudinal follow
up of cell fate and graft size is important for evaluation of cell therapy. Genetically
overexpressed cell labels have significant advantages over standard particle-based
approaches, because they permit longitudinal tracking of live dividing cells without dilution
of the label. We recently demonstrated the feasibility of using ferritin overexpression for
non-invasive MRI detection of cellular grafts in the infarcted heart (17). In this study we
provide quantitative assessment of in vivo MRI signal properties of cardiac grafts
overexpressing ferritin using a 3T clinical scanner.

The optimal MRI protocol for visualization and quantification of ferritin-tagged grafts in the
mouse heart should include multiple sequences. The proton density weighted turbo-spin
echo black blood (PD TSE BB) sequence provided the highest SNR and excellent blood
suppression and was used for high resolution assessment of the mouse heart morphology.
However, this sequence was not sensitive for detection of iron accumulation in
overexpressed ferritin complexes, and signal intensities of ferritin-tagged grafts and
unlabeled wild-type C2C12 grafts were essentially the same. Therefore, the PD TSE BB
pulse sequence can only be used for evaluation of heart morphology, not for detection of
ferritin-tagged grafts.

Black-blood and bright-blood T2* weighted MRI sequences were sensitive for detection of
transgenic C2C12 grafts overexpressing ferritin. Quantification of MRI signal intensity
changes showed 30% reduction of signal intensity in ferritin-tagged areas in T2* bright-
blood GRE images and 20% in T2* black-blood iMSDE images. Furthermore, MRI allowed
morphological graft size measurements with reasonable accuracy and precision, taking into
account limitations of the histological approach itself, which may be subject to tissue
deformation, shrinkage, and subsequent registration difficulties between imaging and
histological sectioning planes.

It is important to note that the bright-blood T2* GRE images provided the highest CNR
among all used sequences (Table 1) and enabled more precise graft size measurements.
However, this sequence frequently suffers from signal non-uniformity and voids in the
ventricles caused by complex flow patterns. It is advisable therefore to use bright-blood
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T2*-weighted GRE images in combination with black-blood images, allowing reliable
localization of the cardiac wall. The use of a black-blood T2*-weighted technique could
potentially provide an all-in-one solution, enabling both morphological information and the
capability of graft measurements based on tissue contrast properties. However, graft contrast
and precision of graft size measurements by the iMSDE black-blood sequence appeared
inferior to those from the bright-blood sequence. This might be associated with a lower SNR
for this sequence (Table 1). An iMSDE preparative sequence has been recently proposed for
highly efficient blood signal suppression (20). This method has been shown to considerably
improve the quality of blood suppression as compared to the standard double inversion-
recovery technique, while enabling much better time-efficiency. However, iMSDE produces
a rather strong effect on the static tissue signal, mainly due to the T2-weighting effect
introduced by this preparative sequence (20, 24). While SNR loss in the iMSDE sequence
appeared critical for morphological measurements in the current experimental setup (mouse
imaging on a human whole-body scanner), this sequence also showed a good potential for
graft imaging as evidenced by a significant signal decrease caused by ferritin (Table 1) and
the clear visibility of grafts (Figure 3).

To date, several molecular biology approaches and different vectors have been used to
overexpress ferritin: adenoviral (10, 25), retroviral (9), lentiviral (11, 26, 27) and adeno-
associated virus gene delivery (27); different plasmid vectors have also been used (12, 28,
29). Our approach of ferritin overexpression employing pcDNA3 plasmid vector and
FuGENE6 transfection reagent combines experimental simplicity and stable gene
overexpression (17). It is worth emphasizing the fact that C2C12 cells overexpressing
ferritin were not supplemented by iron before transplantation into the mouse heart, nor did
the animal’s diet contain iron supplements. The fact that ferritin-tagged C2C12 grafts caused
strong signal intensity loss one month after transplantation can be explained only by
redistribution of endogenous iron and its accumulation from the host tissue in the
overexpressed ferritin complexes of C2C12 grafts.

One limitation of ferritin-based imaging of tissue grafts, which generally pertains to any cell
labeling strategies based on negative contrast, is that the signal void caused by iron
accumulation is almost indistinguishable from that caused by hemosiderin. In normal
conditions, ferritin provides a natural rapid mechanism to sequester excess iron
intracellularly in a dispersed soluble form preventing elevation of hydroxyl-radical
formation (8, 30, 31). With further increases in cytosolic iron, ferritin is collected in
lysosomes (32, 33), where the ferritin shell denatures (34) and the iron core aggregates in
insoluble masses of hemosiderin for long-term storage (33, 34). Under pathological
conditions, the total amount of tissue iron can increase, and the proportion stored as
hemosiderin rises, while the capacity of ferritin to store iron is overwhelmed (30, 31, 35).
Therefore, overexpression of ferritin in transplanted cells might have a protective effect as a
quick mechanism to prevent toxic effects of free iron in damaged tissues. However, the
challenge for imaging of ferritin-tagged grafts is to distinguish their MRI signal changes
from iron deposited in hemosiderin.

In this study, we occasionally observed hemosiderin deposition in the infarcted myocardial
tissue of animals receiving WT cells; those areas were distinguishable by MRI as areas of
hypointensity (Figure 4). This effect might be caused by enhanced ferritin content (36) or by
hemosiderin deposition in damaged tissue (35, 37, 38). We compared localization and size
of the signal void areas in MRI with histological data determining localization of C2C12
graft (embryonic myosin staining) and hemosiderin deposition (Prussian blue staining). In
most of the studied cases large morphologically distinct skeletal muscle grafts were spatially
isolated from areas of hemosiderin deposition; therefore signal void caused by hemosiderin
did not affect SIR measured in C2C12 graft.
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In future studies, however, careful interpretation of the areas of signal void must be
provided, especially for small grafts that cannot be precisely identified by a known
anatomical location. New technical approaches, such as analysis of non-monoexponential
signal decay (39, 40) or phase-contrast imaging (41) might be helpful to distinguish different
sources of signal void, though more research is necessary to identify the possibility of their
applications in vivo.

CONCLUSION
Ferritin overexpression provides sufficient MRI contrast for detection of transduced cells in
vivo in infarcted mouse hearts at 3T magnetic field strength. Ferritin-tagged grafts
significantly decrease MRI signal intensity, creating areas of hypointensity in T2*-weighted
MRI. The T2* bright-blood GRE sequence was most sensitive for imaging of transgenic
grafts, capturing a 30% change in MRI signal intensity. Precise evaluation of the transgenic
graft size in the mouse heart is possible using T2* black-blood and bright-blood sequences,
those measurements are highly correlated with histology (r=0.79 for T2* iMSDE and r=0.89
for T2* GRE). We would expect even more effective visualization of ferritin-tagged grafts
in higher magnetic field strengths, because transverse relaxivity (1/T2) linearly increases
with increases in field strength (42, 43). One potential future application of this study is to
use ferritin tagging to study graft survival and growth under conditions designed to prevent
cell death and drive proliferation. A future challenge will be to distinguish iron accumulated
in ferritin (dispersed, soluble iron) from iron deposited in hemosiderin (aggregated,
insoluble iron) in damaged tissues.
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Abbreviations used

GRE gradient echo

iMSDE improved motion sensitized driven equilibrium

PD TSE BB proton density weighted turbo spin echo black-blood

cDNA complementary deoxyribonucleic acid

CMV cytomegalus virus

HCl hydrogen chloride

DMEM Dulbecco’s modified Eagle's medium

DAB 3,3-diaminobenzidine

PEEP positive end-expiratory pressure

ECG electrocardiogram

TR repetition time

TE echo time
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SI signal intensity

SIR signal intensity ratio

LV left ventricle

SD Standard Deviation

r correlation coefficient

SNR signal-to-noise ratio

CNR contrast-to-noise ratio

PBS phosphate buffered saline

HRP horseradish peroxidase

WT wild type.
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Figure 1. Confirmation of ferritin overexpression in transgenic C2C12 cells
Immunohistochemical staining (top row) of the wild type C2C12 cells (left column) and
transduced cells overexpressing ferritin (right column) embedded in histogel. Ferritin
accumulation is detected as brown areas of cytoplasm (DAB development and hematoxylin
counterstaining).
Prussian blue staining (bottom row) confirmed iron accumulation in cells overexpressing
ferritin (blue areas in cytoplams), but not in wild-type unlabeled cells. To facilitate iron
accumulation ferric citrate (0.5 mM) was added to both wild type and ferritin-tagged C2C12
media for 48 hours.
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Figure 2. MRI detection of ferritin-tagged graft in the infarcted mouse heart
A1-4, unlabeled wild-type C2C12 graft.
B1-4, transgenic C2C12 graft overexpressing ferritin.
A1, B1, PD TSE black-blood sequence
A2, B2, T2* iMSDE black-blood sequence
A3, B3, T2* GRE bright-blood sequence
A4, B4, embryonic myosin immunostaining for graft detection.
LV: left ventricle.
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Figure 3. Correlation of the graft size measurements by MRI and histology
A, Correlation between measurements by T2* iMSDE and histology.
B, Correlation between measurements by T2* GRE and histology.
C, Bland-Altman plot for T2* iMSDE vs. histology measurements.
D, Bland-Altman plot for T2* GRE vs. histology measurements.
r, correlation coefficient.
Solid line on Bland-Altman plots is representing a mean difference of graft size estimated by
MRI and histology.
Dashed lines represent 1.96% SD of mean differences in measurements.
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Figure 4. Iron deposition in hemosiderin in damaged tissues is causing signal void effect in T2*W
GRE images
A, Embryonic myosin staining identifying area of unlabeled wild-type C2C12 graft (arrow).
B, Picrosirius red staining to identify infarcted areas
C, Prussian blue staining to detect iron accumulation in hemosiderin.
D, Hemosiderin (arrow) detected by T2*-weighted GRE of the mouse heart in vivo.
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