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Magnetic Resonance Tracking of
Transplanted Bone Marrow and Embryonic

Stem Cells Labeled by Iron Oxide
Nanoparticles in Rat Brain and Spinal Cord
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Nuclear magnetic resonance (MR) imaging provides a non-
invasive method for studying the fate of transplanted cells
in vivo. We studied, in animals with a cortical photochem-
ical lesion or with a balloon-induced spinal cord compres-
sion lesion, the fate of implanted rat bone marrow stromal
cells (MSCs) and mouse embryonic stem cells (ESCs) la-
beled with superparamagnetic iron oxide nanoparticles (En-
dorem). MSCs were colabeled with bromodeoxyuridine
(BrdU), and ESCs were transfected with pEGFP-C1 (eGFP
ESCs). Cells were either grafted intracerebrally into the
contralateral hemisphere of the adult rat brain or injected
intravenously. In vivo MR imaging was used to track their
fate; Prussian blue staining and electron microscopy con-
firmed the presence of iron oxide nanoparticles inside the
cells. During the first week postimplantation, grafted cells
migrated to the lesion site and populated the border zone of
the lesion. Less than 3% of MSCs differentiated into neu-
rons and none into astrocytes; 5% of eGFP ESCs differen-
tiated into neurons, whereas 70% of eGFP ESCs became
astrocytes. The implanted cells were visible on MR images
as a hypointense area at the injection site, in the corpus
callosum and in the lesion. The hypointense signal per-
sisted for more than 50 days. The presence of GFP-positive
or BrdU-positive and nanoparticle-labeled cells was con-
firmed by histological staining. Our study demonstrates that
both grafted MSCs and eGFP ESCs labeled with a contrast
agent based on iron oxide nanoparticles migrate into the
injured CNS. Iron oxide nanoparticles can therefore be
used as a marker for the long-term noninvasive MR tracking
of implanted stem cells. © 2004 Wiley-Liss, Inc.
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New possibilities for repairing nervous system dam-
age have opened after the discovery that stem cells can
differentiate into neural tissue in the adult brain (Gage,
2002; Taupin and Gage, 2002; van Praag et al., 2002).
Considerable progress has been made in developing eftec-
tive methods for culturing different types of stem cells and
transplanting them into animal models of degenerative
disorders, ischemia, or injury (Bjorklund et al., 2003;
Isacson, 2003; Silani and Leigh, 2003). The transplanted
cells could directly replace lost populations of cells, such as
neurons or glia, or they could provide factors that facilitate
the regeneration of host cells.

Investigations of the success of cell-based therapies
have so far required the analysis of brain sections post-
mortem. This method, therefore, does not yield data on
the fate and time course of the migration of the trans-
planted stem cells in the host organism. Labeling of the
cultured cells with superparamagnetic iron oxide nanopar-
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ticles and the use of magnetic resonance imaging (MRI)
provide a noninvasive method for studying the fate of
transplanted cells in vivo (Bulte et al., 1999a, 2001; Jen-
delova et al., 2003). The cells can be labeled by nanopar-
ticle contrast agents during their incubation in cell culture
before transplantation into the tissue.

Superparamagnetic contrast agents are formed by a
superparamagnetic core, which is represented by iron ox-
ide crystalline structures described by the general formula
Fe,0, M?"O, where M is a divalent metal ion (M =
Fe’™, Mn”"). For the synthesis of the contrast agents,
small crystals of magnetite Fe,O;FeO are predominantly
used. During the preparation of the contrast agent, the
crystals are covered by a macromolecular shell, formed by
dextran, starch and polyol derivatives, and other polymers,
which can be chemically or biochemically modified (Yeh
et al.,, 1993, 1995; Weissleder et al., 1997; Wang et al,,
2001). When specific antibodies are attached to the shell,
the contrast agent can be specifically bound to tissue (for
review see Bulte and Bryant, 2001).

The use of a nanoparticle contrast agent in MRI
leads to the shortening of both T1 and T2 relaxation times
by an order of magnitude greater than that seen with
standard paramagnetic contrast agents. Thus, it is possible
to observe contrast changes on a cellular level by MR
mini-imaging and MR microscopy techniques. Here we
describe the in vivo MR tracking of implanted mouse
embryonic stem cells (ESCs) and rat bone marrow stromal
cells (MSCs) in rats with a cortical photochemical lesion
(Jendelova et al., 2003) or a balloon-induced spinal cord
compression lesion.

MATERIALS AND METHODS

Cell Culture and Iron Labeling

ESCs. D3 ESCs, a commercially available ES cell line
(Doetschman et al., 1985), were transfected by using the elec-
troporation method with 10 pg of pEGFP-C1 vector. Trans-
tected cells were selected in medium containing 300 wg/ml of
G418, cloned and termed eGFP ESCs. Fibroblasts of the feeder
layer were removed by gradual rarefaction. Cells were grown in
a humidified atmosphere with 5% CO, at 37°C in Dulbecco’s
modified Eagle medium (DMEM; Gibco, Paisley, Scotland)
supplemented with 20% fetal calf serum (PAA Laboratories
GmbH, Linz, Austria), 0.1 mM 2-mercaptoethanol (Sigma, St.
Louis, MO), 1% nonessential amino acid stock (Gibco),
100 U/ml penicillin, 100 U/ml streptomycin (Gibco), and
1,000 U/ml recombinant mouse leukemia inhibitory factor
(LIF; Chemicon International, Temecula, CA).

Neural differentiation was induced by culturing eGFP
ESCs in serum containing DMEM/F12 without LIF for 2 days
and then transferring the cells into serum-free media supple-
mented with insulin, transferrin, selenium, and fibronectin
(ITSF) for further culture (Pachernik et al., 2002). After 12 days
in ITSF media, the cells expressed N-CAM, GAP-43, GFAP,
and MAP2. Cells were transplanted on the eighth day of differ-
entiation, when differentiation had been initiated but these
markers were not yet expressed.

Feeder-free eGFP ESCs were labeled with 112.4 mg/ml
superparamagnetic iron oxide nanoparticles (Endorem, Guerbet,
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France) in three passages. Transplanted cells were detected by
staining for iron to produce ferric ferrocyanide (Prussian blue)
and by GFP fluorescence.

MSCs. For the isolation of rat MSCs, we used the
method described by Jendelova et al. (2003). Briefly, femurs
were dissected from 4-week-old Wistar rats. Marrow cells were
plated in 80-cm” tissue culture flasks in DMEM/10% fetal
bovine serum (FBS), with 100 U/ml penicillin and 100 U/ml
streptomycin. After six to ten passages, the cells were implanted
as a cell suspension. In culture, the cells were positive for CD90
and fibronectin and negative for CD11b and CD45.

An Endorem suspension (200 wl/20 ml of culture me-
dium, 1.e., 2.2 mg of iron) was added to the culture of rat MSCs
5 days prior to transplantation. After 72 hr, the contrast agent
was washed out. The rat MSCs were colabeled with 5 pM
BrdU (Sigma) 24 hr prior to transplantation.

Experimental Animals

Wistar rats, 6—8 weeks old, were used throughout the
study. Animals were divided into the following groups: 1) rats
with a cortical photochemical lesion and with contralaterally
grafted nanoparticle-labeled eGFP ESCs (n = 12); 2) rats with a
cortical photochemical lesion and with contralaterally grafted
nanoparticle and BrdU colabeled rat MSCs (n = 15); 3) rats
with a cortical lesion and with nanoparticle-labeled eGFP ESCs
administered intravenously (n = 7); 4) rats with a cortical lesion
and with nanoparticle- and BrdU-colabeled rat MSCs adminis-
tered intravenously (n = 12); 5) rats with a cortical photochem-
ical lesion and with contralaterally injected contrast agent En-
dorem (n = 3); 6) rats with a balloon-induced spinal cord
compression lesion and with nanoparticle-labeled rat MSCs
administered intravenously (n = 8); and 7) rats with cortical
lesion or balloon-induced compression lesion injected with
phosphate-buftered saline (PBS) into the contralateral hemi-
sphere or intravenously (n = 12).

Photochemical Lesion

We used a photochemical lesion as a model of thrombotic
stroke (Watson et al., 1985). The model uses a photochemical
reaction in vivo to induce a thrombosis leading to a cerebral
infarction. The method is virtually noninvasive, because the
skull is translucent for light at 560 nm, which is the wavelength
used for inducing the photochemical reaction. The rats were
anesthetized with isoflorane (2% isoflorane in air). Rose Bengal,
a potent photosensitizing dye, was injected intravenously into
the femoral vein (1 mg/100 g). A 1- X 2-mm area of the skull
above the right cortex was exposed to the light from a halogen
lamp for 10 min, while the rest of the skull was shielded with
aluminium foil. Rose Bengal is excited and subsequently gen-
erates singlet molecular oxygen, so it has the ability to induce
photoperoxidative reactions. Damage to lipid membranes may
provide the initial stimulus for platelet adhesion and subsequent
aggregation, leading to thrombosis and infarction within 1 hour
(Watson et al., 1985). The formation of thrombotic plugs and
adjacent red blood cell stasis within pial and parenchymal vessels
is thus observed within the irradiated zone. The rats were left to
recover and returned to their cages.
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Balloon-Induced Spinal Cord Compression Lesion

Balloon-induced spinal cord compression lesion is a sim-
ple and reproducible lesion. The method was described in detail
by Vanicky et al. (2001). Briefly, a 2-French Fogarty catheter
was inserted into the dorsal epidural space through a small hole
made in the Th10 vertebral arch. A spinal cord lesion was made
by balloon inflation (volume 15 wl) at the Th8 —Th9 spinal level.
Inflation for 5 min produced paraplegia, and this was followed
by gradual recovery.

Grafting of eGFP ESCs and MSCs

Rats were anesthetized with isoflorane 7 days after the
photochemical lesion and mounted in a stereotactic frame. With
aseptic techniques, a burr hole (1 mm) was made on the left side
of the skull to expose the dura overlying the left cortex (Jende-
lova et al., 2003). To reduce the risk of tumor formation, eGFP
ESCs induced into neural differentiation or MSCs (2 X 10°)
were suspended in 5 wl of PBS and slowly injected over a
10-min period using a Hamilton syringe into the contralateral
hemisphere at AP = —1 mm, ML = 2.5 mm, and DV = 3.5 mm
from bregma based on the atlas of Paxinos and Watson (1986).
The opening was closed by bone wax and the skin sutured. For
intravenous injection, approximately 2 X 10° undifferentiated
eGFP ESCs or MSCs in 0.5 ml PBS were injected into the
femoral vein. The vein was compressed for a short time to
reduce bleeding and the wound sutured. An immunosuppressive
agent (Depo-Medrol; Upjohn) was administered weekly.

MRI

MR images of the brain were obtained by using a 4.7-T
Bruker spectrometer equipped with a homemade surface coil.
The rats were anesthetized by passive inhalation of 1.5-2%
isoflorane in air. Breathing was monitored during the measure-
ments. Single sagittal, coronal, and transversal images were ob-
tained by a fast-gradient echo sequence for localizing the sub-
sequent T,-weighted transversal images measured by a standard
turbospin echo sequence. Sequence parameters were: repetition
time (TR) = 2000 msec, effective echo time (TE) = 42.5 msec,
turbo factor = 4, number of acquisitions (AC) = 16, field of
view (FOV) = 3.5 cm, matrix 256 X 256, slice thickness
0.5 mm, slice separation 1 mm. Two sets of interleaved trans-
versal images were measured to cover the whole brain (Jende-
lova et al., 2003).

MR images of the spinal cord were obtained by using a
4.7-T Bruker spectrometer equipped with standard whole-body
resonator. The segments of spine fixed ex vivo with parafor-
maldehyde were placed in a 50-ml polypropylene test tube and
then centered within the magnet. A 3D gradient echo sequence
was used for data acquisition. Sequence parameters were: TR =
25 msec, TE = 5.1 msec, and AC = 128. The 3D slab was
oriented sagittaly with the dimensions: FOV = 6 X 3 X 2.4 c¢m,
matrix 256 X 128 X 96. Oblique projections (with respect to
the magnet axes) were then reconstructed within the Paravision
acquisition and processing software package (Bruker, Germany)
to obtain the anatomically relevant planes. Phantoms containing
labeled cells were measured by a similar sequence with different
geometry: FOV = 6 cm, matrix 256 X 256, slice thickness
1 mm. Only one slice was measured in the case of phantoms.

Histology and Immunohistochemistry

In culture, the cells were immunohistochemically stained for
CD90, fibronectin (Chemicon), and CD45 and CD11b (Pharm-
ingen, San Diego, CA) by using monoclonal antibodies. As a
secondary antibody, goat anti-mouse IgG Alexa 594 (Molecular
Probes, Eugene, OR) was used. Rats were sacrificed 2—7 weeks
after transplantation. The anesthetized animals were perfused with
4% paraformaldehyde in 0.1 M PBS (pH 7.4). Fixed brains were
dissected and immersed in PBS with 30% sucrose. Frozen coronal
sections (40 wm) were cut through the areas of interest.

Transplanted eGFP ESCs were detected by staining for
iron to produce ferric ferrocyanide (Prussian blue) and by GFP
fluorescence. To visualize the possible colocalization of GFP and
cell-type-specific markers in the same cells, double staining was
employed. Sections were incubated with cell-type-specific an-
tibodies directed against a neuronal nuclear antigen (NeulN),
dilution 1:100 (Chemicon), or against glial fibrilary acidic pro-
tein (GFAP) for identifying astrocytes, dilution 1:2,500 (Dako,
Glostrup, Denmark). A fluorescein-conjugated secondary anti-
body (goat anti-mouse IgG Alexa 594) was used as the second
label in the double-staining experiments.

Transplanted MSCs were detected by staining for iron to
produce ferric ferrocyanide (Prussian blue) and by anti-BrdU
staining using a monoclonal antibody (Roche, Mannheim, Ger-
many). As a secondary antibody, goat anti-mouse IgG Alexa 594
(Molecular Probes) was used.

Electron Microscopy

For electron microscopic examination, undifferentiated
eGFP ESCs or tissue with a cortical photochemical lesion was
fixed at 4°C in 2.5% buffered glutaraldehyde for 1 hr, followed
by 1% osmium tetroxide for 2 hr. The cells were dehydrated in
ascending concentrations of ethanol, immersed in propylene
oxide, and embedded in the resin Epon 812 (Agar Scientific
Ltd., Standsted, England). The samples were cut into ultrathin
sections (~60 nm), and these sections were contrasted with 4%
uranyl acetate and Reynold’s lead citrate and examined in a
Philips Morgagni 268 transmission electron microscope.

Iron Content Quantitative Analysis

The amount of iron present in the cells was determined
after mineralization by spectrophotometry. Two-milliliter sam-
ples containing 60 million cells were mineralized after the ad-
dition of 5 ml HNO; and 1 ml H,O, in an ETHOS 900
microwave mineralizator (Millestone ETHOS 900, Sydney,
Australia). Deionized water was added to reach a total volume of
100 ml. The iron content was determined with a Spectroflame
M120S (Spectro Inc., Littleton, MA) calibrated in a standard
solution of Astasol (Analytika Ltd., Prague, Czech Republic).
The measurements were repeated four times, and the average
mean value was determined. All experiments were carried out in
accordance with the European Communities Council Directive
of 24 November 1986 (86/609/EEC).

RESULTS

Implantation of ESCs

Labeling of eGFP ESCs with iron oxide nano-
particles. e¢GFP ESCs were incubated with iron oxide
nanoparticles (Endorem) for three passages. Iron inside the



Fig. 1. eGFP ESC labeling with iron oxide nanoparticles. A,C,E: A
colony of eGFP ESCs in culture labeled with iron oxide nanoparticles
(Prussian blue staining); first, second, and third passages, respectively.
B: Transmission electron microphotograph showing a cluster of iron
nanoparticles surrounded by a cell membrane in the close vicinity of the

Golgi apparatus (arrowheads), confirming the presence of iron inside
the cell. D,F: Trypsinized nanoparticle-labeled cell suspensions of
ESCs after the second and third passages, respectively. Note that, after
the third passage, the intensity of Prussian blue staining increased,
indicating a greater number of iron nanoparticles inside the cells.
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cells was visualized by Prussian blue staining. The iron
oxide nanoparticles in colonies of eGFP ESCs in culture
were observed as blue spots with an optical microscope
(Axioskop, Zeiss; Fig. 1). Cell counting of Prussian blue-
stained cells in cell suspension revealed that, after the first
passage, 40.9% * 5.9% of cells were labeled (Fig. 1A), after
the second passage 84.3% = 7.0% (Fig. 1C,D), and after
the third passage 81.0% * 6.1% (Fig. 1E,F). The third
passage did not increase the number of labeled cells; how-
ever, the number of iron particles inside the cells increased
(Fig. 1F). Further passages did not increase either the
number of labeled cells or the number of iron particles
inside the cells. A colorimetric assay for the quantification
of cell proliferation and cell viability based on the cleavage
of the tetrazolium salt WST-1 (Roche Molecular Bio-
chemicals) by mitochondrial dehydrogenases in viable cells
did not show any differences between nanoparticle-
labeled and nonlabeled cell groups.

Transmission electron microscopy confirmed the
presence of iron oxide nanoparticles inside the cells, ob-
served as membrane-bound clusters within the cell cyto-
plasm (Fig. 1B). Vesicles containing nanoparticles sur-
rounded by a membrane indicated an endocytotic process
of iron uptake. The mean iron concentration in a 2-ml
sample containing 60 million cells was 8.2 pg/ml, which
corresponds to an average value of 13.6 pg iron per cell.

In vitro MRI detection of ESCs. To check the
sensitivity of the MRI technique and to mimic the signal
behavior in brain tissue, we performed in vitro imaging of
labeled cells. ESCs were labeled with Endorem as de-
scribed above, and a cell suspension (at concentrations of

<

Fig. 2. T2-weighted images of phantoms, cortical photochemical lesion,
and implanted eGFP ESCs labeled with nanoparticles. A: MR images of
phantoms showing a set of test tubes containing a suspension of
nanoparticle-labeled eGFP ESCs in gelatin (sample a contains no cells; b,
315; ¢, 625; d, 1,250; e, 2,500; £, 5,000; g, 10,000 cells/pl). Nonhomo-
geneities in the phantom images are caused by the moderate sedimentation
of cells while the gelatin was setting. B: A cortical photochemical lesion is
visible on MR images 2 weeks after induction as a hyperintense area with
sharp hypointense borders. Inset shows a higher magnification view of the
lesion. C: Cell implant (in the hemisphere contralateral to the lesion) and
the lesion are hypointense in MR images 2 weeks after implantation. A
hypointensive signal is also found in the corpus callosum. Inset shows a
higher magnification view of the lesion. D: A hypointense signal in the
lesion 2 weeks after the intravenous injection of nanoparticle-labeled eGFP
ESCs. Inset shows a higher magnification view of the lesion. E: A few cells
weakly stained for Prussian blue are found in the photochemical lesion in
animals without implanted cells. F: Dense Prussian blue staining of an
injection site in the contralateral hemisphere, the corpus callosum, and a
photochemical lesion, 4 weeks after grafting. G: Massive invasion of
Prussian blue-stained cells into the lesion 4 weeks after the intravenous
injection of eGFP ESCs. HLI: Higher magnification microphotograph of
GFP-labeled cells showing GFP-positive ESCs in the lesion and in the
corpus callosum (serial section to the slice shown in Fig. 2F). J: Higher
magnification of GFP-positive cells in the lesion after intravenous injection
of eGFP ESCs labeled with nanoparticles (serial section to the slice shown
in Fig. 2G). K,L: Implanted eGFP ESCs at the border of the lesion 4 weeks
after grafting, doubly stained for GFP (green) and the neuronal marker
NeuN (red). M: Coexpression of both markers appears as yellow.
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10,000, 5,000, 2,500, 1,250, 625, and 315 cells/ul) was
suspended in 1.7% gelatin. MR images showed a clear
hypointense signal at all concentrations greater than 315
cells per pl (Fig. 2A), which means that contrast changes
were visible when approximately 17 or more cells were in
the nominal pixel (0.055 wl).

Fate of grafted cells. We implanted eGFP ESCs
into the cortex or injected them intravenously into the
femoral vein. For rats with a cortical photochemical lesion,
we found a massive migration of nanoparticle-labeled
GFP-positive cells into the lesion site regardless of the
route of administration.

In control animals without any implanted cells, the
lesion was visible on MR images 2 hr after light exposure
as a light-hyperintensive area, which remained visible dur-
ing the whole measurement period, i.e., for 5 weeks (Fig.
2B). Only a few cells weakly stained for Prussian blue were
found in photochemical lesions without any implanted
cells (Fig. 2E). The staining represents iron, which most
likely originated in hemorrhages and iron degradation
products released from iron-containing proteins (such as
hemoglobin, ferritin, and hemosiderin) and phagocytized
by microglia/macrophages. We did not observe any GFP-
positive cells in brains of nongrafted animals.

On MR images of brains with a photochemical lesion
and contralaterally injected cells, the cell implants were clearly
visible as a hypointense area at the injection site (Fig. 2C).
Two weeks after grafting, a hypointense signal was also
observed in the corpus callosum. At the same time, histology
showed that a large number of Prussian blue-positive and
GFP-labeled cells had entered the lesion (Fig. 2F,H). Many
labeled cells were also detected in the corpus callosum, sug-
gesting a migration from the contralateral hemisphere toward
the lesion (Fig. 2F,I). In 10% of experiments, we observed
hyperproliferation suggesting the formation of a tumor-like
structure at the injection site, originating from GFP-positive
cells. These tumors were visible on MR images as a large,
hypointense area at the injection site, much larger than the
regular cell implants.

After intravenous injection of eGFP ESCs, we found
a hypointense MRI signal only at the site of the lesion
(Fig. 2D). The first changes in the hypointensity of the
MRUI signal in the lesion were observed 1 week after cell
injection. The hypointense signal in the lesion reached its
maximum at about 2 weeks and persisted with no apparent
decrease in signal intensity for the next 2 weeks. Histology
confirmed the presence of Prussian blue-stained and GFP-
positive cells in the lesion (Fig. 2G,]).

Electron microscopy showed iron oxide nanopar-
ticles in brain tissue samples from lesioned rats transplanted
with eGFP ESCs (Fig. 3). In tissue from brains with
labeled eGFP ESCs implanted contralaterally to the lesion,
the nanoparticles were observed in dense clusters in the
cell cytoplasm. Figure 3A,B shows a typical astrocyte from
lesioned tissue with the nanoparticles in small dense clus-
ters in the cell cytoplasm, whereas Figure 3C,D shows an
oligodendrocyte from the lesioned area with nanoparticles
incorporated in membrane-bound clusters. In rats injected
intravenously with labeled eGFP ESCs, the nanoparticles
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were found mostly in cells at the lesion border. The
nanoparticles were either incorporated in lysosomes or
distributed in large membrane-bounds clusters. In some
cells (Fig. 3E,F, showing a neuron), nanoparticles were
also apposed to the nuclear membrane.

Electron microscopy revealed that, of all the eGFP
ESCs containing nanoparticles found in the lesion, 70%
were astrocytes, very few (less than 1%) were oligoden-
drocytes (Fig. 3A-D), and 5% of nanoparticle-labeled
eGFP ESCs had differentiated into neurons (Fig. 3E,F).
Double staining for NeuN confirmed the expression of a
neuronal marker in this population of eGFP ESCs (Fig.
2K—M). The rest of the cells remained undifferentiated.

To exclude the possibility that nanoparticles were
taken up by endogenous cells, we injected the contrast
agent alone, contralaterally to the lesion. We did not
observe any neurons, astrocytes, or oligodendrocytes in
the lesioned area that had incorporated nanoparticles into
their cell cytoplasm.

Implantation of MSCs

Iron oxide-labeled MSCs in culture. Prussian
blue-positive staining was found in virtually all MSCs
incubated for 48—72 hr with Endorem (Fig. 4A). The
average value of iron was 17.5 pg/cell (Jendelova et al.,
2003). Transmission electron microscopy confirmed the
presence of 20-30 iron oxide particles inside the cell,
observed as endoplasmatic reticulum membrane-bound
clusters within the cell cytoplasm (Fig. 4B).

Grafting of nanoparticle-labeled MSCs into rats
with a cortical lesion. Nanoparticle/BrdU-colabeled
MSCs were grafted into rats with a cortical photochemical
lesion. One week after implantation, the cells massively
populated the border zone of the damaged cortical tissue
and were localized in the injured tissue around the ne-
crotic part of the photochemical lesion. Only few (less
than 3%) of the cells that migrated into the lesion ex-
pressed the neuronal marker NeuN when tested four
weeks postimplantation (Fig. 4I-K). No GFAP-positive
cells were found in the lesion (Jendelova et al., 2003).

Rats with grafted nanoparticle/BrdU-colabeled cells
were examined weekly for a period of 3—7 weeks post-
transplantation with an MR imager. No recognizable hy-
pointense signal in the lesion was detected during the first
2 days after implantation. A decrease in the MR signal was
found only at the injection site in animals with cells
injected contralateraly to the lesion. One week after graft-
ing, we observed a hypointense signal in the lesion, which
intensified during the second and third weeks (Fig. 4C).
Histology confirmed that a large number of Prussian blue-
positive cells had entered the lesion (Fig. 4D,E). No
hypointense signal was found in other brain regions. The
hypointense signal occured only in damaged areas popu-
lated with MSCs, and its intensity corresponded to Prus-
sian blue or BrdU staining (Jendelova et al., 2003).

After intravenous injection of MSCs, we obtained
similar MR images. A decrease in the signal was observed
6 days after cell infusion and persisted for 7 weeks (Fig.
4F). Prussian blue and anti-BrdU staining confirmed the

presence of iron oxide/BrdU-colabeled cells in the lesion
(Fig. 4G,H; Jendelova et al., 2003).

Grafting of nanoparticle-labeled MSCs into
rats with a spinal cord lesion. We used as a model of
spinal cord injury a balloon-induced compression lesion.
MSCs labeled with nanoparticles were injected intrave-
nously into the femoral vein 1 week after lesioning (n =
8). MR images were taken ex vivo 4 weeks after cell
implantation by using a 4.7-T DBruker spectrometer
equipped with a standard whole-body resonator.

With MR images, we observed the lesion as a sharply
bounded area with a hypointense signal in the area of the
spinal channel (Fig. 5A,C). Images of transversal as well as
longitudinal spinal cord sections from all grafted animals
showed the lesion as a dark hypointense area (Fig. 5B,D).
Prussian blue staining confirmed a large number of Prussian
blue-positive cells present in the lesion (Fig. 5E,F). Com-
pared with the case in control rats, in grafted animals the
lesion, which was populated by grafted MSCs, was consid-
erably smaller, suggesting the possibility of a positive effect of
the MSCs on lesion repair (Fig. 5G,H). Our preliminary data
with behavioral testing (BBB score and plantar test) indicate
that lesioned animals with grafted MSCs have higher scores
on BBB testing and show better responses in the plantar test
than do control animals. However, further testing of more
animals in the respective groups will be required to confirm
these preliminary observations.

DISCUSSION

Our study shows that MRI techniques can be used
to monitor the fate of transplanted stem cells in the host
organism. Both mouse ESCs and rat MSCs can be labeled
in vitro by superparamagnetic nanoparticles (Endorem)
without lipofection and remain viable in culture or when
implanted into the brain or spinal cord of rats. The distri-
bution of the labeled cells can be monitored by MRI at
regular intervals after implantation. The MRI technique
can thus provide information about the migration and fate
of the transplanted cells in nervous tissue. The data ob-
tained from MRI correlated well with histological and
electron microscopy findings. Our results are in agreement
with the findings of Hoehn et al. (2002), who reported
that magnetically labeled undifferentiated mouse ESCs
injected intracerebrally can migrate into an ischemic lesion
induced by middle cerebral artery occlusion. Cells, which
were labeled with the contrast agent Sinerem (Guerbet,
France), required lipofection, however. Several other
groups have reported that it is possible to visualize mag-
netically labeled cells in the brain after transplantation.
This includes rat fetal brain cells labeled with superpara-
magnetic iron oxide (SPIO) linked to lecitin wheat germ
agglutinin (Norman et al., 1992), rat fetal brain tissue
labeled with SPIO-containing reconstituted Sendai virus
envelopes (Hawrylak et al., 1993), and CG-4 oligoden-
drocyte progenitor cells labeled with plain dextran-coated
SPIO (Franklin et al., 1999). In these studies, the MRI
contrast remained primarily localized at the injection site,
and no widespread migration of cells was observed. Bulte
et al. (1999b) reported the migration of CG-4 oligoden-
drocyte progenitor cells labeled with MION-461-OX-26



Fig. 3. Electron microphotographs of eGFP ESCs 4 weeks after im-
plantation. A,B: Astrocyte from the brain tissue of a rat with
nanoparticle-labeled eGFP ESCs implanted contralaterally to the lesion;
the nanoparticles were observed in small, dense clusters in the cell
cytoplasm. Boxed area in A is shown at higher magnification in B.

C,D: Oligodendrocyte from the lesioned area having nanoparticles
incorporated in membrane-bound clusters. Boxed area in C is shown at
higher magnification in D. E,F: Neuron with nanoparticles marginated
to the nuclear membrane. Boxed area in E is shown at higher magni-
fication in F.



Fig. 4. Labeling of MSCs and their implantation into rats with a
cortical photochemical lesion A: Cells in culture labeled with BrdU
(brown), containing the contrast agent Endorem (Prussian blue stain-
ing). A cell labeled with iron oxide nanoparticles undergoing cell
division, confirming that incorporation of nanoparticles does not ad-
versely affect cell viability. B: Transmission electron microphotograph
showing a cluster of iron oxide nanoparticles surrounded by a cell
membrane, confirming the presence of iron inside the cell. C: T,-
weighted images of a cortical photochemical lesion and MSCs im-
planted into the contralateral hemisphere 2 weeks after implantation.
The cell implant in the hemisphere contralateral to the lesion and the

lesion itself are visible as hypointense areas. D,E: Histology performed
16 days postimplantation confirmed a large number of MSCs in the
lesion (stained for Prussian blue). F: A hypointense signal in the lesion
observed 30 days after intravenous injection of MSCs labeled with
nanoparticles. G: Massive invasion of rat MSCs (Prussian blue staining,
counterstained with hematoxylin) into a photochemical lesion 7 weeks
after intravenous injection. H: Serial section stained for BrdU 7 weeks
after intravenous injection. Implanted rat MSCs at the border of the
lesion 4 weeks after grafting, doubly stained for BrdU (red; I) and the
neuronal marker NeulN (green; J), coexpression of both markers ap-
pears as yellow (K).



Fig. 5. MSCs labeled with nano-
particles implanted into rats with
a spinal cord compression lesion.
A,C: Tranversal and longitudinal
sections of a spinal cord compres-
sion lesion on ex vivo MR images
5 weeks after compression. The
lesion was detected as a hyperin-
tensive area with a weak hypoin-
tense signal in the spinal cord
channel within the lesion. B,D:
Transversal and longitudinal im-
ages of a spinal cord compression
lesion populated with intrave-
nously implanted nanoparticle-
labeled MSCs, 4 weeks after im-
plantation. The lesion with
nanoparticle-labeled cells is visible
as a dark hypointensive area. E,G:
Prussian blue staining of a spinal
cord compression lesion. Only a
few weakly stained Prussian blue-
positive cells were found in the
area of spinal cord lesion without
cell implantation. F,H: Prussian
blue staining of a spinal cord le-
sion with intravenously injected
nanoparticle-labeled MSCs. The
lesion was populated with Prus-
sian blue-positive cells. Note the
smaller lesion in implanted ani-
mals than in controls.
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in lesioned spinal cord. In these experiments, the spinal
cord was monitored ex vivo. Similarly, we were not able
to obtain a clear MRI signal in vivo in animals with a
spinal cord lesion because of noise derived from breathing.

Labeling cells with a contrast agent based on superpara-
magnetic nanoparticles before transplantation has been
widely investigated for use in human medicine [intracellular
iron labeling of human mononuclear cells (Sipe et al., 1999);
labeling bone marrow haematopoietic progenitor cells (de
Laquintane et al., 2002); labeling human mesenchymal stem
cells and human cervical carcinoma cells by combining com-
mercially available transfection agents with superparamag-
netic iron oxide MRI contrast agents (Frank et al., 2003)].
Endorem is a contrast agent based on dextran-coated super-
paramagnetic iron oxide nanoparticles that is clinically ap-
proved as a blood pool agent. After further testing for cell
toxicity and after verification of CNS tolerance, Endorem
might meet criteria as a marker of implanted cells.

In our study we used ESCs and MSCs. Both types of
cells have been successfully used in animal models of cell-
based therapies. Mouse ES cell-derived glial precursors, trans-
planted into a rat with myelin disease, interact with the host
neurons to produce myelin in the brain and spinal cord
(Brustle et al., 1999). Retinoic acid-treated embryoid bodies
from mouse ES cells, when transplanted into a rat spinal cord
9 days after traumatic injury, differentiated into astrocytes,
oligodendrocytes, and neurons and promoted recovery (Mc-
Donald et al., 1999). Bjorklund et al. (2002) reported that
undifferentiated mouse ES cells can become dopamine-
producing neurons in the brain in a rat model of Parkinson’s
disease and can lead to partial functional recovery. An im-
portant issue in ES cell-based therapies might be the forma-
tion of tumors (McDonald et al., 1999). The ability of ESCs
to form tumors in histocompatible animals reinforces the idea
that it might be advantageous to use differentiated cells rather
than stem cells for transplantation. To reduce the risk of
tumor development after intracerebral injection, we induced
neural differentiation in vitro by using I'TSF medium. How-
ever, in 10% of experiments with intracerebral grafting, we
observed tumor-like masses that originated from GFP-
positive cells. We did not observe any formation of tumors in
the lesion after intravenous injection, since the cell interac-
tions leading to tumor formation may not be present. Be-
cause there was no difference in the number of cells popu-
lating the lesion between direct and intravenous applications,
the latter might be a safer procedure for clinical use.

The use of MSCs in cell therapies may have some
advantages over the use of other sources of cells: They are
relatively easy to isolate (from bone marrow), they may be
used in autologous transplantation protocols, and bone
marrow as a source of cells has been already approved for
the treatment of hematopoietic diseases. Various routes for
the administration of MSCs have been tested. Kopen et al.
(1999) injected MSCs into the lateral ventricle, and these
cells migrated into the forebrain and cerebellum, including
the striatum, the molecular layer of the hippocampus, the
olfactory bulb, and the internal granular layer of the cer-
ebellum. Li et al. (2001) and Lu et al. (2001) transplanted
MSCs either directly into the striatum and cortex or

intravenously into rats exposed to brain injury and focal
cerebral ischemia. These cells migrated from the injection
site and traveled to the boundary zone of the injury and
the corpus callosum. In those studies, MSCs were ex-
panded in vitro and administered either intraarterially or
intravenously into rats with a traumatic brain injury. Cells
migrated into the injury site, and the transplanted animals
showed an improved neurological outcome in behavioral
tests (Li et al., 2000; Lu et al., 2001; Hofstetter et al.,
2002). The potential usefulness of MSCs may also include
their secretion of different neuroactive molecules, insofar
as nonhematopoietic bone marrow cells secrete interleu-
kins, stem cell factor, and other hematopoietic regulatory
molecules (Eaves et al., 1991; Maysinger et al., 1996), such
as hematopoietic cytokine colony-stimulating factor-1,
which is a growth factor in the CNS (Maysinger et al.,
1996). It has been shown that human MSCs in culture
respond to extracts from injured brain tissue by producing
growth factors such BDNF, NGF, VEGF, and HGF
(Chen et al., 2002). MSCs transplanted into the brain
could therefore stimulate tissue regeneration, promote the
recovery of function, and improve neurological deficits by
mechanisms other than just direct neuronal replacement
(Lu et al., 2001; Hofstetter et al., 2002; Chen et al., 2002).

Animal studies indicate that improved neural function-
ing can result from stem cell transplantation. With recent
advances in human stem cell research, such as the successful
propagation of ESC-derived (Thomson et al., 1998) and
embryonic germ cell-derived human cells (Shamblott et al.,
1998) and their derivation into a wide variety of cell lines, it
may be possible in the future to achieve positive results in the
treatment of human diseases. However, we have to take into
account all necessary precautions before the full potential of
cell therapy can be realized in patients suffering from degen-
erative diseases of the CNS or in patients with severe brain or
spinal cord injuries. In particular, the lack of information
about the behavior of transplanted ESCs in the host organ-
ism, about their influence outside the target structures, and
about their potential neoplastic growth represent a serious
obstacle to their therapeutic use. The labeling with iron oxide
nanoparticles described here can help to elucidate the fate and
effects of implanted stem cells, particularly in patients with
brain or spinal cord injury.

CONCLUSIONS

We conclude that a commercially available contrast
agent, Endorem, might be useful as a stem cell marker for
the noninvasive in vivo MR tracking of cell fate following
implantation. This study demonstrates that eGFP ESCs
and MSCs labeled with iron oxide nanoparticles remain
viable and migrate into an injured site; therefore, this
procedure can be used to track implanted cells in experi-
mental animals and presumably also in patients.
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