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Abstract The effectiveness of Resovist-labeled bone marrow stem cells (BMSCs) was
evaluated in vivo following their cerebral transplantation in a model of Parkinson’s disease
(PD) in rats using MRI, and the MRI findings were further compared with the behavior and
histopathological manifestations of these rats. Forty PD rats were randomly assigned into
five groups according to the cell doses injected into the rat brain site: control group (normal
saline injection) and groups injected with 1×105, 1.5×105, 2×105, and 2.5×105 BMSCs.
Gradient echo T2-weighted images were obtained immediately after cell transplantation and
repeatedly taken 1, 4, 8, and 12 week(s) after cell transplantation. The rotational behavior of
the animals was observed before and 1, 4, and 8 week(s) after transplantation. The rats were
killed after the last MRI scanning, the brain tissues were analyzed by histopathology
techniques, and RNAs were extracted for the expression analysis of selected genes using
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RT-PCR. One week following cell transplantation, all injected sites showed well-defined
hypointense areas on MR images, with the most significant effect observed in rats injected
with 2×105 BMSCs. These MR findings in PD rats lasted up to 12 weeks. The
effectiveness of BMSC transplantation revealed by MRI was well confirmed by the
behavioral and histopathological observations as well as indirectly supported by gene
expression analyses. With the use of SPIO labeling, MRI techniques provided a dynamic
evaluation of the spatial and temporal changes following cell transplantation and allowed
the association analysis among the imaging, functions, and gene expression analysis in rats.
These data also suggest the therapeutic potential of transplanted BMSCs. It is reasonable to
speculate that the use of MRI in in vivo evaluation of the effect and fate of transplanted
cells in various disease models will be beneficial to developing new strategies of cell-based
gene therapy.
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Abbreviations
BMSCs Bone marrow stem cells
MRI Magnetic resonance imaging
PD Parkinson’s disease
SPIO Superparamagnetic iron oxide

Introduction

Parkinson’s disease (PD), an age-associated neurodegenerative disease, is characterized
pathologically by a dramatic loss of dopaminergic neurons in the substantia nigra of the
ventral midbrain and the subsequent deficiency of dopamine in the brain areas [1]. It is
manifested as motor impairment with characteristic symptoms including difficulty in
initiating movement, rigidity, resting tremor, and postural instability. Little is known about
why and how the PD neurodegenerative process begins and progresses. Traditional
treatments are largely targeted to symptomatic improvements with drug therapy and
surgical interventions. In recent years, cellular transplantation has been suggested to be a
promising therapeutic option for patients with PD. Cellular transplantation is an immature
strategy under investigation in various animal studies.

Bone marrow stromal cells are multipotent and self-renewing, relatively more accessible
than neural stem cells (NSCs) and embryonic stem cells in preparation and in vitro
proliferation [2]. Similar to NSC in cell therapy for PD [3], a certain subpopulation of
BMSCs is known to be capable of differentiating into mesenchymal tissues, including bone,
cartilage, fat, tendon, muscle, and marrow stroma in vitro. As reported by Woodbury et al.
[4], with an optimal differentiation protocol, almost 80% of BMSC could differentiate into
neuron-specific enolase (NSE) and neurofilament-M (NF-M) in vitro. Additionally, the
release of neural growth factors by BMSCs after transplantation into rat brain was observed
in a PD model. Based on these findings, it has been suggested that BMSCs could be
injected into the striatum and could promote a functional recovery in a mouse model of PD
[5].

The development of stem cell-based therapies requires a quantitative and qualitative
assessment of stem cell distribution into the target organs, their differentiation outcome, and
their migration and engraftment [6]. Currently, most of the techniques used in the study of
stem cell transplantation in animal models require histological analysis to determine the fate
and migration of the transplanted cells. Once delivered into the striatum, the injected cells
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are difficult to visualize and track in vivo. Thus, the retention, location, and migration of the
transplanted cells can only be estimated postmortem. Radionuclide labels such as 111In has
been successfully employed previously in studies of in vivo cell trafficking, but the
application of these methods in clinical diseases may be limited by the isotopic toxicity to
patients [7].

Magnetic resonance (MR) imaging is a noninvasive technology that could provide a
high resolution and sensitivity necessary for detecting transplanted cells and allow
repetitive investigations without known side effects and without risking radiotoxic damages
to the transplanted cells. Since the transplanted cells migrate and differentiate within the
host tissues, it is necessary to label the donor BMSCs before transplantation with an MR
contrast agent that distinguishes them from host cells for the purpose of experimental
evaluation. Superparamagnetic iron oxide (SPIO), a new type of MR contrast agent [8], is
adequate to detect small clusters of cells and is not toxic to the cells and the host. BMSCs
have been used in labeling experiments and MR tracking in vivo [9]. Resovist®, a FDA-
approved MRI contrast agent consisting of SPIO nanoparticles (4–6 nm) [10] coated with
carboxydextran (60-nm mean hydrodynamic diameter), could produce predominantly T2
effects, which is seen as a reduction in signal intensity compared with the surrounding
white matter, and have produced good MR image contrast [11].

In this study, we labeled the BMSCs with Resovist and transplanted different quantities
of the Resovist-labeled BMSC into the brain of PD rats. The distribution of Resovist-
positive cells in the brain after transplantation was evaluated to determine the optimal
quantity of transplanted BMSCs and the optimal time point for observing with the 1.5-T
MR scanner in vivo. Significant changes in MR imaging characterized by hypointensive
areas were observed for as long as 12 weeks after cell transplantation. The MR findings on
these animals were further related to their behavior and to the histopathological
observations.

Materials and Methods

BMSCs Isolation and Magnetic Labeling

Sprague–Dawley rats were anesthetized with an intraperitoneal injection of 3.6% chloral
hydrate (1 ml per 100 g of body weight). Whole bone marrow was obtained in sterile
condition, as described previously [12]. BMSCs were isolated and cultured according to the
methods of Colter et al. [13]. Briefly, mononuclear cells were isolated using a density
gradient centrifugation, and the culture was expanded based on plastic adherence. The cells
were cultured in complete culture solution consisting of 42.5% DMEM medium, 42.5%
F12 medium, 15% fetal bovine serum, 100 U penicillin per milliliter, and 100 U
streptomycin per milliliter. The non-adherent cells were removed with the change of the
medium, and the adherent cells were kept in the culture dish for further growth. The
medium was changed every 3 days. When approaching subconfluence (80%), the cells were
detached by 0.25% trypsinase treatment to start the cloning procedure with 10% fetal
bovine serum medium.

The third generation of BMSCs was incubated with 3 μg/ml bromodeoxyuridine (Brdu,
Sigma, USA) at 37 °C for 72 h. Cell labeling was performed for 48 h with 5.6 μg/ml SPIO
(Resovist, Schering, Germany) in combination with Brdu in standard incubating conditions
(37 °C, 5% humidified CO2). The cells were then detached with 0.25% trypsinase treatment
and the collected cells were washed three times with phosphate-buffered saline (PBS) to
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remove the unconjugated Brdu and Resovist and suspended with normal saline (NS) to
calculate and adjust the cell density (5×104–10×104/μl) for later use.

To visualize the iron within the BMSCs, Prussian blue staining was performed. Briefly,
the cells adhered to the plastic bottom of the culture dish were fixed with 4% paraform,
washed, incubated for 30 min with 2% potassium ferrocyanide (Perls agent) in 6%
hydrochloric acid, washed, and counterstained with eosin red to visualize the cytoplasm.

Development of the PD Rat Model for Cell Transplantation

Male Sprague–Dawley rats weighing 180–240 g were purchased from Soochow University
Experimental Animal Center, China. All experimental procedures were performed
according to the “Regulation to the Care and Use of Experimental Animals” (1996) of
the Beijing Council on Animal Care.

Altogether, 60 rats were used in the study. They were anesthetized with intraperitoneal
injections of 3.6% chloral hydrate (1 ml per 100 g of body weight). The head was fixed on
the stereotaxic apparatus (Kopf Instruments, USA) and the dura was exposed at the site of
the anterior fontanel. 6-OHDA (8 μl) was injected into the right medial forebrain bundle
through two points, as described in the attached Table 1, and then the incision was closed.

Two weeks after the surgery, the rats were selected for PD model estimation by scoring
the rotational behavior in response to an injection of apomorphine (0.5 mg/kg, i.p). The
number of rotations were counted 10 min after the injection and monitored for 30 min. Rats
that presented more than seven rotations per minute ipsilateral toward the side of the
damaged brain were considered to be adequate PD rats and were selected for cell
transplantation.

Forty out of the 60 operated animals developed an experimental PD. These PD rats were
randomly assigned into five groups (n=8 each), and each animal received only one
injection in the right striatum: control group injected with 20 μl of NS; group 1 injected
with 1×105 of Resovist-labeled BMSCs; group 2 injected with 1.5×105 of Resovist-labeled
BMSCs; group 3 injected with 2×105 of Resovist-labeled BMSCs; and group 4 injected
with 2.5×105 of Resovist-labeled BMSCs. Rotational behavior was observed before and 1,
4, and 8 weeks after cell transplantation by counting the numbers of apomorphine-induced
head turning of PD rats.

MR Imaging

The initial MR imaging was taken on all rats within 24 h after receiving the cell
transplantation of BMSCs labeled with Resovist. Thereafter, MR scans were performed 1,
4, 8, and 12 weeks after the cell transplantation under general anesthesia on a 1.5-T MRI
scanner (Philips Achieva System, Holland), with the rat in prone decubitus and Micro-47
coil wrapped around their head. The rats were scanned using a gradient-echo sequence
(FFE T2WI) with an echo time of 12 ms and a repetition time of 274 ms. Additional
parameters were as follows: section thickness, 1.20 mm; field of view, 60×60 mm2; base

Table 1 Parameters for the development of the rat model of PD

Anterior fontanel A-P (mm) L-R (mm) Needling depth (mm) Injection quantity (μl)

Position 1 −1.8(43.1) −2.5(62.8) −8(53.5) 4

Position 2 −1.8(43.1) −2.5(62.8) −7.5(54) 4
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resolution matrix, 256×256; and number of signals acquired, 6. Aggregations of labeled
cells were reflected as either low-signal-intensity spots or signal voids with gradient-echo
sequences.

Histological Analysis

The rats were killed after the MRI analysis 12 weeks after the cell transplantation.
Histological analyses were done on brain tissues and a portion was used for localizing the
migration of BMSCs following immunohistochemistry staining. Briefly, the PD rats were
perfused with normal saline first and then perfused with 4% formaldehyde through the
heart; the rat heads were then dissected and fixed under 4% formaldehyde overnight. The
brain tissues harboring the abnormal foci revealed by MRI were then sliced at a thickness of
2 mm after gradual dehydration with alcohol. The sliced brain tissues were treated with
xylene and then embedded with paraffin.

For BrdU staining, the paraffin-embedded tissues were consecutively sliced at 5 μm for
immunostaining analysis. The sliced tissue was first deparaffinized and rehydrated,
followed by thermo-inducible retrieval with 0.01 M CB at pH 6.0 by microwave for
20 min and three times PBS washes with intervals of 3 min after it was cooled down to
room temperature. Internal peroxidase was inhibited by incubation with 0.3% H2O2 for
20 min at room temperature and followed by 3×3 PBS washes. Following block with 20%
goat serum for 30 min at room temperature, brain slices were incubated with a 1:100 diluted
primary antibody against Brdu for 2 h at 37 °C. Washes with 3×3 PBS were undertaken
before and after incubation with EnVision (HRP-M) 37 °C for 30 min. After visualizing
with DAB for 8–12 min, double staining with hematoxylin and washing with PBS were
done until slices changed to blue again, then mounted with resins. Photographed under a
microscope, cells with nuclei brown stain were positive and those with blue staining were
negative.

For Prussian blue staining, the paraffin sections were sliced at 5 μm. After
deparaffinization and rehydration, tissue slices were incubated with a mixture solution of
2% potassium ferrocyanide and 6% chloral hydrate for 30 min at room temperature. After
being extensively washed with distilled water, the slices were stained with eosine solution
0.5% in water for 30–60 s then gradually dehydrated with alcohol, fixed with xylene, and
mounted with plastic cement, and photographed under microscope. Cells with cytoplasmic
blue staining (iron particles) were positive.

Gene Expression Analysis with RT-PCR

The corpus striatum was dissected and RNA was extracted for the expression analysis
of selected gene by real-time RT-PCR. The levels of mRNA of the neural stem cell
marker nestin, the astrocytic marker glial fibriliary acidic protein (GFAP), the neuron
marker NSE, or the dopaminergic neuron marker TH was chosen for quantitative
analyses. cDNA was submitted to reverse transcription from 5.0 μg total RNA using
a random primer and MMLV. Real-time PCR was performed using FTC2000 and
SYBR Green I. PCR reactions included 7.5 ng of cDNA, MgCl2 at the optimal
concentration for each gene, 2–2.5 pmol of each primer, 4 μl of SYBR Green I, 1 U of
Taq polymerase, and 0.4 μl of dNTP (10 mM) in a final volume of 20 μl. All primers are
listed in Table 2. PCR cycling involved melting at 94 °C for 5 min followed by 35 cycles
of 94 °C for 25 s, 60 °C for 20 s, and 72 °C for 30 s, followed by one cycle of 72 °C for
5 min.
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The quantity of GFAP mRNA, Nestin mRNA, NSE mRNA, TH mRNA, and β-actin of
the samples was calculated according to each standard curve.

Statistical Analysis

Values are expressed as means ± SEM. Two types of normalization were taken whenever
proper. For some longitudinal observation, the value before cell transplantation was used as
the baseline for calibration. For gene expression analysis among groups at the time of
killing, group with normal saline injection was used as the baseline. Analyses of variance
(one-way ANOVA) were performed using SPSS 13.0. A probability value of P<0.05 was
considered to denote statistical significance.

Results

The Efficiency of Cells with Resovist Labeling

Prussian blue staining of Resovist-labeled BMSCs revealed the presence of numerous blue
staining iron-containing vesicles or particles in the cytoplasm of nearly all cells (Fig. 1).
The labeling efficiency reached approximately 97–99% by counting positively stained cells
in four independent views with ×10 magnification of more than 1,000 cells.

Dynamic MRI Scanning of Rats with Transplanted Cells

MRI scanning was performed in each of 40 rats: 32 rats were subjected to labeled cell
transplantation, whereas eight rats were given a NS injection. When labeled BMSCs
were transplanted into the corpus striatum of living rats, FFE T2-weighted MRI
images revealed well-defined hypointense areas (dark region) at the site of
transplantation (Fig. 2a–d). At the opposite, hypointense areas were not observed on
the images from the striatum of the control group in which NS was injected (Fig. 2e).
Interestingly, the use of dynamic MRI revealed the extension of the dark region at the
fourth week time point in group 3 as compared with the first week time point after cell
transplant (Figs. 2c and 3).

Table 2 Primers sequences

Gene Primers (5′ to 3′) Fragments size (bp)

GFAP F TGACTATCGCCGCCAACTGC 127

R CTGGTAACTCGCCGACTCCC

Nestin F GCAGTGCCTGCAAGTAGAAGA 106

R CTCCCACCGCTGTTGATTT

NSE F CGTTACTTAGGCAAAGGTGTCC 123

R CTCCAGCATCAGGTTGTCCAG

TH F GGCGACAGAGTCTCATCGAG 139

R AGAACAGCATTCCCATCCCT

β-actin F CCCATCTATGAGGGTTACGC 150

R TTTAATGTCACGCACGATTTC
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In general, however, the hypointense areas were gradually decreased (Figs. 2a–d
and 3), but were still observable until the end point of 12 weeks after the cell
transplantation in this study. By the end of the study period, 12 weeks after cell
transplantation, the images from three rats in group 3 and from one rat in group 4 were
still revealing hypointense changes localized in the left ependyma area (Fig. 4a).
Although the size of the hypointense areas were positively associated with the number of
cells transplanted at the relatively low dose, the most significant hypointense change was
observed in the second highest dose of cell transplantation group rather than in the group
with highest number of cell transplantation.

Histological Analysis

The cells labeled with Resovist and Brdu could be detected in sections corresponding to
hypoenhancing lesions in PD rats scanned with MRI. Prussian blue staining revealed a
number of transplanted cells loaded with iron in the right striatum at the time point of
12 weeks after cell transplantation. In the same region, Brdu immunohistochemistry
techniques allowed the detection of a large number of Brdu-positive staining cells which
were in high density and distributed along the injection site. The transplanted cells migrated
extensively from the injected site to the injured regions (Fig. 5). Interestingly, there are a
few Brdu-positive cells found in the left ependyma (Fig. 5b) and striatum with which the
hypointensive changes on MRI scans were associated.

Gene Expression Analysis with RT-PCR

The real-time quantitative reverse transcription PCR revealed that the quantity of GFAP
mRNA was the most abundant (Fig. 6). The quantity of GFAP, NSE, Nestin, and TH
mRNA expressed in the third group is more marked compared to that of the other groups,
and there is a significant difference between group 3 and the control group (P<0.05, one-
way ANOVA). The gene expression levels of these selected genes were significantly
increased following cell transplantation, with the most significant increase in the group

Fig. 1 Prussian blue staining of BMSCs incubated with Resovist (×400). Following a 48-h incubation with
Resovist, the cells stained with Prussian blue showed the presence of numerous blue-stained vesicles or
particles in the cytoplasm. The labeled efficiency was approximately 97–99%
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Fig. 2 In vivo signal void in MRI from the brains of PD rats injected with selected amounts of Resovist-
labeled BMSCs. MRI scans were performed at 1.5 T. FFE-T2WI sequence. a–d Groups of rats injected with
1×105(a), 1.5×105 (b), 2×105 (c), and 2.5×105 (d) BMSCs. e Control group with saline injection. The
subscript digits 1 to 12 showed the number of weeks at which the MRI scans were taken after the cell
transplantation. A kind of dose-dependent pattern is illustrated from a–d as a function of transplanted cell
amount. However, MRI identified the most significant signal void in the group of rats given 2×105 BMSCs (c)
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following 2×105 transplantation. An unexpected low level of gene expression was revealed
in the group with the transplantation of the highest number of 2.5×105 BMSCs.

Discussion

Stem cell therapies have been intensively studied and have shown to be of potential benefit
in the treatment or assessment of many diseases, including hematopoietic diseases,
cardiovascular and neurologic diseases, and especially some degeneration disorders, such as
PD. In the present study, we performed an in vivo dynamic evaluation of the migratory
ability of Resovist-labeled bone marrow stromal cells in a specific brain site in a model of
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Fig. 4 Hypoenhancing lesions could be visualized in the left ependyma area at 12 weeks after
transplantation of Resovist-labeled BMSCs with MRI scanning (a). b Immunohistochemistry staining
revealed that a few cells crossed the midline and migrated toward the left ependyma (×200 magnification)
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PD in rats using MR imaging. The optimal quantity of transplanted cells and observation
periods was also determined. The present study demonstrated that BMSCs were amenable
for labeling with Resovist, a clinically approved MR contrast agent, and the labeled cells
were dynamically detected in the striatum of rats using a standard MR protocol gradient
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Fig. 5 Brdu immunohistochemistry staining revealed the extensive migration of transplanted cells along
specific routes (a–f). There were a number of Brdu positively stained cells in the right striatum (a) (×200
magnification) migrating toward the homolateral cortex (b) (×200 magnifications) and lateral ventricle(c)
(×400 magnifications). A few positively stained cells migrated across the corpus callosum (d) (×400
magnification) toward the left ependyma (e) (×400 magnification) and striatum (f) (×400 magnification)
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echo imaging method (FFE-T2WI). This procedure provided the opportunity of an in vivo
study and a longitudinal evaluation of the localization of BMSCs in quite a long time period
after their transplantation in the host organism. The present study analyzed the migration
route by immunohistochemical staining and dynamically observed the imaging changes
following cell transplantation. It seems that the post-transplantation events of BMSCs such
as their recruitment, homing, and proliferation—all key mechanisms for achieving
successful regenerative cell transplantation—warrant further investigation.

The tracking of BMSCs after their transplantation with the MR imaging technique offers
several advantages over conventional methods, including its excellent spatial resolution,
high tissue contrast, and the lack of ionizing radiation. Furthermore, although labeling
techniques with radiotracers in nuclear medicine (single-photon emission computed
tomography, positron emission tomography) could be clinically available and would
provide a much higher sensitivity for cell detection than that achieved with MR method,
their spatial resolution are limited and temporal resolution for serial follow-up studies
would also be limited by the radioactive decay of the tracer. Radiotoxic cell damage could
also occur [14]. Furthermore, MR imaging-based cell tracking can be detected for a
relatively long time period, even months after the initial labeling procedure.

Superparamagnetic iron oxide particles are ideal agents and possess many of the
aforementioned characteristic features. For diagnostic MRI, two acronyms are used for
iron-based magnetic particles: SPIO particles and ultra-small SPIO (USPIO) particles;
both consist of a crystalline iron oxide core coated with polymers such as dextran,
polyethylene glycol, and starch. The intracellular uptake of SPIO is believed to be better
than that of USPIO [15–17]. Furthermore, the signal dephasing effects are more
pronounced for SPIO-labeled cells than for USPIO-labeled cells, yielding a more intense
dephasing of magnetic moments in gradient-echo MR imaging [15]. At present, two
compounds within the SPIO family have been approved for clinical use: one of them is
under the name of Resovist (or SH-U555A) in Europe and Japan. Resovist is also a very
effective and convenient agent for cell labeling without transfection agent [18–20].
Resovist can generate predominantly T2 effects as shown by a reduction in signal
intensity compared with the signal of the neighboring normal brain tissue, which enables
assessing both immediate and long-term localization with the use of MRI. Gradient-echo
sequence such as FFE-T2WI is the most sensitive sequence to tracking SPIO-labeled cells
with MRI in vitro and vivo [21–24].

With SPIO labeling, MRI is not only able to detect the success of BMSCs
transplantation but is also able to provide a dynamic evaluation of both the spatial and
the temporal changes as a result of the cell transplantation. Among the four groups injected
with different amounts of cells, the results showed that injection of 2.0×105 cells was the
most efficient procedure in our experimental conditions. The MRI findings were supported
by data from both behavior observations and gene expression analyses. While there were
virtually no changes during the 12-week observation period in the normal saline control
group, the apomorphine-induced heard turning was significantly decreased during this
period in the rats injected with 2.0×105 cells (6.81±1.89 in this group vs 0.16±0.13 in
normal saline control group, P<0.01). Interestingly, the gene expression data showed a
similar pattern, with an increased expression of selected mRNAs in the rats injected with
2.0×105 cells (Fig. 6).

There is a dose-dependent pattern with plateau between 2.0 × 105 and 2.5 × 105 BMSCs
observed in the present study, which strongly supports the usefulness of in vivo dynamic
observation of cell transplantation by MRI in selected animal models. However, one cannot
simply consider using 2.0×105 cells as an optimal dose of cells for cell-based gene therapy
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in rats in different experimental conditions, such as different cell types or disease models.
Theoretically, an excellent dose–response pattern should have a plateau effect observed,
namely, the biological effect with the highest dose of 2.5 × 105 BMSCs has the same or
similar effect of 2.0×105 BMSCs. The present study revealed an unexpected decline in the
biological effect in the group with transplantation of 2.5×105 BMSCs. This could be
attributed to the following factors, such as microembolism from aggregated cells, the
interference with migration from over viscous cell preparation, toxicities from injured or
dead cells injected, or some other factors so far not recognized yet. However, we cannot
exclude that the high variability in the group with a high dose of transplanted cells might be
an artifact, although it is unlikely possible.

It is known that BMSCs can differentiate into a variety of terminal cells such as
astrocytes, neurons, and nerve stem cells. The present study revealed the increased
expression of dopaminergic GFAP, NSE, TH, and Nestin following cell transplantation,
which would suggest that cell transplantation either upregulates the gene expression of
resident cells or some of the transplanted cells might differentiate into the relevant cells.
Our histological examination did identify a small amount of the injected cells which
migrated in the cortex and even across the midline toward the left ependyma, although the
majority of the transplanted cells still remained at or near the injected site in the right
striatum.

In conclusion, with the use of SPIO-labeled BMSCs, MRI techniques provided a
dynamic evaluation of the spatial and temporal changes in rat brain following cell
transplantation. The present study strongly suggests the therapeutic potential of transplanted
BMSCs. As somatic cells can be used as stem cells, patient-specific stem cells could be
used in cell-based gene therapy in some degenerative diseases. The use of MRI dynamics in
the in vivo evaluation of the effect and fate of transplanted cells in various disease models
and the possibility of longer observation time will be highly beneficial to developing new
strategies of cell-based gene therapy.
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