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Abstract

Introduction: This study was to evaluate the in vivo distribution of intravenously transplanted bone marrow-derived mesenchymal stem cells
(BMSCs) in an acute brain trauma model by 111In-tropolone labeling.
Methods: Rat BMSCs were labeled with 37 MBq 111In-tropolone. Their labeling efficiency and in vitro retention rate were measured. The
viability and proliferation of labeled BMSCs were evaluated for 14 days after labeling. The biodistribution of 111In-labeled BMSCs in trauma
models was compared with those of sham-operated rats and normal rats on gamma camera images. The migration of 111In-BMSCs to the
traumatic brain was evaluated using confocal microscope.
Results: The labeling efficiency of 111In-BMSCs was 66±5%, and their retention rate was 85.3% at 1 h after labeling. There was no
difference in the number of viable cells between 111In-BMSCs and controls at 48 h after labeling. However, the proliferation of 111In-BMSCs
was inhibited after the third day of labeling, and it did not reach confluency. On gamma camera images, most of the 111In-BMSCs uptake was
observed in the liver and spleen at the second day of injection. The brain uptake of 111In-BMSCs was detected prominently in trauma models
(1.4%) than in sham-operated (0.5%) or normal rats (0.3%). Radiolabeled BMSCs were observed at the traumatic brain on the confocal
microscope as they have a homing capacity, although its proliferation capacity was suppressed.
Conclusion: Although growth inhibition by 111In-labeling need to be evaluated further prior to use in humans, 111In-labeled BMSCs are
useful for the tracking of intravenously transplanted mesenchymal stem cells in brain disease models.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Recent studies have demonstrated that transplantation of
bone marrow-derived mesenchymal stem cells (BMSCs)
reduced the size of infarction and increased functional
recovery in animal models of brain disease [1,2]. Moreover,
it was reported that intravascularly injected, ex vivo-
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cultured, autologous BMSCs induce functional recovery in
patients with stroke [3] and multiple system atrophy (MSA)
[4]. Bone marrow-derived mesenchymal stem cells are
multipotent and capable of differentiating into mesodermal
lineages, such as bone, fat, cartilage and muscle and even
into ectodermal lineages, including neurons and astrocytes,
both in vitro and in vivo [5–9]. Bone marrow-derived
mesenchymal stem cells can also differentiate into tumor
cells [10–12], and thus, their migration and proliferation
should be monitored carefully after transplantation.

Of the various techniques associated with in vivo cell
tracking, nuclear medicine imaging is the most clinically
friendly method. Nuclear medicine imaging has been widely

mailto:yhahn@ajou.ac.kr
http://dx.doi.org/10.1016/j.nucmedbio.2009.12.001
Joseph George
Rectangle



382 J.-K. Yoon et al. / Nuclear Medicine and Biology 37 (2010) 381–388
used to label various types of blood cells, such as leukocytes,
platelets and neutrophils [13–15]. Moreover, it can provide
the quantitative measurement of transplanted cells in each
organ as a percentage of the injected dose of a radioisotope
[16–18]. Indium-111 (111In) oxine/tropolone is a well-
known cell-labeling agent that has been used to localize
infections in the form of labeled leukocytes since the 1970s
[13]. Moreover, 111In was recently used to evaluate the
migration and transplantation of therapeutic endothelial
progenitor cells and mesenchymal stem cells following
myocardial infarction [18–21]. However, 111In has not been
used to track grafted mesenchymal stem cells in animal
models of brain disease.

We, therefore, investigated whether gamma camera
images of 111In-BMSCs could be used to monitor intrave-
nously injected rat BMSCs in an animal model of brain
trauma and to evaluate their in vitro stability, viability and
proliferation capacity. We also performed a histological
evaluation using confocal microscope to confirm the results
of gamma camera images.
2. Materials and methods

2.1. Isolation and culture of rat BMSCs

Adult Sprague–Dawley rats (Orient, Sungnam, Korea),
weighing 300 to 320 g, were housed in groups of two or three
under environmentally controlled conditions at 23±2°C and
50±10% humidity and given free access to food and water.
All experimental procedures were approved by the Care of
Experimental Animals Committee of Ajou University
School of Medicine, Suwon, Republic of Korea. Rat
BMSCs were isolated from the femurs of 6- to 7-week-old
male Sprague–Dawley rats. Both ends of the femurs were
removed, and the remaining bones were centrifuged at 1500
rpm for 20 min. The supernatant was discarded, and the cell
pellets were resuspended in phosphate-buffered saline
(PBS). After centrifugation, the cells were resuspended and
incubated in low-glucose Dulbecco modified Eagle's media
containing 10% fetal bovine serum and 1% penicillin/
streptomycin (Invitrogen, Carlsbad, CA, USA) at 37°C in a
5% fully humidified CO2 incubator. Three days later,
nonadherent cells were removed by replacing the medium
(passage 0). On the 10th day of incubation, the cells were
detached with 0.25% trypsin/0.1% EDTA (Sigma, St. Louis,
MO, USA) and replated on 100-mm culture dishes (passage
1). When these primary cultures reached 80% confluence,
the cells were harvested using 0.25% trypsin and sub-
cultured. At passage 4, rat BMSCs were characterized by
immunofluorescence and fluorescence-activated cell sorter
analysis [22].

2.2. Generation of an animal model of brain trauma

A controlled cortical impact injury device with an
impactor tip (5-mm diameter), which is controlled by gas
pressure (Amscience, USA), was used to generate an
animal model of brain trauma, as previously described
[23,24]. Following the induction of anesthesia through
intraperitoneal injection of 10% chloral hydrate (Fluka,
USA), the left scalp was incised, and a small hole (6-mm
diameter) was made between the bregma and lambda. The
exposed dura was stuck by the pneumatic impactor at
approximately 2 mm lateral to the central suture at a depth
of 8 mm, a speed of 7 m/s and a contact time of 100 ms.
The scalp was sutured, and the rats were allowed to rest
for 24 h. Meanwhile, the sham-operated rats underwent
craniostomy and suture.

2.3. Labeling of mesenchymal stem cells with
111In-tropolone

One to two milligrams of tropolone (Sigma) was
dissolved in 1 ml of normal saline, and then 80 μl of
tropolone solution was mixed with 37 to 111 MBq (1–3
mCi) of 111InCl3 (physical half-life=2.83 days, γ-ener-
gy=245 and 173 keV; PerkinElmer, Waltham, MA, USA)
in 0.05 N HCl. The reaction mixture was incubated for 15
min at room temperature (pH 7.2) [15]. Before labeling,
the BMSCs were washed with PBS, centrifuged at 1000
rpm for 3 min and resuspended in 1 ml PBS. 111In-
tropolone was then added to the BMSC suspension and
incubated at room temperature for 20 min. After
incubation, BMSCs were centrifuged at 1000 rpm for 3
min, and supernatant and cell pellets were collected
separately to calculate the labeling efficiency. For gamma
camera imaging, labeled BMSCs were resuspended in 1.0
ml of normal saline and injected via the tail vein using 25-
gauge needles.

2.4. In vitro stability, cell viability and proliferation of
mesenchymal stem cells with 111In-tropolone

To examine the retention rates, 111In-BMSCs were
divided into three 60-mm culture dishes, which included 4
ml of culture medium, and incubated at 37°C in the presence
of 5% CO2 for 1, 3, 6, 24, and 48 h. The supernatant was
collected and the culture medium was replaced at each time
point. After 48 h of incubation, cells were detached and
centrifuged at 1000 rpm for 3 min. The radioactivity of the
cell pellets and supernatant at each time point was counted
with a dose calibrator. The retention percentage of 111In-
BMSCs was calculated by dividing the activity in BMSCs by
the total activity.

To investigate the viability of 111In-BMSCs, the
numbers of residual viable cells were measured by 2,3-
bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-car-
boxanilide inner salt (XTT) assay (Roche Applied Science,
Mannheim, Germany). Approximately 1.0×104 rat BMSCs
were plated in a 96-well plate and incubated at 37°C in 5%
CO2 for 48 h. XTT and phenazine methosulfate were then
added at a 50:1 ratio. The plates were incubated at 37°C
for 4 h, and the absorbance was measured at 450 nm,



Fig. 1. Retention rates of 111In-labeled rat BMSCs. Retention rates of 111In-
BMSCs slowly decreased over time. Error bar means standard error.
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subtracted from 590 nm, using a microplate reader (Bio-
Rad Lab, Hercules, CA, USA).

After labeling with 111In-tropolone, BMSCs were divided
into seven dishes (3×104 cells/60 mm culture dish) and
grown for 14 days to acquire proliferation curves. For
comparison, control BMSCs (3×104 cells/60-mm culture
dish) were also grown and counted. To evaluate the effect of
cold tropolone on the proliferation of BMSCs, we compared
the numbers of cells on the 7th and 14th day between the
control and tropolone-treated BMSCs. All studies for
retention rate and growth curve were performed in triplicate
for accuracy.

2.5. Gamma camera imaging

Static planar images were acquired after intravenous
injection of 111In-BMSCs (1.0×106 cells for each rat) with
a dual head gamma camera (MultiSPECT2; Siemens,
Erlangen, Germany) equipped with medium energy
collimators. Rats were placed in a prone position and
scanned for 10 min from the anterior and posterior
projection. The matrix size was 256×256. A 7.4-MBq
111In-BMSC was intravenously injected in normal rats
(n=3), sham-operated rats (n=2) and brain trauma models
(n=3), and then the brain uptake was compared on the
second-day images. For the comparison of biodistribution,
on both anterior and posterior images, polygonal and
circular region of interests (ROI) were drawn for each
organ and right thigh (background), respectively, and then
geometric means were used for calculation of percentage
uptake/whole body.

2.6. PKH 26 labeling of mesenchymal stem cells

For detection of mesenchymal stem cells in brain, the
cells were labeled using a PKH 26 red fluorescence cell
linker kit (Sigma) according to the manufacture's
instruction [25]. Briefly, cells were removed and centri-
fuged at 1300 rpm for 3 min in a conical tube, and then
supernatant was discarded. One milliliter of diluent C and
4.0×106 M of PKH 26 dye were added to the cell pellet
and incubated at room temperature for 5 min with gentle
inversion. Subsequently, the mixture was incubated with 2
ml of serum for 1 min to stop the staining reaction.
Stained cells were centrifuged at 1300 rpm for 10 min
and washed with 10 ml of complete medium for injection
or further labeling of 111In. Radiolabeling and intra-
venous injection of BMSCs were done at 30 min after
PKH 26 labeling.

2.7. Tissue preparation with DAPI staining and
morphological observation

The animals were sacrificed on the second day of
injection, and the brain tissues were fixed overnight with
4% paraformaldehyde dissolved in 0.1 M phosphate
buffer. They were embedded in paraffin block and then
sectioned on a sliding microtome to obtain a 5-μm-thick
coronal section. For deparaffinization, brain tissue slides
were incubated for 20 min at 55°C and rinsed thrice with
1× PBS (Sigma) [26]. Deparaffinized brain tissue slides
were incubated with DAPI (4,6-diamidino-2-phenylindole,
Fluka) for 15 min at room temperature to counterstain
nuclei. Brain tissue slides were then washed twice with
1× PBS and mounted using Prolong Antifade Kit
(Molecular Probes, Eugene, OR, USA). Fluorescent
signals were captured from the normal brain, the traumatic
brain with PKH 26-labeled BMSCs and the traumatic
brain with PKH 26 and 111In-BMSCs, and analyzed
using an LSM 510 confocal laser scanning microscope
(Carl Zeiss, Germany) to detect 111In-BMSCs in the
traumatic brain.

2.8. Statistical analysis

All data are presented as mean±standard error. A paired t
test was used to compare cell numbers between the control
and tropolone-treated or 111In-labeled BMSCs. A P value of
less than .05 was considered to be significant. Error bar
means standard error.
3. Results

3.1. Labeling efficiency and viability of 111In-BMSCs

The labeling efficiency of 111In-BMSCs was 65.6±5.3%
(n=9), containing approximately 38 Bq of radioactivity for
each cell. The retention rates of 111In-BMSCs at 1, 3, 6, 24
and 48 h were 85.3%, 75.7%, 67.1%, 48.2% and 45.1%,
respectively (Fig. 1).

The XTT assay revealed that there was no significant
difference in the number of viable cells between the 111In-
BMSCs and control cells (98% of control, P=.22) at 48 h
after labeling.
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3.2. Influence of 111In labeling on the proliferation of rat
BMSCs

Proliferation of 111In-BMSCs was inhibited after the
third day, and it did not reach confluency until the 14th
day (Fig. 2A). Moreover, on microscopy, 111In-BMSCs
showed morphological changes, such as an increase in
height or the appearance of vacuoles (Fig. 2B,C). The
number of 111In-BMSCs was significantly smaller than
that of controls on the 6th, 10th and 14th day. However,
cold tropolone-treated BMSCs proliferated consistently
until the 14th day, and the numbers of BMSCs on the
7th and 14th day were not significantly different from the
Fig. 2. Proliferation of 111In-labeled or cold tropolone-treated rat BMSCs. Growth o
did not reach confluency. On the other hand, control cells reached confluency after t
of control BMSCs (B), 111In-labeled BMSCs (C) showed significant growth
significantly affect the growth of BMSCs (D, PN.05). Error bar means standard e
numbers of controls (P=.33 on the 7th day and P=.19 on
the 14th day, paired t test, Fig. 2D).

3.3. Gamma camera imaging of 111In-BMSCs in trauma
models and controls

Planar gamma camera images revealed that most of 111In-
BMSCs migrated to the liver at 24 h after injection in all
three groups (Fig. 3), whereas the brain uptake was minimal.
In the sham-operated rats and normal rats, brain uptake was
not discernable visually. Unlike normal or sham-operated
rats, mild brain uptake (1.4%) was visible in trauma models
injected with 111In-BMSCs. Other than brain uptake, the
f 111In-labeled rat BMSCs was inhibited after the third day of labeling, and it
he 10th day of labeling (*Pb.05) (A). In comparison with microscopic images
retardation and morphological change. However, cold tropolone did not
rror.



Fig. 3. In vivo distribution of 111In-BMSCs in brain trauma rats, sham-operated control rats and normal rats at 24 h after intravenous transplantation. Most of the
injected radioactivity was taken up by the liver, spleen and lungs in all three groups. The uptake of 111In-BMSCs in brain trauma rats was relatively prominent
than those in sham-operated rats or normal rats.
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radio-uptake values of each organ among three groups were
similar on gamma camera images.

3.4. Histological analysis of transplanted BMSCs in animal
model of trauma

Migration of BMSCs was analyzed by fluorescent
detection of cell on the margin of traumatic brain regions
(Fig. 4A). In sham-operated controls, there were no PKH 26-
positive cells (Fig. 4B), whereas BMSCs labeled with PKH
26 only were found in the traumatic brains (Fig. 4C). As
shown in Fig. 4D, PKH 26 and 111In colabeled BMSCs were
also detected in the traumatic brains. These confocal
microscopy images revealed that BMSCs labeled with
111In migrated to the traumatic brains at 24 h after injection
and the migration ability of BMSCs were not affected by
111In. In trauma models, contralateral brain tissues did not
contain BMSCs (data are not shown).
4. Discussion

This study was performed to evaluate whether a direct
cell-labeling method with 111In-tropolone could identify the
distribution of intravenously grafted BMSCs in various
organs and whether gamma camera images of 111In-BMSCs
could be used to monitor intravenously injected BMSCs in
an animal model of brain disease. Our results indicate that
111In-tropolone could be used for in vivo monitoring of
intravenously injected therapeutic stem cells in a brain
disease model. To our knowledge, this is the first study to
report the use of gamma camera imaging to track BMSCs
after traumatic brain injury.
The viability of 111In-BMSCs measured by XTT assay at
48 h was not different from that of unlabeled cells. The
proliferation of labeled BMSCs began to decrease on the
third day after radiolabeling. The difference in the number of
viable cells between 111In-labeled and unlabeled cells
reached statistical significance on the 6th, 10th and 14th
day. We observed that this inhibition of proliferative
capacity was not due to tropolone or other chemicals that
were added during the labeling process using growth curves
of cold compound-treated BMSCs. There have been
conflicting reports concerning the cytotoxic effect of 111In
on BMSCs. The Trypan blue excursion test revealed that the
viability of 111In-labeled swine BMSCs (40 Bq/cell) was
more than 95% at 48 h after radiolabeling [19]. In another
study with canine BMSCs, 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazoli-
um, inner salt (MTS) assay revealed a slight difference in
metabolic activity/proliferation between labeled cells and
unlabeled cells at 48 h and after the sixth day of labeling;
however, there was no dose dependency at concentrations
ranging from 5 to 30 mCi (185–1110 MBq) of 111In per
million cells. Moreover, 111In-labeled canine BMSCs
retained the ability to differentiate into adipose cells as
efficiently as unlabeled BMSCs [27]. On the other hand, in
another recent study, while all canine BMSCs exposed to
111In-tropolone of more than 8 Bq/cell did not survive at 14
days after labeling, all other cells incubated with 111In-
tropolone of less than 0.9 Bq/cell were viable [21]. As with
the human BMSCs, at concentrations from 30 to 260 Bq of
111In/cell, the doubling time of 111In-labeled human BMSCs
(labeling efficiency=26±5%) was not significantly different
from that of the controls, but their proliferation was



Fig. 4. Confocal laser scanning microscope image of transplanted BMSCs in the margin of traumatic regions. Rats were killed at 24 h after injection for
confirmation of existence BMSCs in the injury region. The existence of BMSCs in the margin of traumatic brain regions was identified by PKH 26-positive cells.
Diagram of brain section (A). Sham-operated control showed no BMSCs in their brain (B), whereas BMSCs labeled with only PKH 26 (C) and BMSCs colabeled
with PKH 26 and 111In (D) were double stained with PKH 26 and DAPI. These images were taken at ×100 (big box) and ×400 (small box) magnification (PKH
26, red; DAPI, blue; scale bar, 50 μm). Scale bar: 2 cm.
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significantly inhibited at a higher radioactivity concentration
(800 Bq 111In/cell) [28]. Similar to the latter studies, we
observed that 11 Bq/cell had an inhibitory effect on the
growth of BMSCs. Although the threshold was different
among those studies, possibly because of the different cell
types and cell-handling methods, it seems obvious that, at
high concentrations, 111In has an inhibitory effect on
BMSCs. Another study with hematopoietic progenitor cells
also supported our results [18]. 111In-labeled hematopoietic
progenitor cells showed impaired viability at 48 and 96
h after labeling, and their migration was decreased to 74% of
the controls as early as 24 h after labeling. Moreover, they
lost their colony-producing capacity [18]. Although the data
were not shown in the results of this study, we observed the
similar pattern of proliferative inhibition of 111In-labeled
human BMSCs. Therefore, this radiation effect of 111In-
labeling should be overcome by careful dosimetry prior to
clinical application, and it should be investigated in other
radioisotopes, such as 18F-FDG or 99mTc, which are used to
monitor therapeutic cells.

Despite the antiproliferative influence of radiolabeling,
111In-BMSCs survived and migrated to the diseased brain at
24 h after intravenous injection, which was confirmed by
confocal microscope in the present study. We labeled both
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PKH 26 and 111In to the BMSCs and infused those cells into
the traumatic rats, and, as a result, colabeled BMSCs
migrated to the traumatic brain regions, but not to the
contralateral site or untraumatized brains of sham-operated
controls. This result implies that 111In-BMSCs might retain
their migrating capability in vivo, even though their
proliferating capacity decreases significantly in vitro. This
result is consistent with that of an earlier study of 111In-
labeled canine BMSCs in which, although 111In induced a
slight difference in metabolic activity/proliferation between
labeled cells and unlabeled cells, 111In-BMSCs showed more
migration to the infarcted myocardium (3.03±2.9%) than the
noninfarcted myocardium (1.38±2.2%, Pb.02) on day 1
[25]. Although the brain uptake of trauma models and sham-
operated controls was easily discriminated by visual
interpretation, the quantitative measurement using the ROI
method revealed only mild uptake in the traumatic brains
(1.4%). In addition, the difference from controls could not
reach statistical significance. This was probably caused by
the technical limitation of intravenous injection and the low
resolution of clinical gamma camera.

It has already been known that an obstacle to the
migration of intravenously injected stem cells was an initial
trapping in the lungs [16,20]. In rat models, the lung uptake
of BMSCs was significantly higher with intravenous
infusion than with intracavitary infusion (53.3±9.8 vs. 1.9
±0.56, Pb.01), whereas the uptake of BMSCs by the heart
was significantly lower with intravenous infusion than with
intracavitary infusion (0.2±0.02 vs. 0.9±0.32, Pb.001) [20].
Similarly, 111In-oxine labeled neural and hippocampal
progenitor cells distributed mostly to the internal organs
after intravenous injection, in contrast, a weak gamma
camera signal was detected in the ischemic brains after
intraarterial injection [29]. Therefore, some authors preferred
to use direct injection methods, such as intracoronary or
intracavitary injection, instead of intravenous injection to
enhance the migration of stem cells to the target tissue. Lee et
al. [4] recently demonstrated the effects of BMSCs therapy in
patients with MSA, an intractable neurodegenerative disease,
using a combined intraarterial and intravenous infusion
transplantation method. Although direct implantation of
BMSCs into the target area of the target organ is the most
effective method for therapeutic cell delivery, the issue of
patient safety remains unclear, even with autologous cells. In
this study, the comparison between the different injection
methods was not done, because we performed this
experiment as a preclinical study for intravenous stem cells
tracking in human.

Another technical limitation of this study was that we
used a clinical gamma camera instead of a small animal
imaging camera. In recent years, studies with small animal
imagers, which could give more accurate localization, have
been increased [29–31]. The resolution of the clinical
gamma camera was not high enough for the discrimination
between the traumatic hemisphere and the contralateral one,
even though we acquired three-dimensional tomographic
images (data are not shown in this article). Therefore, to
compensate this limitation, we adopted confocal microscope
and confirmed the presence of 111In-labeled BMSCs in the
traumatic brains. In this study, we did not confirm whether
radiolabeled BMSCs can proliferate again after radiation
decay and have a potential to differentiate into the mature
cells. We demonstrated the migration of colabeled BMSCs
to the peritraumatic cavity regions without quantitative
analysis in this experiment. Maintenance of BMSCs
characteristics as stem cells is important to keep homing
ability [32]. Intraarterial delivery close to the target site was
shown to enhance homing to the brain significantly vs.
distant intravenous injection by “passive entrapment” of
BMSCs [33]. Demonstration of intravenously infused 111In-
labeled BMSCs at the traumatic brain region in this study is
of value as it indicates that stem cell characteristics of
BMSCs is still maintained in spite of radioisotope labeling.
We may need quantitative analysis of the cells at the
traumatic brain further.

As BMSCs are multipotent undifferentiated cells, these
transplanted cells are able to migrate to the nontargeted
organ and even proliferate in the unwanted direction in vivo
[9,34]. It was recently reported that murine mesenchymal
stem cells generated osteosarcoma-like lesions in the lung
[35]. Though this is rare evidence of unwanted differenti-
ation of grafted murine mesenchymal stem cells, it should
not be ignored. In the present study, continuous irradiation
from 111In that was used to label BMSCs caused a significant
reduction in the proliferation of radiolabeled cells, but it did
not lead to tumor formation.

For this study, we manually synthesized 111In-tropolone
from 11In-chloride based on previous reports concerning
leukocyte labeling [13–15]. Many of the previous studies
used 111In-oxine rather than 111In-tropolone. However, we
used 111In-tropolone, because a commercial kit for 111In-
oxine was not available, and the procedure is easier with
111In-tropolone than 111In-oxine. The resultant labeling
efficiency of 111In-tropolone (n=9, 66%) to BMSCs was
more than 20% higher than that of 111In-oxine (n=8, 37%) in
this study (Pb.01).
5. Conclusion

Although its influence on the viability and growth of
BMSCs needs further elucidation, radiolabeling with 111In
could be useful for tracking intravenously injected BMSCs
in an animal model of brain disease.
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