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Abstract
Therapeutic implantation of mesenchymal stem cells (MSCs) is entering the realm of clinical trials
for several human diseases, and yet much remains uncertain regarding their dynamic distribution
and cell fate after in vivo application. Discrepancies in the literature can be attributed in part to the
use of different cell labeling/tracking methods and cell administration protocols. To identify a
stem cell detection method suitable for myocardial implantation in a large animal model, we
experimented on three different MSC labeling methods: adenovirus-mediated expression of
enhanced green fluorescence protein (EGFP) and β-galactosidase (LacZ), and nuclear staining
with DAPI. Intramuscular and intracoronary administrations of labeled porcine MSCs identified
the nuclear affinity dye to be a reliable stem cell tracking marker. Stem cell identification is
facilitated by an optimized live cell labeling condition generating bright blue fluorescence sharply
confined to the nucleus. DAPI-labeled MSCs retained full viability, ceased proliferation, and
exhibited an increased differentiation potential. The labeled MSCs remained fully active in
expressing key growth factor and cytokine genes, and notably exhibited enhanced expression of
the chemokine receptor CXCR4 and its ligand SDF1, indicating their competency in response to
tissue injury. Histological analysis revealed that approximately half a million MSCs or ∼2% of the
administered MSCs remained localized in the normal pig heart 2 weeks after coronary infusion.
That the vast majority of these identified MSCs were interstitial indicated the ability of MSCs to
migrate across the coronary endothelium. No evidence was obtained indicating MSC
differentiation to cardiomyocyte.
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INTRODUCTION
Stem cell therapy has in recent years received much attention in the field of regenerative
medicine. Therapeutic implantation of mesenchymal stem cells (MSCs), in particular, has
been attempted in several clinical trials for hematological disorders, cardiovascular diseases,
osteogenesis imperfecta, neurological pathologies, and even cancer therapy (9,14,23). The
ease of isolation, capacity for large-scale expansion, and alleged immunoprivileged status of
MSCs (3,21,29) are likely to generate more clinical applications in the future. Central to
these efforts is a thorough understanding of how MSCs achieve the observed therapeutic
benefits and the fate of MSCs after implantation. It is believed that the multifaceted
paracrine actions of MSCs explain at least in part their tissue-healing power (5,6,15,24). The
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extent to which stem cells engraft, integrate, and differentiate into different cell types after
implantation in different settings is notably variable. Phenomena such as
transdifferentiation, cell fusion, and intercellular communication through GAP junctions or
nanotubes have been proposed to account for the seeming pluripotency of adult stem cells in
various implantation studies (26,32,50,53,62). Technically, these discrepancies may be
caused in part by the use of different cell labeling/tracking methods, cell administration
protocols, timing of cell transplantation after tissue injury, and possibly misinterpretation of
microscopy results (4).

Many cell labeling techniques have been used for tracking implanted stem cells in vivo.
Fluorescent quantum dots and iridium nanoparticles are randomly internalized by cells
during culturing (13,41). Membrane dyes such as PKH26 and DiI are incorporated into cell
membrane lipids through hydrophobic interaction (6,45). The nucleoside analog
bromodeoxyuridine (BrdU) can be incorporated into genomic DNA, allowing labeled cells
to be detected by an antibody directed against BrdU (22). DNA binding dyes such as DAPI
and Hoechst stains, which are structurally similar, are available for live cell labeling because
they are membrane permeable (7). Overexpression of reporter genes represents another
approach for cell labeling, and the genes can encode green fluorescent protein (GFP) and its
derivatives, β-galactosidase, luciferase, or thymidine kinase (60). Among these reporter
proteins, GFP is unique and easy to use in that it does not require an added substrate for
signal emission, and thus has gained wide use in cell tracking studies. Although GFP is
generally assumed to be biologically inert, many reports of GFP toxicity affecting either cell
viability, development, or physiology have been documented (8,12,16,17,36). In particular,
transgenic expression of GFP in the mouse heart has been found to cause dilated
cardiomyopathy (18).

We previously demonstrated that FGF5 gene therapy to porcine hibernating myocardium
improved cardiac function (48). In preparation for MSC therapeutic applications in porcine
hibernating myocardium, we experimented with several different live cell labeling methods
to identify the one suitable for myocardial stem cell tracking in the large animal model. The
work described here identified the nuclear affinity dye DAPI to be a reliable marker for
monitoring MSC distribution after myocardial implantation in pigs. Further data were
presented regarding the effect of DAPI labeling on the function and phenotype of MSCs.

MATERIALS AND METHODS
MSC Culture

Porcine bone marrow-derived MSCs were cultured as previously described (56). In brief,
MSCs were cultured in Advanced-DMEM (ADMEM; Invitrogen, Grand Island, NY, USA)
supplemented with 4% fetal bovine serum (FBS), 2 mM GlutaMax, and 50 µg/ml
gentamycin, and incubated in a humidified 5% CO2 atmosphere at 37°C. MSC cultures used
in this work received less than 5 passages.

Cell Labeling
A 10 mg/ml DAPI (4′,6′-diamidino-2-phenylindole) stock solution was prepared in dimethyl
sulfoxide (DMSO), and stored at −20°C. Aliquots of the DAPI stock solution were added to
culture medium at a final concentration of 20 µg/ml. Cells were maintained in the DAPI-
containing medium for ∼16 h, after which cells were thoroughly rinsed with Hank’s
balanced salt solution (HBSS) prior to trypsinization. For EGFP and β-galactosidase (LacZ)
labeling, MSCs were infected with the recombinant adenovirus Ad-EGFP and Ad-LacZ as
described previously (35), and cells were mildly fixed with a 2% paraformaldehyde (PFA)
solution for 5 min at 4°C 2 days after infection. For X-gal (5-bromo-4-chloro-3-indolyl-β-D-
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galactopyranoside) staining, PFA-fixed cells were incubated in a substrate solution (60 mM
HEPES pH 7.4, 133 mM NaCl, 3 mM MgCl2, 3 mM potassium ferricyanide, 3 mM
potassium ferrocyanide, and 0.5 mg/ ml X-gal) at 37°C until blue color appeared.

MTT Cell Proliferation and Cytotoxicity Assays
MSCs were plated onto 24-well plates in triplicate (104 cells/well) in the growth medium.
Protocols for MTT assays were as described previously (35). In brief, after the overnight
DAPI labeling, cells were washed with HBSS twice, and refed with the growth medium.
Culture medium was removed at the time points indicated and stored frozen for cell injury
assays. Growth medium (0.3 ml) containing 0.25 mg/ml MTT was added to each aspirated
well, and cells were incubated at 37°C for 20 min, following which the medium was
replaced by 0.2 ml DMSO per well. MTT dye conversion was determined by measuring the
OD540 nm of the DMSO extracts using DMSO as blank. Cell injury as determined by lactate
dehydrogenase activities in the culture medium was determined as described previously
(34). Assays were initiated by mixing 20 µl of each collected medium sample with 50 µl
Cell Injury Assay Solution (Biomedical Research Service, Buffalo, NY, USA) in a 96-well
plate. The plate was incubated at 37°C for 30–60 min, following which the reaction was
terminated by addition of 50 µl 5% acetic acid to each well. Lactate dehydrogenase activities
in the medium were measured at OD492 nm. Data presented are means ± SEs. Some error
bars were too small to appear on the graph. Student’s t-tests were used for statistical
analysis.

MSC Differentiation Assays
Alkaline phosphatase (ALP) and Alcian blue binding assays were as described previously
(35). Recombinant human bone morphogenetic protein-7 (BMP7) was purchased from R&D
Systems (Minneapolis, MN, USA). MSCs plated on 60-mm dishes were incubated with 0.1
µg/ml BMP7 in ADMEM +1% FBS for 2 weeks, following which cells were rinsed once
with HBSS and lysed in a cell lysis solution (PBS supplemented with 0.1% Triton X-100).
Lysates were clarified briefly by centrifugation and used for both assays. Protein
concentrations and ALP activities of the lysates were determined by the BCA protein assay
kit (Pierce Biotech, Rockford, IL, USA) and the ALP assay kit (Biomedical Research
Service, Buffalo, NY, USA), respectively. ALP activities were expressed as optical density
units at 412 nm per milligram proteins. For the dye binding assay, lysates were mixed with
five volumes of 1% Alcian blue solution prepared in 0.1 N hydrochloric acid at room
temperature for 1 h. Precipitates were harvested by a 1-min centrifugation in a microfuge
and extracted with DMSO. Extracted dyes were measured by absorbance at 620 nm.

RNA Preparation and Quantitative Reverse Transcription-Polymerase Chain Reaction
(qRT-PCR)

Cells were lysed with RLT buffer supplied with the Qiagen’s RNeasy RNA isolation kit
(Valencia, CA, USA), and RNA was isolated according to the manufacturer’s instructions.
qRT-PCR was performed as follows. One µg RNA was used for reverse transcription using
Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. PCR primers were designed using MIT’s Primer3 software.
Each PCR amplification product was verified by agarose gel electrophoresis followed by
DNA sequencing confirmation. Real-time PCR was performed using the MyIQ machine
with the SYBR green kit (Bio-Rad, Hercules, CA, USA). Amplification conditions after an
initial denaturation step for 3 min at 95°C were: 95°C denaturing temperature (10 s) and
55°C annealing and elongation temperature (30 s) for 45 cycles. Melting curve analysis was
performed to check for a single amplicon. MyIQ analysis software was used for determining
crossing points. Data were analyzed by the 2ΔΔCT method, and presented as percent gene
expression compared to control cells. Glyceraldehyde-3-phosphate dehydrogenase
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(GAPDH) was used as the reference gene for calculations. Primer sequences for porcine
cDNAs were: GAPDH—TGCCCAGAACATC (5′) and GGATGACCTTGCC (3′); FGF2—
GGAGTGTGTG CAAACCGTTA (5′) and TCGTTTCAGTGCCACA TACC (3′); VEGF—
CTACCTCCACCATGCCAAGT (5′) and ACACAGGACGGCTTGAAGAT (3′); IL-6—
TTCACCTCTCCGGACAAAAC (5′) and TCTGCCAG TACCTCCTTGCT (3′); MCP1—
CACCAGCAGCAA GTGTCCTA (5′) and TCCAGGTGGCTTATGGAGTC (3′); TGF-β1
—AAGCGGCAACCAAATCTATG (5′) and CACGTGCTGCTCCACTTTTA (3′); CXCR4
—CAGCAAGGGTGTGAGTTTGA (5′) and TCCAAG GAAAGCGTAGAGGA (3′); SDF1
—CCTTGCCGAT TCTTTGAGAG (5′) and CAATTTTGGGTCAATGCA CA (3′).

Intramuscular and Intracoronary MSC Implantation
All experimental procedures and protocols conformed to institutional guidelines for the care
and use of animals in research. For mouse intramuscular cell implantation, approximately
half a million labeled porcine MSCs suspended in 0.1 ml HBSS were administered via direct
injection into the soleus and gastrocnemius muscles of each 3-month-old male C3H mouse.
Control animals received the same volume of HBSS. Injected muscle was harvested 2 and 4
weeks after cell implantation, and tissue samples were prepared for histological analysis (see
below). For intracoronary cell implantation in pig hearts, MSCs were expanded to ∼30
million cells and labeled. Cells were suspended in 30 ml HBSS and kept on ice until
implantation. Normal 3–4-month-old farm-raised pigs of mixed sex were anesthetized and
handled as described previously (48). Pigs were sedated (Telazol; tiletamine 50 mg/ml and
zolazepam 50 mg/ml/xylazine 100 mg/ml, 0.022 mg/kg, IM), intubated, and ventilated with
a 0.5–2% isoflurane/oxygen mixture. Cells were administered in equally divided doses into
the left anterior descending, circumflex, and right coronary arteries over a period of ∼20
min. Pigs were terminated 2 weeks after MSC implantation, and heart tissue from the left
anterior descending and right coronary arteries was excised and processed for histological
analysis.

Tissue Preparation and In Situ Hybridization
Mice were euthanized by CO2 narcosis, and immediately transcardially perfused with ice-
cold 10% sucrose in PBS. Excised mouse muscle or pig heart tissues were immediately
fixed in a freshly prepared PBS solution containing 2% PFA, 0.1% glutaraldehyde, and 20%
sucrose at a rate of 1 h per 2-mm tissue depth. Fixed tissue fragments were soaked in 20%
sucrose again at a rate of 1 h per 2-mm tissue depth as previously described (4). Tissues
were then quickly frozen in OCT medium in an isopentane/dry ice slurry. Frozen tissue was
cut to 10-µm sections, refixed in 2% PFA for 5 min at 4°C, and then washed with PBS
containing 0.1% Triton X-100 before histological analysis. H&E staining was performed by
University at Buffalo histology core facility. Tissue actin filaments were stained with
TRITC- or FITC-conjugated phalloidin (Sigma, St. Louis, IL, USA) for 30 min at room
temperature and washed with PBS containing 0.1% Triton X-100 before mounting in Slow-
fade Gold mounting medium (Invitrogen, Carlsbad, CA, USA). Mounting medium
containing DAPI or propidium iodide (Vector Laboratories, Burlingame, CA, USA) was
used where indicated. Some tissue sections were stained with a vWF antibody (#PC313;
Calbiochem, San Diego, CA, USA) at 1:100 dilution. Frozen sections were brought to room
temperature (10 min), fixed in 2% paraformaldehyde in PBS for 5 min, then washed and
permeablized in PBS with 0.1% Triton X-100 for 3 × x5 min. Sections were blocked with
2% horse serum in PBS with 0.1% Triton X-100 and washed for 2 × 5 min before incubation
with primary antibody at room temperature for 1 h. Sections were washed 3 × 5 min before
incubation with secondary antibody at room temperature for 1 h. Sections were washed 3 ×
5 min and then allowed to air dry for 5 min before mounting in Slowfade Gold mounting
medium. Stained tissue sections were digitally imaged using an epifluorescent microscope
equipped with structured illumination system for confocal-like optical sectioning (Zeiss
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Axioimager Z1 with Apotome). The 400× z-stack images were collected at 0.5-µm thick
layers. Images were viewed using Axiovision LE Version 4.5 software. The 200× images
were digitally collected using an epifluorescent microscope (Nikon Eclipse E600). Confocal
images were obtained using Bio-Rad MRC 1024 confocal microscope.

RESULTS
Various results have been reported in the literature regarding the dynamic distribution and
cell fate of implanted stem cells in part due to the use of different cell labeling and tracking
methods. To identify a stem cell labeling method suitable for myocardial implantation in our
large-animal model, we initially experimented on three different MSC labeling methods:
adenovirus-mediated expression of enhanced green fluorescence protein (EGFP) and β-
galactosidase (LacZ), and live cell DAPI nuclear staining. Porcine bone marrow-derived
MSCs could be readily labeled by each of these markers in culture. Note that the EGFP-
labeled MSCs exhibited prominent green fluorescent nuclei with some cytosolic green
fluorescence (Fig. 1A). We also note that this pattern of strong nuclear emission of green
fluorescence is not readily discernible in cells expressing higher levels of EGFP. DAPI can
interact with both DNA and RNA, and thus can label the cytosolic as well as the nuclear
compartments (20). Brief incubation of live cells with high concentrations of DAPI results
in the labeling of both cytosolic and nuclear compartments that appear diffuse (49,57). The
fuzzy image of these labeled cells can pose a problem for tracking cells in vivo. We found
that overnight incubation of cultured MSCs with 10–20 µg/ml DAPI in the culture medium
resulted in prominent blue nuclear fluorescence with virtually no cytosolic fluorescence
(Fig. 1B). This clearly defined intensely blue nuclear staining is technically advantageous
for cell tracking as illustrated below. LacZ-labeled MSCs were visualized after a mild cell
fixation in 2% PFA and subsequent incubation with the chromogenic substrate X-gal, which
caused dark blue precipitates in the cells (Fig. 1C). It should be mentioned that prolonged
fixation time was found to destroy MSC-associated EGFP and LacZ signals. The DAPI
signals, on the other hand, were not affected by over fixation.

Although MSCs could be efficiently labeled by these methods in culture, whether these
labels could be reliably detected after in vivo implantation, particularly in a large-animal
model, needs to be examined. Major considerations include label stability, diffusibility,
potential toxicity, and tissue autofluorescence. These issues can be better addressed in small
rodents initially. To facilitate the analysis, we first attempted direct intramuscular MSC
injection in mice, which would allow us to more accurately harvest the muscle tissue
harboring the injected MSCs. Approximately half a million labeled porcine MSCs were
directly injected into the mouse soleus and gastrocnemius muscles. This xenotransplantation
approach was implemented based on the many reports that MSCs are immune privileged,
and can be used in allogeneic and xenogeneic transplantation settings (2,11,30,33,38).
Indeed, we did not observe any sign of tissue inflammation throughout the period of the
studies. Injected muscle was excised 2 and 4 weeks after MSC implantation and prepared by
cryostat sectioning for histological analysis using the method largely described by Brazelton
and Blau (4). In particular, care was taken during tissue processing to avoid potential
inactivation of EGFP and β-galactosidase by overfixation as noted above.

Figure 2A illustrates an H&E-stained cryostat section from injected muscle showing
numerous MSCs interspersed between muscle fibers. In spite of the fact that EGFP- and
LacZ-labeled MSCs could be readily demonstrated in culture, we experienced difficulties
reliably demonstrating these labeled MSCs from the mouse muscle tissue sections. Although
some cell-associated green fluorescence was detected, it lacked the nuclear emission pattern
illustrated in Figure 1A, and therefore was of dubious origin. In contrast with the uncertainty
and ambiguity associated with the EGFP and LacZ reporters, many DAPI-labeled MSC
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nuclei could be readily identified from the muscle sections. The tissue sections were
counterstained with phalloidin-TRITC (Fig. 2B, staining actin filaments) or propidium
iodide (Fig. 2C, staining total nuclei) to highlight the distribution of these blue MSC nuclei.
Tissue sections were also stained with an antibody specific for von Willebrand factor
(vWF), an endothelial cell marker. A 400× z-stack image of vWF antibody-stained sections
revealed a capillary structure containing three consecutive MSC nuclei (Fig. 2D), indicating
de novo capillary formation mediated by injected MSCs, and consistent with the reports that
MSCs are capable of differentiating into endothelial cells in culture and in vivo (43,47).
Figure 2D also revealed several MSC nuclei apparently integrated into the muscle cells but
positioned peripherally (indicated by arrows). These integrated MSC nuclei were pressed
against sarcolemma, becoming elliptical in shape. Because newly generated muscle cells
typically exhibit centrally positioned nuclei, these peripherally positioned blue fluorescent
nuclei indicated MSC fusion with the existing muscle fiber.

Our difficulties in detecting specific EGFP and LacZ signals from tissue sections could stem
from the observation that these reporter proteins become highly diffusible when tissue
sections are only mildly fixed in order to preserve reporter protein activity as elaborated by
Brazelton and Blau (4). However, because tissue over-fixation can destroy EGFP and LacZ
signals, finding EGFP- or LacZ-marked stem cells from injected tissue can be problematic.
Further, leaky EGFP and LacZ reporter proteins can lead to misidentification of injected
stem cells. These considerations prompted us to adopt the DAPI labeling method for our
porcine myocardial MSC transplantation work (see below).

Although DAPI has been used by other stem cell researchers for cell tracking in vivo (7,57),
it remains unknown whether this compound may alter the function or phenotype of the
labeled stem cells. This question is particularly relevant because DAPI through interacting
with genomic DNA may differentially affect gene expression as observed with some DNA-
modifying compounds such as 5-azacytidine or bromodeoxyuridine (28,31). We examined
MSC growth kinetics after DAPI labeling or treatment with the vehicle DMSO. MTT cell
proliferation assays shown in Figure 3 reveal that DAPI inhibited the proliferation potential
of MSCs. In spite of the growth-inhibitory effect of DAPI, the labeled MSCs remained
viable because they were morphologically indistinguishable from unlabeled MSCs. This was
further substantiated by a sensitive cytotoxicity assay based on the release of the cytosolic
enzyme lactate dehydrogenase into the culture medium (25), which showed that cell
membrane integrity was not compromised by DAPI labeling (Fig. 4). Because an inverse
correlation usually exists between cell proliferation and differentiation, we next examined
whether the differentiation potential of MSCs might be affected by DAPI labeling. DMSO-
and DAPI-treated MSCs were exposed to BMP7 to induce osteochondrogenic differentiation
(35). As expected, BMP7 promoted MSC osteochondrogenic differentiation as indicated by
increased alkaline phosphatase and Alcian blue binding activities (Fig. 5). Notably, DAPI-
labeled MSCs exhibited a fourfold increase in alkaline phosphatase activities (left panel),
suggesting that the osteogenic potential was enhanced by DAPI. However, the chondrogenic
potential of MSCs was not significantly affected by DAPI (right panel). Thus, DAPI
labeling differentially affects the differentiation potential of MSCs.

Although MSCs possess multilineage potentials, the cardiac therapeutic effects of MSCs are
now thought to be largely mediated by their paracrine actions (i.e., their abilities to produce
a multitude of growth factors and cytokines) (5,6,15,24). It is therefore critical to determine
whether DAPI labeling may adversely affect the paracrine actions of MSCs. qRT-PCR was
performed to examine the expression of several growth factor and cytokine genes. Fibroblast
growth factor (FGF) and vascular endothelial growth factor (VEGF) in particular are well
known for their regulatory and therapeutic effects on the cardiovascular system (48,58). The
CXCR4– SDF1 chemokine axis was also included in the analysis due to their involvement
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in stem cell homing (19,59,61). Figure 6 shows that expression of FGF2, VEGF,
interleukin-6 (IL-6), monocyte chemotactic protein-1 (MCP1), and transforming growth
factor-β1 (TGF-β1) were not significantly affected by DAPI labeling. Intriguingly,
expression of CXCR4 and its ligand SDF1 were each upregulated approximately twofold by
DAPI labeling. These results thus indicate that expression of key growth factor and cytokine
genes were not affected by DAPI labeling, and that the homing potential of MSCs in
response to tissue injury may be enhanced by DAPI labeling.

We previously demonstrated that FGF5 gene therapy to porcine hibernating myocardium
improved cardiac function (48). Having characterized and validated the DAPI labeling
method, we next evaluated whether the DAPI labeling strategy might be consistently and
reliably used for myocardial MSC tracking in the large-animal model. The first
consideration was how to administer MSCs to the porcine heart. Although direct
intramyocardial injection can allow us to localize administered MSCs with more precision
and have a higher cell retention rate (52), this approach is quite invasive, often clinically
unsuitable, and can introduce harmful scar tissue or cause arrhythmia in the heart (10).
Systemic intravenous delivery of MSCs, although an attractive approach, has been shown to
cause entrapment of MSCs in the lungs (1). Intracoronary delivery is the preferred route for
global myocardial diseases such as heart failure and cardiomyopathy (40). Approximately
30 million MSCs per pig were labeled with DAPI and administered to the heart through
intracoronary infusion. Heart tissues from the left anterior descending and right coronary
arteries were excised for histological analysis 2 weeks after implantation. The 400× z-stack
images of phalloidin-stained heart sections reveal predominantly interstitial DAPI-labeled
MSC nuclei (Fig. 7A, cross section and Fig. 7B, longitudinal section). These interstitial
MSCs could be detected with a frequency of approximately one MSC per 1 × 1 cm 10-µm
tissue section on average (or ∼1,000 MSCs per cm3 heart tissue), indicating the ability of
MSCs to migrate across the coronary endothelium. This observation implies that
approximately half a million MSCs or ∼2% of the infused MSCs remained localized in the
pig heart 2 weeks after coronary infusion. Much less frequently detected were MSC nuclei
positioned in line with resident endothelial nuclei (stained with propidium iodide) along the
illustrated capillary (Fig. 7C). We did not detect any MSC nucleus associated with cardiac
muscle fiber, consistent with the notion that MSCs do not readily become cardiomyocytes
after implantation (39,47). Pigs were also implanted with EGFP-labeled MSCs through
intracoronary infusion. However, we were again unable to detect convincing MSC-derived
EGFP signals (data not shown).

DISCUSSION
Reliable stem cell labeling in vitro and cell tracking in vivo after implantation continue to
pose a technical challenge. In practice, labels such as DiI and tagged nanoparticles (such as
Quantum dots) generate fluorescent speckles in the labeled cells that lack structural hall-
mark, and these dotted signals are often difficult to identify with certainty after in vivo cell
implantation. Previous reports based on DiI labeling claiming MSC differentiation into
cardiomyocytes should therefore be interpreted with caution (6,46). Also not well
recognized in the field is that the use of reporter proteins such as EGFP and LacZ can be
confounded by label stability, diffusibility, potential toxicity, and tissue autofluorescence.
Indeed, we experienced inconsistency attempting to track EGFP- and LacZ-labeled MSCs.
Our results show that the DAPI label can be stably retained in the implanted MSCs for at
least 1 month after implantation, and these labeled MSCs can be detected histologically with
little ambiguity. This is mainly due to the brightly and uniformly emitted blue fluorescence
that is well confined to the nucleus and the low wavelength range used for signal detection
(358 nm for excitation and 461 nm for emission).
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DAPI is known to interact with AT clusters in the minor groove of double-stranded DNA
(27), and this property of DAPI may be expected to have some selective effects on gene
expression. Indeed, we show that DAPI can exert reciprocal effects on MSC proliferation
and differentiation without affecting cell viability. Although MSC proliferation is inhibited
by DAPI, trophic activities of MSCs remain intact as assessed by qRT-PCR. This conclusion
is substantiated by the finding that DAPI stimulates the expression of the CXCR4–SDF1
axis. The finding is intriguing given the apparent importance of stem cell homing in tissue
repair. In particular, the interaction between CXCR4 and SDF1 has been shown to mediate
the migration of MSCs to damaged tissue sites (19,37). Our qRT-PCR analysis indicates that
DAPI labeling does not interfere with the homing ability of MSCs.

At least five mechanisms are proposed to account for the cardiovascular beneficial effects of
MSCs in various animal models. First, differentiation of administered MSCs into the cellular
constituents of the heart can improve flow and function. Although our studies of myocardial
MSC implantation indicate that MSCs do not readily differentiate into cardiomyocytes after
pig heart implantation, MSC differentiation into endothelial cells in vitro and enhancing
vascular density in several cardiomyopathy models have been demonstrated (7,24,49). In
this aspect, the cardiovascular effect of MSCs mimics that mediated by VEGF. Second,
MSCs can release trophic factors mediating paracrine actions (5,6,15,24,44). This
mechanism explains why cardiovascular benefits of MSCs can be demonstrated even in the
presence of low myocardial MSC engraftment after cell administration. This notion is
consistent with the demonstration that MSC transplantation using cell sheet technology
repairs scarred myocardium, indicating that MSCs need not be infused or injected to exhibit
their beneficial effects (42). We have found that even at a ∼2% engraftment efficiency
MSCs after intracoronary infusion into porcine hibernating myocardium improved cardiac
function significantly and that the DAPI-labeled MSCs retained their therapeutic potency
(manuscript in preparation). These findings are consistent with the demonstration here that
expression of growth factor and cytokine genes was not adversely affected by DAPI
labeling. Third, fusion of administered MSCs with the resident constituents of the heart also
helps retain MSCs. This mechanism appears to be more prevalent with the intramuscular
injection approach, as shown in Figure 2. Fourth, stimulation of endogenous repair by
injected MSCs may prove to be a potent mechanism for cardiac regeneration. Because
studies have shown that endogenous cardiac stem cells can be stimulated via paracrine
effects to reduce postinfarct remodeling (55), the paracrine actions of the interstitially
localized MSCs may play a critical role in reviving cardiac stem cells for tissue repair and
regeneration. Lastly, the anti-inflammatory function of MSCs may be particularly relevant in
managing inflammatory cardiomyopathic conditions (51,54). This unique property of MSCs
may have contributed to the success of the MSC xenotransplantation approach used here,
allowing us to detect DAPI-labeled MSCs 1 month after cell implantation.

In summary, we presented results showing that the DAPI labeling strategy could be reliably
used for MSC tracking in both small- and large-animal models. The brightly emitted blue
fluorescence is exclusively confined to the nucleus, generating a sharp nuclear image
advantageous for stem cell identification. Because MSCs cease proliferation after DAPI
labeling, the DAPI signals are stably and uniformly retained in the cells for at least 1 month
after cell implantation. This stem cell tracking strategy allows us to obtain the estimate that
approximately 2% of the administered MSCs engraft in the interstitial space of the normal
pig heart after intra-coronary infusion.
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Figure 1.
Fluorescent and colorimetric labeling of MSCs in culture. Porcine MSCs plated and grown
on coverslips were infected with recombinant adenovirus expressing EGFP (A) and β-
galactosidase (C). MSCs were incubated with 20 µg/ml DAPI in culture medium overnight
(B). All images were acquired digitally (200×) using an epifluorescent microscope (Nikon
Eclipse E600).
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Figure 2.
Mouse skeletal muscle sections showing the distribution of intramuscularly injected DAPI-
labeled MSCs. Muscle tissue 2 or 4 weeks after cell implantation were prepared by cryostat
sectioning and stained by H&E (A). Tissue sections were counter-stained with TRITC-
conjugated phalloidin (B) or with propidium iodide (C). Images shown in (A) to (C) were
acquired digitally (200×) using an epifluorescent microscope (Nikon Eclipse E600). Tissue
sections were stained with a vWF antibody to reveal capillary structures (D). The 400× z-
stack image was obtained using an epifluorescent microscope Zeiss Axioimager Z1 with
Apotome. The image background reveals the contour of muscle cells, highlighting three
integrated MSC nuclei, which are indicated by arrows.
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Figure 3.
DAPI labeling inhibits MSC proliferation. MSCs plated in triplicate on 24-well plates were
treated with DAPI or DMSO overnight followed by washing and refeeding with the growth
medium (day 0). MTT assays were performed at the time points indicated and cell
proliferation was measured by OD540 nm. MSCs treated with DMSO or DAPI were
statistically compared at each time point, and p-values are shown on the graph. Results are
representative of two separate experiments, and are means ± SEs.

Leiker et al. Page 15

Cell Transplant. Author manuscript; available in PMC 2010 April 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
DAPI-labeled MSCs retain full viability. MSCs were plated as described in Figure 3.
Medium samples were removed from the wells at the time points indicated, and used for
lactate dehydrogenase assays. Increases in OD492 nm indicate cell injury or loss of cell
membrane integrity. MSCs treated with DMSO or DAPI were statistically compared at each
time point, and p-values are shown on the graph. Results are representatives of two separate
experiments, and are means ± SEs.
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Figure 5.
DAPI labeling promotes BMP7-mediated MSC osteogenic differentiation in culture. MSCs
for each group were plated in triplicate on 60-mm dishes. DMSO- and DAPI-treated cells
were incubated with BMP7 for osteochondrogenic induction. Protein lysates were prepared
and assayed for ALP activities (left panel for osteogenesis) and Alcian blue binding (right
panel for chondrogenesis). Activities shown are expressed per milligram proteins. Results
are representatives of two separate experiments, and are means ± SEs. Group comparisons
are indicated by p-values above the bars.
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Figure 6.
DAPI labeling increases expression of the CXCR4 and SDF1 genes. MSCs were plated in
triplicate for each group. RNA were isolated following the treatment, and analyzed by qRT-
PCR using GAPDH as the reference gene. Results are representatives of four separate
analyses, and are means ± SEs. No statistically significant differences between the DMSO
and DAPI groups were found except for the CXCR4 and the SDF1 genes.
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Figure 7.
Identification of DAPI-labeled MSCs after intracoronary infusion. Heart tissue samples were
prepared 2 weeks after cell implantation by cryostat sectioning and counter-stained with
TRITC-conjugated phalloidin (A and B) or with FITC-conjugated phalloidin and propidium
iodide (C). Note the interstitial positions of the blue MSC nuclei in (A) and (B). Note the
blue MSC nucleus positioned in line with propidium iodide-stained resident endothelial
nuclei along the capillary structure in (C). The 400× z-stack images were obtained using an
epifluorescent microscope Zeiss Axioimager Z1 with Apotome.
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