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  Stem cell therapies offer the potential for repair and regeneration of cardiac tissue. To facilitate evaluation of 
stem cell activity in vivo, we created novel dual-reporter mouse embryonic stem (mES) cell lines that express the 
fi refl y luciferase (LUC) reporter gene under the control of the cardiac sodium–calcium exchanger-1 ( Ncx-1 ) pro-
moter in the background of the 7AC5-EYFP mES cell line that constitutively expresses the enhanced yellow fl uo-
rescent protein (EYFP). We compared the ability of recombinant clonal cell lines to express LUC before and after 
induction of cardiac differentiation in vitro. In particular, one of the clonal cell lines ( Ncx-1 -43LUC mES cells) 
showed markedly enhanced LUC expression (45-fold increase) upon induction of cardiac differentiation in vitro. 
Further, cardiac differentiation in these cells was perpetuated over a period of 2–4 weeks after transplantation in 
a neonatal mouse heart model, as monitored by noninvasive bioluminescence imaging (BLI) and confi rmed via 
postmortem immunofl uorescence and histological assessments. In contrast, transplantation of undifferentiated 
pluripotent  Ncx-1 -43LUC mES cells in neonatal hearts did not result in detectable levels of cardiac differentia-
tion in these cells in vivo. These results suggest that prior induction of cardiac differentiation in vitro enhances 
development and maintenance of a cardiomyocyte-like phenotype for mES cells following transplantation into 
neonatal mouse hearts in vivo. We conclude that the  Ncx-1 -43LUC mES cell line is a novel tool for monitoring 
early cardiac differentiation in vivo using noninvasive BLI.     

  Introduction 

 Stem cell therapies hold great promise for the treat-
ment of cardiovascular disease [ 1–3 ]. Basic and clinical 

research on cardiac applications for stem cells has intensi-
fi ed in recent years and much progress has been made [ 4–8 ], 
yet there is still a great deal of basic information about stem 
cells and their behavior that is lacking [ 9–11 ]. This is partic-
ularly true in vivo where it is diffi cult to assess cellular ac-
tivity in the heart in real time. It would be helpful, therefore, 
to have better tools to track stem cell location and functional 
status over time in vivo. 

 Various in vivo molecular and cellular imaging tech-
niques have been successfully applied for identifying and 
tracking transplanted stem cells in animal models [ 12–16 ]. 
Bioluminescence imaging (BLI), for example, uses light emis-
sion produced through the catalysis of luciferin by a luciferase 

(LUC) enzyme [ 16 , 17 ], and has proven useful for tracking and 
evaluating embryonic and adult stem cells in small animal 
models of heart disease [ 18–24 ]. Although BLI does not pro-
vide nearly the spatial resolution achieved with other im-
aging modalities such as magnetic resonance imaging, it is a 
promising technique that may be especially useful in small 
animal models because there is less tissue for the light to 
traverse than in larger animals and hence, less opportunity 
for signal loss or diminution due to scatter. By using different 
cellular promoters to drive LUC reporter gene expression, 
BLI can, in theory, provide information about the functional 
status and relative location of transplanted stem cells in vivo, 
but its use for evaluation of cellular differentiation status in 
vivo remains largely unexplored. Noninvasive evaluation 
of differentiation status could be helpful, for example, as an 
indicator of cardiac muscle regeneration growth in vivo. 
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pellet was resuspended in 0.4 mL Hank’s balanced salt so-
lution (HBSS) containing linearized plasmids at 3:2 ratio for 
LUC:Neo vectors. The DNA-cell solution was then trans-
ferred to a sterile cuvette and electroporated using a Biorad 
Gene Pulser at 0.4 kV and 25 μFd. Electroporated cells were 
allowed to recover for 5 min and cells were transferred to 
fresh 60-mm plates containing mitomycin-inactivated MEFs. 
Cells were allowed to grow in normal culture media for 24 h 
and then selected with antibiotic G418 (Geneticin) at a con-
centration of 350 μg/mL. Colonies appeared at ~7 days. The 
day prior to picking colonies, 24-well plates were pre-seeded 
with mitomycin-treated MEFs. Each colony was checked by 
microscopy for clear-defi ned ridges [ 30 ], and these were col-
lected and trypsinized in a 24-well plate. The trypsinized 
cells were then transferred to fresh 24-well plates contain-
ing mitomycin-treated fi broblasts. After careful expansion 
for 2 passages, one batch was frozen for backup and the 
other batch was maintained for subsequent screening. The 
G418-resistant clonal cells were maintained on MEFs for 
5 passages, and then grown without MEFs for subsequent 
testing. 

 LUC assays were performed using Glo-Lysis Buffer and 
the Steady-Glo LUC Assay System (Promega, Madison, WI). 
LUC activity was quantifi ed directly on the multiwell plates 
using an In vivo Imaging System (IVIS-50; Caliper, Inc., 
Hopkinton, MA). Great care was taken to assay similar num-
bers of ES cells when comparing different clones and plurip-
otent versus cardiac-differentiated ES cells. Approximately 
6–8 EBs (7 + 0 days) were seeded into each well of a 48-well 
plate, and ~5 × 10 4  pluripotent cells were seeded into ad-
jacent wells on the same plate on the following day (7 + 1 
days). The cultures were incubated for an additional 48 h 
and the appearance of beating activity was confi rmed in 
the cardiac-differentiated wells by visual inspection using 
phase-contrast microscopy prior to lysis and measurement 
of LUC activity at 7 + 3 days. Protein concentrations were 
determined using the DC Protein Assay (BioRad, Hercules, 
CA), and LUC activity was normalized to the total amount 
of protein per well. 

 To generate GAPDH-LUC EYFP mES cells, we screened 98 
undifferentiated G418-resistant colonies for LUC expression 
in multiwell plates, and obtained 3 clones that showed stable 
expression. For α-MHC-LUC EYFP mES cells, we screened 
182 G418-resistant colonies before and after induction of car-
diac differentiation. Of these, 12 clones displayed LUC ac-
tivity. Nine of these 12 were discontinued because of low or 
unstable expression following cardiac differentiation, while 
the other 3 clones were chosen for further characterization. 
The third cell line produced was stably transfected with the 
cardiac  Ncx-1- LUC plasmid. Of 144 G418-resistant colonies, 
we initially found 23 that displayed LUC expression, and 9 of 
these continued to express LUC after secondary screening.  

  Induction of cardiac differentiation 

 Pluripotent (pluri) mES cells were induced to undergo 
cardiac differentiation (cardio) by the hanging-drop [ 31 , 32 ] 
(in vitro assays) or rotary shaker [ 33 ] (in vivo transplanta-
tion) methods using media conditions described previously 
[ 13 ]. In both cases, there was a 7-day suspension phase to 
develop embryoid bodies (EBs) followed by a 3-day adherent 
phase (7 + 3 days) when cardiac beating activity began to 
appear. All experiments using cardiac-differentiated cells in 

 In the present study, we used BLI to monitor differentia-
tion and proliferation of mouse embryonic stem (mES) cells 
following transplantation into neonatal mouse hearts. To do 
this, we fi rst created novel dual-reporter mES cell lines that 
express the fi refl y LUC reporter gene under the control of 
the cardiac  Ncx-1  promoter. The LUC-expressing mES cells 
were derived from the recombinant EYFP mES cell line that 
constitutively expresses high levels of the enhanced yellow 
fl uorescent protein (EYFP) [ 25 ]. Notably, EYFP expression is 
robust in the pluripotent mES cells and remains so as they 
differentiate into virtually any cell type, as previously dem-
onstrated [ 25 ]. This is useful for identifying differentiating 
or differentiated mES cells in tissue sections from hearts 
that had received stem cell transplantations, but EYFP is 
not practical for in vivo cardiac imaging because the fl uo-
rescent signal is generally too weak for external detection. 
Thus, the utility of EYFP expression is presently limited to 
identifi cation of the transplanted mES cells in postmortem 
tissue sections, while LUC expression permits evaluation of 
the transplanted mES cells over time in vivo.  

  Materials and Methods 

  Plasmids 

 The plasmids used in this study were kindly provided 
by the following researchers: Dr. Donald Menick, Medical 
University of South Carolina ( Ncx-1- LUC) [ 26 ]; Dr. Brent 
French, University of Virginia (α-MHC-LUC) [ 27 ]; Dr. Shan 
Lu, University of Cincinnati (GAPDH-LUC) [ 28 ], and Dr. Karl 
Pfeifer, National Institute of Child Health and Development 
(MC1-Neo) [ 29 ]. Gene name abbreviations:   Ncx-1 , sodi-
um–calcium exchanger-1; α-MHC, α-myosin heavy chain; 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; and 
Neo, neomycin resistance gene.  

  Cell culture 

 Pluripotent 7AC5-EYFP R1-derived mES cells [ 25 ] were 
obtained from the American Tissue Culture Collection 
(ATCC SCRC-1033) and maintained as previously described 
[ 13 ]. Defi ned, iron-supplemented fetal bovine serum was 
obtained from Hyclone Labs (Logan, UT), and leukemia 
inhibitory factor (LIF) was procured from Chemicon, Inc. 
(Temecula, CA). Unless otherwise noted, all remaining 
media and supplements were obtained from Invitrogen 
(Carlsbad, CA).  

  Electroporation, colony selection, 
and clonal analysis 

 Electroporation and colony selection of mES cells were 
performed as previously described [ 29 , 30 ] with the follow-
ing modifi cations. Approximately 50 μg of each plasmid 
DNA was linearized by restriction digestion, and re-purifi ed 
to remove salts prior to electroporation. Four 60-mm plates 
of mES cells at optimal density (~1 × 10 7  cells total) were 
washed once with PBS and treated with 0.05% Trypsin/
EDTA. Cells were then dissociated into a single-cell sus-
pension with gentle pipetting and the addition of 4 mL ES 
cell media to stop the reaction. The cells were pooled into 
a 15-mL conical tube and spun in the centrifuge to remove 
serum that could interfere with electroporation. The cell 
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mice were anesthetized on ice for 2 min. The injection site 
was swabbed with 70% isopropyl alcohol before and after 
injection. The heart was visualized translucently in vivo 
using a fi ber-optic light source projecting from the back of 
the neonatal thorax, and the cells were injected into the left 
ventricular muscle along the longitudinal axis with a 28G 
Tuberculin syringe (20 μL/injection). Peanut oil was then 
sparsely applied to the pup to ease maternal re-acceptance 
[ 36 ].  

  Bioluminescence imaging 

 Bioluminescence was measured using an In Vivo Imaging 
System 50 (IVIS™; Caliper, Hopkinton, MA) at 37°C. Mice 
were injected (150 mg/kg body weight, i.p.) with  d -luciferin 
(Caliper) immediately prior to anesthesia. Mice were anes-
thetized with 2% isofl urane and imaged at 1- and 5-min ex-
posure times. Bioluminescent signals were analyzed using 
Living Image ®  2.50.2 software (Caliper) to identify regions of 
interest, quantitate light emission, and subtract background 
luminescence.  

  Histological and immunofl uorescent staining 

 These procedures were performed as described previ-
ously [ 13 , 37 ].  

  Statistical analyses 

 Data are expressed as mean ± SEM unless indicated oth-
erwise. Statistical comparisons ( t -tests and one-way analysis 
of variance) and graphs were produced using Graphpad 
Prism™ 5 software (Graphpad Software, La Jolla, CA), with 
 P  < 0.05 required to reject the null hypothesis.   

  Results 

 Our initial goal was to produce novel dual-reporter re-
combinant mES cell lines that express promoter-specifi c 
LUC as an in vivo reporter of cardiac differentiation in 
the background of a parental mES cell line that robustly 
expresses the EYFP reporter gene in all cell types [ 25 ]. To 
accomplish this, we used the cardiac  Ncx-1  promoter (−1,831 
bp) to drive LUC expression ( Fig. 1A ). For comparison, we 
also used GAPDH-LUC and α-MHC-LUC plasmids to gen-
erate recombinant mES cell lines. Characterization of sev-
eral of the resulting clones is shown in  Supplementary Fig. 1  
(Supplementary materials are available online at www 
. liebertonline.com/scd), where it can be seen that most of the 
 Ncx-1  promoter lines showed LUC activity that increased 
following induction of cardiac differentiation, while the 
other promoter constructs generated cells that showed ei-
ther decreased or no change in LUC expression following 
induction of cardiac differentiation ( Supplementary Fig. 1 ). 
Further screening of these LUC-expressing clones revealed 
the  Ncx-1 -43LUC clonal line to be an attractive candidate be-
cause it consistently produced stable baseline activity that 
increased signifi cantly (~240%,  P  < 0.01,  n  = 8) after induc-
tion of cardiac differentiation ( Fig. 1B  and  1C ).   

 To enrich for cardiomyocytes, we fractionated the cell 
populations using Percoll density gradients [ 34 ] after induc-
tion of cardiac differentiation (7 + 3 days) ( Fig. 2A ). The vast 
majority (~90%) of the cells were in fraction “b” (1.06–1.10 

this study were performed with mES cells that had been in-
duced to differentiate into beating cardiomyocytes for 7 + 3 
days. Beating activity was confi rmed by visual inspection 
using phase-contrast microscopy. Similar numbers of beat-
ing areas representing an estimated 2%–4% of the total cell 
population were observed, on average, for EBs generated by 
either the hanging-drop or rotary suspension methods. In 
addition, the size and morphology of the EBs appeared qual-
itatively similar in both groups.  

  Percoll density gradients 

 Cardiac-induced   Ncx-1 -43LUC mES cells were trypsinized 
at 7 + 3 days and centrifuged in a discontinuous gradient 
containing 0%, 25%, 50%, 100% Percoll™ at 400 g  for 35 min 
as previously described [ 34 ]. Identical gradients of this type 
containing density calibration beads were run in parallel for 
each of these experiments. Three fractions were collected as 
follows: (a) <1.06 g/mL, (b) 1.06–1.1 g/mL, and (c) ≥1.1 g/mL. 
Each of these fractions contained 2–3 mL. The fractionated 
cells were then resuspended, rinsed, and resuspended in ES 
culture media with serum. Cells from each fraction were 
seeded at 25,000 cells per well onto 4-well culture dishes. 
Bromodeoxyuridine (0.1 mM) was added to the culture 
media for the fi rst 3 days to inhibit cell proliferation [ 35 ]. 
Beating activity was monitored by visual inspection using 
phase-contrast microscopy, and LUC activity was measured 
from freshly lysed cell extracts on the dish using BLI as de-
scribed below.  

  Real-time quantitative polymerase chain reaction 

 The cDNA was prepared using Applied Biosystems™ 
High Capacity cDNA synthesis kit. We utilized 500 ng of 
total RNA for each cDNA synthesis reaction. The conditions 
for cDNA synthesis were followed per the protocol supplied 
with the cDNA synthesis kit. The cDNA was stored at −20ºC 
until used for real-time PCR quantifi cation. RT-qPCR condi-
tions were standard for all samples. PCR primers were cus-
tom-designed and purchased from Operon (Huntsville, AL). 
All primers were diluted at a ratio of 1:10 or 1:20 based on op-
timal amplifi cation of cDNA, determined by a relative stan-
dard curve for each primer set. In brief, the thermal cycling 
parameters were 95°C for 5 min, followed by 40–50 cycles of 
95°C for 30 s (56°C or 58°C) for 30 s, 72°C for 45 s, and fi nal 
extension at 72°C for 5 min, followed by a 4°C idle. RT-qPCR 
reactions were performed using IQ SYBR Green supermix 
obtained from BioRad, and run in the BioRad ICycler. The 
annealing temperatures for  Ncx-1  and β -actin  were 58°C and 
56°C, respectively. At the end of each RT-qPCR experiment, 
the samples were analyzed by gel electrophoresis to con-
fi rm the presence of an appropriate size band ( Ncx-1 , 140 bp; 
β -actin , 420 bp). The primer sequences are as follows (5′–3′): 
  mouse  β-actin —forward: CATCACTATTGGCAACGAGC, 
reverse: ACGCAGCTCAGTAACAGTCC; mouse  Ncx-1 —
forward: GACCAAGCAAGGAAGGCTGT, reverse: CGCAT
AATGGTGAGGGCCACAG.  

  Cardiac injection 

 Pluripotent and cardiac-induced mES cells were 
trypsinized, centrifuged, and resuspended in HBSS at var-
ious concentrations. Neonatal (postnatal days 2–4) C57Bl/6 
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( r  2  = 0.9998) between relative LUC activity and  Ncx-1  mRNA 
expression levels in the fractions analyzed ( P  < 0.05,  n  = 3) 
( Fig. 2E ). These results indicate that the transgenic and 
 endogenous  Ncx-1  promoters behave similarly in that they 
both show marked increases in the cardiomyocyte-enriched 
fraction compared with the others, consistent with their 
expected patterns of expression [ 38 , 39 ]. 

 To study the cardiac differentiation potential of the 
newly created dual-reporter mES cell lines in vivo, we trans-
planted pluripotent and cardiac-differentiated mES cells 
into neonatal mouse hearts via direct injection through 
the chest wall into left ventricular muscle. Measurement of 
LUC  activity immediately after transplantation sometimes 
showed strong expression in the heart region, but often there 
was no expression observed or it disappeared in a matter of 
hours ( Supplementary Fig. 2 ). Typically, however, stable in 
vivo bioluminescent signals appeared 4–8 days post-trans-
plantation and could be observed over the remainder of the 
24-day assessment period ( Figs. 2–4 ). Although other clones 
showed differential LUC activity in pluripotent and cardiac-
differentiated states, we found that the stability and robust-
ness of the  Ncx-1 -43LUC mES cell line was most useful for 
in vivo bioluminescent imaging (BLI) compared with other 
clones analyzed (data not shown). Thus, we have used  Ncx-
1 -43LUC mES cells for all subsequent experiments described 
in this report.    

 To determine an optimal number of cells to use per in-
jection for BLI, we assessed in vivo bioluminescence activity 
following injection of various numbers of pluripotent  Ncx-
1 -43LUC-expressing mES cells ( Fig. 3 ). Injection of 100,000 
or more cells led to robust bioluminescence expression that 
displayed peak activity at the 18-day time point, but then de-
creased precipitously over the next 6 days. Injection of 50,000 
cells per heart resulted in more consistent bioluminescent 

g/mL), which contained few or no cardiomyocytes. A thin-
ner band of cell and cellular debris was found in fraction 
“a” (<1.06 g/mL). The remaining 3%–8% of the cell popula-
tion was found in fraction “c” (>1.1 g/mL). Cells from each 
fraction were collected and cultured overnight. Contracting 
cardiomyocytes were predominantly found in fraction “c,” 
where the majority of the cells (>60%) displayed sponta-
neous contractile activities when assessed 24–48 h after 
plating. Relatively little beating activity was observed in 
fractions “a” and “b”. As with beating activity, LUC activity 
was also clearly strongest in fraction “c” ( Fig. 2B  and  2C ). 
On a per-cell basis (25,000 cells/well), fraction “c” harbored 
roughly 10 times the amount of LUC activity compared with 
that found in fraction “a,” and nearly 5 times the amount 
in fraction “b,” which was similar to that observed for the 
unfractionated cardiac-induced mES cells. When compared 
with the amount of LUC activity in the unfractionated and 
undifferentiated (pluri)  Ncx-1-43 LUC mES cells     (data not 
shown), the cardiomyocyte-enriched fraction “c” produced 
45-fold more LUC activity, thereby further demonstrating 
that increased LUC activity is associated with cardiomyo-
cyte differentiation in  Ncx-1-43 LUC mES cells.  

 To evaluate the specifi city of the LUC activity produced 
from the  Ncx-1 -43LUC clonal cell line, we compared relative 
LUC activity and endogenous  Ncx-1  mRNA expression lev-
els from each fraction. RT-qPCR was performed to measure 
 Ncx-1  mRNA levels in samples from each fraction relative to 
the unfractionated control samples. The overall pattern of 
 Ncx-1  mRNA expression was similar to that produced from 
the LUC activity measurements in these samples ( Fig. 2C  
and  2D ), though the magnitude of the differences in expres-
sion between samples were less pronounced for the  Ncx-1  
mRNA changes compared with those observed for LUC ac-
tivity. Nevertheless, there was a high degree of correlation 
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  FIG. 1.     Comparison of luciferase (LUC) enzyme activity from the Ncx-1-43LUC clonal cell line in the pluripotent (Pluri) 
condition and following induction of cardiac differentiation (cardio) in vitro. ( A ) Schematic illustration of the Ncx-1-LUC 
construct used to transfect mouse embryonic stem (mES) cells. ( B ) Bioluminescence imaging (BLI) results from recombinant 
mES clones in the pluri or cardio states. Eight wells of each of the 3 cell lines indicated were evaluated in parallel for both 
conditions. ( C ) Quantitative assessment of the Ncx-1-43LUC results shown in panel  B . **, P < 0.01. Color images available 
online at www.liebertonline.com/scd.     
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of which promoter-LUC clone was used. Examples of this are 
shown in  Figure 4 . In one case, injection of 200,000 cells led to 
an apparent spread to lungs ( Fig. 4A ), as confi rmed by post-
mortem tissue histological examinations. In another case 
when only 50,000 cells were injected, expression appeared 
confi ned to the heart region, but was later found to be lo-
cated in the fat pads on the outside of the heart ( Fig. 4B  and 
 4C ). Histological examinations showed that extracardiac 
concentrations of transplanted mES cells were commonly 
found near the heart ( Fig. 4D–4F ). In some mice, the trans-
planted pluripotent mES cells were found within both atrial 
and ventricular myocardium. They did not, however, appear 
to develop myocardial characteristics because they did not 
signifi cantly express the myocyte marker protein, sarcomeric 
α-actinin. Thus, little or no sarcomeric structure was observed 
in the EYFP +  cells following transplantation of undifferenti-
ated mES cells ( Fig. 4G–4I ), thereby indicating that they did 
not develop cardiomyocyte characteristics (morphology and 
structure) under these conditions.  

signals that also appeared to remain more confi ned to the 
cardiac region rather than spreading over the chest area as 
observed with 100,000 cells (compare panels B and E, and 
C and F,  Fig. 3 ). The minimum number of cells injected that 
were needed to observe a bioluminescent signal in vivo was 
10,000 per heart, which produced a weak but measurable 
signal at 8 and 18 days post-transplantation ( Fig. 3G  and 
 3H ). By 24 days post-transplantation, bioluminescent signals 
were no longer detected in the mice receiving only 10,000 
cells per heart (data not shown). 

 Bioluminescence remained clearly evident, however, in 
mice receiving 50,000 or more cells per heart through the 
entire 24-day assessment period, though the signal often 
decreased in intensity and became more diffuse at 24 days 
compared with 18 days post-transplantation. This trend was 
also observed using pluripotent GAPDH-6LUC and α-MHC-
4LUC cells ( Supplementary Fig. 3 ). Notably, tumor-like forma-
tions were observed in >80% of mice that were injected with 
100,000 or more pluripotent mES cells per heart, irrespective 
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  FIG. 2.     Comparison of transgenic Ncx-1-LUC activity and endogenous Ncx-1 mRNA expression in cardiac-differentiated 
Ncx-1-43LUC cells. ( A ) Percoll density gradient fractionation of cardiac-differentiated Ncx-1-43 LUC mES cells. A large band 
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cardiac muscle cells. Further, the transplanted stem cells 
appear to be aligned in parallel and are morphologically 
similar to the endogenous ventricular myocytes found in 
adjacency. Several additional examples of this type of co-
staining are provided in  Supplementary Figure 4 . These 
results demonstrate that transplanted cardio mES cells can 
develop and/or maintain a cardiomyocyte-like phenotype 
in the heart over a period of several weeks in vivo.   

 Based on the number of EYFP-labeled (EYFP + ) cells in the 
tissue sections taken from these hearts, we estimated that 
the maximum number of mES-derived cells found in the 
heart 2 weeks after transplantation was ~1.5 × 10 4  cells, and 
that fewer than half of them co-expressed the cardiomyocyte 
marker, sarcomeric α-actinin. Still, this was an “improve-
ment” compared with the pluri transplantations where we 
did not fi nd any cardiomyocyte-like EYFP +  cells. 

 To help relate BLI data with the number of cells present 
in vivo, we generated standard curves in vitro using de-
fi ned numbers of undifferentiated  Ncx-1 -43LUC cells (see 
 Supplementary Fig. 5 ). We used these curves as guidelines 
to estimate the number of “pluri-equivalent” cells present in 
vivo given a certain BLI reading. For example, a BLI reading 
of 5 × 10 6  photons/s/cm 2 /steradian predicts that there will 
be at least 1 × 10 5  “pluri-equivalent” cells present. The in 
vitro BLI signals do not have to traverse any mouse tissues, 

 To improve the likelihood of cardiac differentiation and 
development of transplanted mES cells in vivo, we initiated 
cardiac differentiation of these cells in vitro en masse using 
the rotary suspension method [ 33 ]. As shown in  Figure 5 , 
transplantation of 50,000 cardiac-induced  Ncx-1 -43LUC 
mES cells resulted in relatively stable expression in the car-
diac region in vivo. Expression was detected as early as 4 
days post-transplantation (earliest time point measured) 
and remained clearly evident in the heart region through 
24 days post-transplantation. Expression was highest be-
tween 8 and 18 days, with peak bioluminescence observed 
at 14 days post-transplantation. Tumor-like formations were 
still found in this group, but with reduced frequency (<25%) 
compared with the injections using 100,000 or more pluri 
cells (>80%).  

 Postmortem immunofl uorescent histological assessments 
confi rmed that the cardiac-differentiated mES cells were 
found within the myocardium. Co-staining for the myo-
cyte marker, sarcomeric α-actinin, and the transplanted cell 
marker, EYFP, was clearly observed, as shown in  Figure 6 . In 
this example, confocal fl uorescent micrographs from 2 dif-
ferent optical planes of the same tissue section are shown in 
the top (panels A–C) and bottom (panels D–F) of  Figure 6 . In 
both cases, some of the EYFP cells display the ladder-like sar-
comeric staining pattern that is characteristic of ventricular 
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  FIG. 3.     Time course assessment of bioluminescence in vivo following transplantation of varying amounts of pluripotent 
 Ncx-1 -43LUC mES cells into neonatal mouse hearts. ( A–C ) BLI results following transplantation of 100,000 cells per heart 
at 8, 18, and 24 days post-transplantation. ( D–F ) BLI results following transplantation of 50,000 cells per heart at 8, 18, and 
24 days post-transplantation. ( G  and  H ) BLI results following transplantation of 10,000 cells per heart at 8 and 18 days post-
transplantation. In each panel, the mouse on the right had received the indicated cell transplantation while the mouse on 
the left served as a vehicle-injected control. The substrate,  d -luciferin was administered to control and cell-treated mice ~5 
min prior to BLI. ( I ) Quantitative assessment of the results shown in  A–H  ( n  = 4–8/group). Key: 100 = 100,000 cells/injec-
tion (fi lled bars), 50 = 50,000 cells/injection (hatched bars), and 10 = 10,000 cells/injection (open bars).     Color images available 
online at www.liebertonline.com/scd.
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when similarly transplanted; otherwise, there should have 
been at least 2–3 times that many cells present in order to 
generate an equivalent BLI signal in vivo. Thus, these fi nd-
ings strongly support the premise that  Ncx-1 -43LUC cells 
can serve as an indicator of cardiac differentiation status 
using noninvasive BLI in vivo.  

  Discussion 

 In this study, we have described the production of novel 
dual-reporter mES cell lines and their application for in vivo 
BLI in the developing mouse heart. Using the EYFP mES cells 
created by Hadjantonakis et al. [ 25 ] as our starting material, 
we generated and characterized new clonal cell lines that 
stably express the LUC reporter under the control of differ-
ent cellular promoters. In particular, the  Ncx-1 -43LUC EYFP 
mES cells represent a promising cell line for evaluation of 
cardiac differentiation status in vivo because it produces 
measurable baseline LUC activity that is strongly induced 
following differentiation into beating cardiomyocytes. 

 Most of the  Ncx-1 -LUC clonal lines displayed increased 
amounts of LUC activity when differentiated into beating 

so it is anticipated that higher numbers of cells were needed 
to generate similar signal intensities in vivo because they 
would be diminished by tissue absorption and scatter, es-
pecially as the animals get older and bigger. This caveat 
notwithstanding, the standard curves are meant to serve 
simply as guidelines for estimating the minimum number 
of cells likely to be present in order to generate a BLI signal 
of a certain magnitude in vivo. Of note, the number of EYFP +  
cells per mouse was highest when tumor-like formations 
were observed. Because of the high density of EYFP +  cells in 
these cases, it was diffi cult to obtain an accurate count of the 
EYFP +  cells per mouse, but we estimate with confi dence that 
it was well in excess of 1 × 10 5  EYFP +  cells.  

 In contrast, peak BLI readings for the cardio mESCs were 
~1.3 × 10 6  photons/s/cm 2 /steradian at 14 days, which would 
predict a minimum of ~3 × 10 4  “pluri-equivalent”  Ncx-1-
 43LUC cells per heart. Actual EYFP +  cell counts from histo-
logical sections taken from hearts and surrounding tissues, 
however, indicated that a maximum of ~1.5 × 10 4  EYFP +  cells 
were found at 14 days post-transplantation. These results 
suggest that the cardiac-differentiated mESCs continued to 
glow “brighter” than the undifferentiated “pluri” mESCs 
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  FIG. 4.     Evaluation of pluripotent  Ncx-1 -43LUC mES cell fate following transplantation into the neonatal mouse heart 
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neomycyin resistance gene and the LUC reporter gene were 
located on separate plasmids. Since these are non-homolo-
gous random integration events, the resulting LUC activity 
will vary greatly depending upon nearby genomic DNA 
sequence, as has been commonly observed in other studies 
[ 43–45 ]. We did not directly examine the site of integration 
in our clones, but we did perform functional screening of 
the clones. So far, the most useful clone to emerge is the 
 Ncx-1 -43LUC cell line because of its intrinsic brightness 
and ability to display enhanced LUC activity upon cardiac 
differentiation. 

 In contrast, clones generated using either the GAPDH-
LUC or α-MHC-LUC plasmids did not display increased 
LUC activity following cardiac differentiation. Those gener-
ated with GAPDH-LUC generally showed similar or slightly 
decreased amounts of LUC expression when differentiated 
into beating cardiomyocytes compared with undifferenti-
ated controls ( Supplementary Fig. 1 ). This was expected from 
a “housekeeping” promoter like GAPDH. The decreased ex-
pression associated with some of the α-MHC-LUC clones in 
the cardiac-differentiated state was somewhat of a surprise 
since this promoter is typically active in cardiomyocytes, but 
the relatively short (353 bp) promoter used for this construct 
was apparently insuffi cient for this purpose despite the fact 
that it contained key genetic elements important for myo-
cyte expression [ 46 ]. Of the constructs and resulting clonal 
mES cell lines tested thus far,  Ncx-1 -43 was clearly the most 
promising as an evaluative tool to examine cardiac differen-
tiation in vivo because of its strong induction in cardiomyo-
cytes derived from differentiating mES cells in vitro. 

 The fi rst assessment parameter that we evaluated in vivo 
was to determine the optimal number of recombinant LUC-
expressing mES cells to transplant into the neonatal mouse 

cardiomyocytes when compared with that observed in the 
undifferentiated state. The best characterized of these clones 
is the  Ncx-1 -43LUC EYFP mES cell line, which was used for 
most of the in vivo BLI assessments in this study because of 
its stable basal level of LUC expression that becomes signifi -
cantly enhanced following cardiac differentiation. In partic-
ular, the  Ncx-1 -43LUC EYFP mES cells represent a promising 
cell line for evaluation of cardiac differentiation status in 
vivo because it produces measurable baseline LUC activity 
that is strongly induced following differentiation into beat-
ing cardiomyocytes. The fact that endogenous  Ncx-1  gene 
expression followed a similar pattern helps to support the 
idea that the transgenic  Ncx-1 -driven LUC expression faith-
fully reported endogenous expression patterns. Both clearly 
became elevated following differentiation of pluripotent 
 Ncx-1 -43LUC mESCs into cardiomyocytes. 

 Density gradient fractionation is an established method 
for cardiomyocyte enrichment using these types of systems 
[ 40 , 41 ], and our results demonstrate that enhanced expres-
sion levels of both endogenous and transgenic  Ncx-1  were 
associated with the cardiomyocyte-enriched fraction. While 
this does not prove that  Ncx-1  expression is selectively up-
regulated in cardiomyocytes, these observations are consis-
tent with earlier studies showing that low levels of  Ncx-1  are 
expressed in pluripotent mES cells [ 42 ] and during gastru-
lation in vivo [ 38 ]. Importantly, they are also consistent with 
previous work showing that  Ncx-1  expression increases dra-
matically in cardiomyocytes during early stages of cardiac 
development in vivo [ 38 , 39 ]. 

 The relatively low percentage of stable clones obtained 
in our screening process likely derives from where and how 
the electroporated linearized plasmid DNA integrated into 
the mouse genome for each clonal line and the fact that the 
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  FIG. 5.     Time course of in vivo bioluminescence activity in the developing mouse heart following transplantation of 50,000 
 Ncx-1 -43LUC mES cells that had been induced to differentiate into beating cardiomyocytes (7 + 3 days) in vitro. ( A–E ) In 
vivo BLI at 4, 8, 18, and 24 days post-transplantation. Representative mice are shown for each time point, with the mouse on 
the left serving as the negative control (vehicle injection only) for the mouse on the right, which had been injected with the 
mES cells. ( F ) Graph of BLI data collected over the indicated time course ( n  = 7–16/time point).     Color images available online 
at www.liebertonline.com/scd.
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 In the pluri state, we found little evidence for subse-
quent cardiomyocyte differentiation in transplanted mES 
cells, regardless of which cell line was used or how many 
cells were transplanted per heart. We could readily identify 
the transplanted mES cells in postmortem heart sections 
by strong EYFP expression, but found no clear examples 
of co-expression of EYFP with myocardial markers follow-
ing pluri mES cell transplantations. While we cannot rule 
out the possibility that a few of the transplanted pluri mES 
cells may have differentiated into cardiomyocytes in vivo, it 
appears that this is a relatively rare event that is consistent 
with what other investigators have observed using similar 
ES cell transplantation strategies [ 40 , 41 ]. 

 One key fi nding from the present study is that prior in-
duction of cardiac differentiation appeared to promote the 
development and/or maintenance of a cardiomyocyte-like 
phenotype of the transplanted mES cells over a period of 2–4 
weeks in vivo. This fi nding is consistent with that reported 
by Kolossov et al. [ 47 ], though the present study is the fi rst 
to utilize imaging techniques to identify and quantify mES 
cellular differentiation activity over time in vivo. Further, 
mES cells identifi ed in ventricular myocardium appeared 
to have aligned themselves in parallel with existing myo-
cardium. While we do not yet know if they had become 
electromechanically coupled to existing myocytes, they did 
appear to be positioned in a manner consistent with phys-
ical integration with endogenous myocardium. Additional 
testing is required to determine if these cells are function-
ally coupled with surrounding myocardial cells in the host 
heart. At this point, however, we can conclude that in vitro 
differentiation of mES cells into beating cardiomyocytes 
prior to transplantation led to an improved ability of the 
transplanted mES cells to acquire and/or maintain cardio-
myocyte-like characteristics in vivo. 

heart model, defi ned as the minimum number of cells re-
quired to produce a BLI signal in vivo with relatively low 
risk of tumor-like growths of mES cells developing. Our 
results suggest that transplantation of 100,000 or more cells 
has a high probability of tumor-like formations, and this 
was true for all cell lines tested. Further, both pluri and car-
dio mES cells produced tumor-like formations when 100,000 
or more of them were transplanted into the neonatal mouse 
heart. Consequently, we can reasonably conclude that using 
100,000 or more mES cells leads to undesired side effects in 
this model, similar to that seen in other studies where plu-
ripotent mES cells have been transplanted into adult mouse 
hearts in vivo [ 40 , 41 ]. 

 On the other hand, if too few cells are transplanted into 
the heart, then it becomes diffi cult to visualize them in vivo 
using BLI, though there appears to be much lower risk of 
tumor-like formations appearing when using fewer cells 
[ 41 ]. We found injection of 10,000 cells per heart was the 
lower limit for subsequent detection of these cells in vivo 
using BLI techniques. This limit is dependent on the par-
ticular cell line used. For example, the  GAPDH -6LUC and 
 α-MHC -4LUC cells required 50,000–100,000 cells per heart in 
order to achieve a measurable BLI signal. This is likely due 
to a number of factors, including promoter strength, chro-
mosomal context of the recombination site, and differenti-
ation status of the cells. For most of our experiments with 
 Ncx-1 -43LUC EYFP mES cells, we used 50,000 cells per heart 
because these generated stronger and more consistent in 
vivo BLI signals (compared with 10,000 cells/heart) without 
necessarily producing tumor-like growths. Thus, another 
conclusion that can be drawn from these data is that injec-
tion of 10,000–50,000  Ncx-1 -43LUC EYFP mES cells per heart 
was an effective number of cells for in vivo BLI assessments 
in this neonatal mouse model. 
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  FIG. 6.     Dual fl uorescent staining of transplanted  Ncx-1 -43LUC mES cells that had been differentiated into beating cardio-
myocytes (7 + 3 days) in vitro. Each row of panels represents images from a single optical plane through ventricular myo-
cardium stained with the muscle-specifi c marker, sarcomeric α-actinin ( A  and  D ), EYFP ( B  and  E ), or an overlay of α-actinin 
and EYFP ( C  and  F ). The staining was performed 14 days post-transplantation. Arrows indicate examples of EYFP+ mES 
cells that had developed sarcomeric structures as evidenced by the ladder-like staining pattern achieved from α-actinin 
staining in these sections. Scale bars, 10 μm. Color images available online at www.liebertonline.com/scd.    
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and informative system to evaluate the behavior of these 
novel stem cell lines in vivo. This study represents a novel 
use of BLI to directly evaluate the differentiation status of 
transplanted stem cells in the developing heart. Future stud-
ies will seek to selectively isolate cardiomyocyte-enriched 
populations of these cells and further characterize their po-
tential to repair/regenerate myocardium using a variety of 
in vitro and in vivo model systems.   
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delivery strategies and techniques rather than issues concern-
ing the differentiation status of the transplanted cells. 
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  Summary 
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