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a b s t r a c t

Multipotent germline stem (mGS) cells have been established from neonatal mouse testes. We previously
reported that undifferentiated mGS cells are phenotypically similar to embryonic stem cells and that fetal
liver kinase 1 (Flk1)+ mGS cells have a similar potential to differentiate into cardiomyocytes and endothe-
lial cells compared with Flk1+ embryonic stem cells. Here, we transplanted these Flk1+ mGS cells into an
ischemic heart failure mouse model to evaluate the improvement in cardiac function. Significant increase
in left ventricular wall thickness of the infarct area, left ventricular ejection fraction and left ventricular
maximum systolic velocity was observed 4 weeks after when sorted Flk1+ mGS cells were transplanted
directly into the hearts of the acute ischemic model mice. Although the number of cardiomyocytes
derived from Flk1+ mGS cells were too small to account for the improvement in cardiac function but
angiogenesis around ischemic area was enhanced in the Flk1+ mGS cells transplanted group than the con-
trol group and senescence was also remarkably diminished in the early phase of ischemia according to
b-galactosidase staining assay. In conclusion, Flk1+ mGS cell transplantation can improve the cardiac
function of ischemic hearts by promoting angiogenesis and by delaying host cell death via senescence.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction ethical problem in establishment of human ES cells and application
The main cause of severe heart failure is ischemic heart disease.
Although heart transplantation is the most effective therapy for
end-stage severe heart failure, demand of donor hearts far out-
strips supply of available hearts [1]. To this end, cardiac stem/pro-
genitor cells are considered as one of promising source for radical
cell-based therapies to bridge ischemic heart disease patients to or
altogether replace heart transplantation [2–6].

Several studies reported that embryonic stem (ES) cells are one
of hopeful cell source for transplantation into heart and improve-
ment of cardiac function had observed by the transplantation of
ES cells. Because ES cell are derived from fertilized eggs, there is
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for human therapy. Furthermore ES cells are derived from other
individuals, there is also immunological problem of host rejection
to the transplanted cells.

Recently multipotent germline stem (mGS) cells were estab-
lished from neonatal mouse testis. The mGS cells have less ethical
problem compared with ES cells and if the mGS cells are estab-
lished from an ischemic heart disease patient and the mGS cells
are applied for treatment of the patient, we can provide novel
and better cell therapy for ischemic heart disease with less ethical
and immunological problem.

We previously reported that mGS cells from neonatal mouse
testis are as favorable as mouse ES cells for differentiation into
cardiomyocytes and endothelial cells by the selection with the
mesodermal cell surface marker [7,8], fetal liver kinase 1 (Flk1)
[9,10]. The differentiated cardiomyocytes derived from mGS cells
have similar electrophysiology as adult mouse cardiomyocytes
in vitro [10]. Furthermore, we reported that Flk1+ cells derived
from ES cells have the potential to improve cardiac function in a
model of cardiomyopathy by direct cardiac transplantation [5]. Gi-
ven these convincing results, we transplanted Flk1+ cells derived
from mGS cells directly into acute ischemic hearts, and evaluated
the improvement in cardiac function. Moreover, we studied the ef-
fect of Flk1+ mGS cell-transplantation on cardiac regeneration.
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2. Materials and methods

2.1. Cell culture and differentiation

Green fluorescence protein positive mGS cells were maintained
on mouse embryonic fibroblasts in DMEM (Sigma) containing 15%
fetal calf serum (FCS) (Sigma), 1 � 10�4 M 2-mercaptoethanol
(2ME) and 5000 U/ml leukemia inhibitory factor (LIF) as described
previously [9,10]. These cells were differentiated into mesodermal
cells on OP-9 stromal cell layers in alpha-MEM (Gibco) containing
10% FCS (Sigma) and 5 � 10�5 M 2ME without LIF (differentiation
medium) at a concentration of 3 � 104 cells/25 cm2 flask (FALCON)
[10,11]. OP-9 cell line was a kind gift from Dr. Kodama and was
maintained as described previously [12].

2.2. FACS Vantage sorting

The cell surface marker antibodies used in these FACS experi-
ments were a rat anti-mouse Flk1 antibody (BD Pharmingen) [7]
and allophycocyanin-conjugated anti-rat IgG antibody served as a
secondary antibody. Analysis was performed by FACSCalibur (BD
Biosciences). The mGS cell derivatives were divided into Flk1+

and Flk1� cells by anti-Flk1 labeling followed by sorting with a
FACSVantage SE (BD Biosciences) 4 days after differentiation.

2.3. b-Galactosidase assay

Cell-transplanted hearts were removed quickly on day 3 and
day 7 after the cells transplantation, each heart coronal sections
were incubated at 37 �C (no CO2) with fresh senescence-associated
b-galactosidase (3-Gal (SA-3-Gal) stain solution: 1 mg of 5-bromo-
4-chloro-3-indolyl P3-D-galactoside (X-Gal) per ml/40 mM citric
acid/sodium phosphate, pH 6.0/5 mM potassium ferrocyanide/
5 mM potassium ferrocyanide/150 mM NaCl/2 mM MgCl2 [13,14].
Staining was evident in 2–4 h and all the specimens were incu-
bated for 6 h.

2.4. Transplantation of mGS cells to acute myocardial ischemic model
mice

To produce acute myocardial ischemic model mice, we used 8-
week-old male DBA/2 mice. As mGS cells were produced from
these DBA/2 mice testes, the MHC types of this mouse and mGS
cells are same. All animal handling procedures followed the Guide
for the Care and Use of Laboratory Animals published by the US Na-
tional Institutes of Health (NIH Publication No. 85–23, revised
1996) and the guidelines of the Animal Research Committee of
the Graduate School of Medicine, Kyoto University. Mice were
anesthetized and intubated for mechanical controlled ventilation
before thoracotomy. After opening their left intercostal space, left
anterior descendant coronary artery (LAD) was ligated perma-
nently. The 10 ll of Flk1+ or Flk1� mGS cells suspension (3 � 105/
10 ll) was then injected dividedly into two sites of marginal zone
(between scar area and normal area). The number of mice were as
follows, n = 10 for Flk1+ mGS cells transplantation, n = 5 for Flk1�

mGS cells transplantation, n = 14 for medium injection (sham
group), n = 10 for non-treatment (control group).

2.5. Hemodynamic measurements and electrocardiogram recordings

Hemodynamics was indirectly measured via echocardiography
with a 15–16 MHz phased-array transducer (model 21390A, PHI-
LIPS). Left ventricular diastolic diameter (LVDd) and left ventricular
systolic diameter were measured and the left ventricular ejection
fraction (LVEF) was calculated as previously described [2]. Cardiac
catheterization was performed 4 weeks after the cell transplanta-
tion by using a 1.4-Fr micro manometer tipped catheter (Miller
Instruments Inc.). Left ventricular pressure curve was recorded
and left ventricular maximum systolic velocity (+dP/dt) and mini-
mum diastolic velocity (�dP/dt) were calculated by a PowerLab
System (PowerLab 4/25 ML845 and BIO Amp CF ML132) (ADInstru-
ments) [5]. All measurements were performed under anesthesia
with mask inhalation of 0.5–1.0% sevoflurane and a heart rate of
approximately 450/min.

2.6. Histology

Tissue slices (7 lm) were fixed with 4% paraformaldehyde and
incubated with antibodies specific for the following markers: car-
diac troponin-I (cTn-I) (Santa Cruz Biotechnology), CD31 (Becton
Dickinson), p53 (BD Pharmingen) and p21 (BD Pharmingen). Cy3-
conjugated donkey anti-mouse IgG, Cy3-conjugated donkey anti-
goat IgG, and Cy3-conjugated goat anti-rat IgG (Jackson Immuno-
Research Laboratories, Inc.) served as secondary antibodies. All
heart sections were incubated with these antibodies using the
M.O.M. kit (Vector Laboratories, Inc.) to prevent non-specific reac-
tions. Many heart slices were also stained with hematoxylin–eosin
(HE) to detect abnormal cell growth due to transplanted Flk1+ or
Flk1� mGS cells. Hearts fixed in 10% formalin were embedded in
paraffin, sectioned at 4 lm thickness, and stained with Masson-
Trichrome for detecting fibrosis in infarcted areas. For apoptosis
analysis, infarcted hearts were frozen in cryomolds, sectioned,
and terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) was performed according to the manufacturer’s protocol
(In Situ Apoptosis Detection kit; Takara).

2.7. Statistical analysis

Data were analyzed with paired or unpaired two-tail Student’s
t-test with Microsoft Excel software. Statistical significance was
defined as a p value of less than 0.05.
3. Results

3.1. Transplantation of Flk1+ mGS cells significantly improves the
cardiac function of ischemic hearts

We used 8-week-old male DBA/2 mice. Ten minutes after per-
manent LAD occlusion, 3 � 105 Flk1+ mGS cells were transplanted
equally into two sites of the anterior left ventricular free wall. As a
control group, an equivalent volume of medium was injected into
the AMI model mouse hearts in a similar fashion.

To investigate whether Flk1+ mGS cells undergo cardiomyogen-
esis in vivo as efficiently as they do in vitro and whether cardiac
function improves after Flk1+ mGS cell transplantation, we sorted
mGS-derived Flk1+ cells on day 4 of differentiation (Fig. 1A). A total
of 39 mice were used in these experiments as follows: 10 AMI
model mice were transplanted with Flk1+ mGS cells, 14 AMI model
mice were injected with an equivalent volume of medium alone,
and 10 normal mice were used as controls. In addition, we injected
Flk1� mGS cells into hearts of 5 AMI model mice. To assess the
severity of cardiomyopathy in the AMI model mice, LVDd and LVEF
were assessed by echocardiography at weeks 0 and 4. Although the
LVDd of the Flk1+ mGS cell transplanted group and the medium in-
jected group was not significantly different at 4 weeks after the cell
transplantation, the Flk1+ mGS cell transplanted group had signif-
icantly higher LVEF values than the medium injected group (Fig. 1B
and C).

Cardiac catheterization in mice was used to evaluate the left ven-
tricular +dP/dt and left ventricular �dP/dt parameters at 4 weeks



Fig. 1. (A) mGS cell-derived Flk1+ cells were detected clearly after 4-day differentiation (left panel). Flk1+ mGS cells were sorted by flow cytometry with greater than 97%
purity (right panel). (B,C) The results of echocardiography in each group. LVDd between in the Flk1+ mGS cell transplanted group and in the medium injected control group
was not significantly different (B). LVEF between the Flk1+ mGS cell transplanted group and the medium injected group was significantly different (C). (D,E) The results of
cardiac catheterization in each group reveals that significant increase of +dP/dt in the Flk1+ mGS cell transplant group, but not in the medium injected group. (F) The
percentage of infarcted circumference was calculated in each group. �p < 0.01, §p < 0.05.
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after the cell transplantation. The Flk1+ mGS cell transplanted group
showed significant improvement in +dP/dt values when compared
to the values of the medium injected group (Fig. 1D). As for �dP/
dt, there were no significant difference between these two groups
(Fig. 1E). These results indicated that Flk1+ mGS cell transplantation
was influenced by the systolic function, not diastolic function, of AMI
model mouse hearts. Of course, the size of infarcted area (the ratio of
infarcted circumference to the entire heart circumference) was not
significantly different in each group as evaluated by Masson-Tri-
chrome stain (Fig. 1F). In contrast, the cardiac function of Flk1�

mGS cell transplanted group was not recovered 4 weeks after trans-
plantation assessed by echocardiography and cardiac catheteriza-
tion (LVDd 4.31 ± 0.41 mm, LVEF 57.6 ± 11.6%, +dP/dt 9167.4 ±
1722.2 mmHg/s, �dP/dt �5958.1 ± 1311.7 mmHg/s, respectively).
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3.2. Flk1+ mGS cells differentiated into cardiomyocytes and endothelial
cells in AMI model mice heart

Cardiomyogenesis of the transplanted Flk1+ mGS cells in AMI
model mouse hearts was evaluated by immunohiostochemistory.
Transplanted Flk1+ mGS cells differentiated not only into cTn-I po-
sitive cardiomyocytes in the infarcted area but also endothelial
cells that form tube-like structures (Fig. 2A and B). These differen-
tiated cardiomyocytes and endothelial cells may partly contribute
to the improvement of cardiac function.

To investigate another mechanism of the observed improved
cardiac function with Flk1+ mGS cell transplantation, we quantified
the number of vessels in the marginal zone. The marginal zone was
defined as the area between infarcted area and normal (non-ische-
mic) area. The number of the vessels, defined as tube-like struc-
tures with CD31 positive cells, was significantly higher in the
Flk1+ mGS cell transplanted group than that of the medium in-
jected group (Fig. 2C). These results suggested that enhanced angi-
ogenesis in the marginal zone should supply better blood flow in
the Flk1+ mGS transplanted group than in the medium injected
group. In the hearts transplanted Flk1�mGS cells, we could not de-
tect differentiated cardiomyocytes and endothelial cells derived
from Flk1� mGS cells.

3.3. Preserved LV wall thickness in the marginal zone by the Flk1+ mGS
cells transplantation

In infarcted areas, we observed increased cardiomyocyte sur-
vival in the Flk1+ mGS cell transplanted group than the medium in-
jected group (Fig. 3A–D). The wall thickness of infarcted area was
Fig. 2. (A) GFP+ mGS cells (left, green) were stained with cardiac troponin-I (cTn-I) (mid
green) were stained with CD31 (middle panel, red). Merged image (right). The nuclei wer
marginal zone in each group. Scale bar: 100 lm. �p < 0.01. (For interpretation of the refer
article.)
much thicker in the Flk1+ mGS cell transplanted group than in
the medium injected group (Fig. 3E). In contrast, the wall thickness
of infarcted area in the Flk1� mGS cell transplanted group was
same as that of the medium injected group.

3.4. Apoptosis in the marginal zone was not suppressed by the Flk1+

mGS cells transplantation

To investigate the mechanism of cardiomyocyte survival, we
first counted the number of apoptotic cells in the marginal zone
of each group 0, 6, 12, and 24 h and 4 weeks by TUNEL staining
after Flk1+ cell transplantation or medium injection (Fig. 3F–H).
The number of apoptotic cells rapidly increased 6 h after infarction
and then gradually decreased until 24 h. The ratio of apoptotic cells
to non-apoptotic cells 24 h after Flk1+ mGS cell transplantation
was almost the same as during the time course from 0 h to 4 weeks
after Flk1+ cell transplantation or medium injection (Fig. 3I). These
results revealed that the observed apoptosis after infarction was
not suppressed by Flk1+ mGS cell transplantation compared to
medium injection.

3.5. Senescence in the marginal zone was prevented and delayed by
the Flk1+ mGS cells transplantation

Next, we investigated the association of Flk1+ mGS cell trans-
plantation and senescence, a type of cell death [13,15,16]. Senes-
cent cells were detected by a b-galactosidase assay 3 and 7 days
after the Flk1+ mGS cell transplantation and the medium injection.
Although there were no significant difference in b-galactosidase
stained areas between the Flk1+ mGS cell transplanted group and
dle, red). Merged image (right). (B) GFP+ mGS cells with a tube structure (left panel,
e counterstained with Hoechst 33342 (blue). (C) The number of CD31+ vessels in the
ences to colour in this figure legend, the reader is referred to the web version of this



Fig. 3. (A) Coronal sections of Flk1+ mGS cell transplanted heart 4 weeks after the cell transplantation. This section was stained with Masson-Trichrome stain. (C) A magnified
area of infarcted area from panel A. (B) The coronal section of a medium injected heart 4 weeks after the injection. This section was stained with Masson-Trichrome stain. (D)
The magnification of infarcted area in the panel B. (E) The thickness of the infarcted anterior wall in each group. §p < 0.05. (F–H) TUNEL positive nucleus (F: left, green) was
detected in the marginal zone. The nuclei were counterstained with Hoechst 33342 (G: middle, blue). Merged image (H: right). (I) The percentages of TUNEL positive nuclei
were compared after Flk1+ mGS cell transplantation or control medium injection. There were no significant difference between the Flk1+ mGS cell transplanted group and the
medium injected group over the 4-week time course. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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the medium injected group 7 days after the transplantation, the b-
galactosidase stained area was undoubtedly smaller 3 days after
the transplantation in the Flk1+ mGS cell transplanted group than
in the medium injection group (Fig. 4A–D). Especially in the Flk1+

mGS cell transplanted group, the b-galactosidase stained area on
days 3 was located in the endocardium side of infarcted area. On
the other hand, the epicardium side of infarcted area was not
stained deeply by the b-galactosidase (Fig. 4A). These results re-
vealed that the cell dearth via the cell senescence was delayed by
the Flk1+ mGS cells transplantation. Finally, we investigated the cell
signals, p21 and p53 that were elevated during the senescence
pathway [17,18], to confirm that the senescence is actually pre-
vented by the cells transplantation. Activated p21 and p53 were
not clearly detected in the epicardium and endocardium sides of in-
farcted area in the Flk1+ mGS cell transplanted group on 3 days after
the cell transplantation (Fig. 4F and G). As to the medium injected
group, activated p21 and p53 were clearly detected all layers from
endocardium to epicardium in the infarcted area (Fig. 4H and I).

4. Discussion

There were a lot of candidates of cell sources for the cell trans-
plantation to heart failure model animals [2–4,19–21]. In these
sources, we reported the Flk1+ mGS cells were one of the most con-
vincing cell sources previously [10]. These Flk1+ mGS cells have en-
ough potential in their expansion at the undifferentiated state and
in their differentiation into cardiomyocytes and endothelial cells
in vitro. Under this knowledge, we transplanted these cells into
the hearts of AMI model mice. Stem cells derived from various tis-
sues including adipose tissue and bone marrow can also differenti-



Fig. 4. (A–D) b-Galactosidase staining was detected 3 days (A) and 7 days (B) after Flk1+ mGS cell transplantation. b-Galactosidase staining was also detected 3 days (C) and
7 days (D) after control medium injection. (E) b-Galactosidase staining was not detected in the non-ischemic normal heart. Scale bar: 1 mm. (F,G) Activated p21 and p53 were
not clearly detected in the epicardium and endocardium of infarcted areas in Flk1+ mGS cell-transplanted hearts (arrowheads). (H,I) Activated p21 and p53 were clearly
detected in the epicardium and endocardium of the infarcted area in medium injected hearts. The nuclei were counterstained with Hoechst 33342 (blue). Bar; 50 lm. O,
Outside the left ventricle. I, Inside the left ventricles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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ate into cardiomyocytes and endothelial cells in vitro and vivo [22],
indeed, but judging from in vitro differentiation capacity, mGS
cells, which have equal potential in differentiation into endothelial
cells to ES cells, have much priority.

Furthermore, the use of mGS cells in cardiac regeneration ther-
apy for ischemic heart disease has much advantage. In the plurip-
otent or multipotent stem cells, ES cells have ethical problem, adult
stem cells have less differentiate potential into cardiomyocyte and
endothelial cells than ES cells or mGS cells in vitro, and induced
pluripotent stem (iPS) cells are consist of transgenes and have a
problem to be oncogenic.

Transplantation of the Flk1+ mGS cells improved the left ven-
tricular systolic function and a part of Flk1+ mGS cells could differ-
entiate into cardiomyocytes and endothelial cells in vivo. But we
could not be sure that only a few numbers of these differentiated
cells were sufficient to bear the results of this cardiac functional
improvement. However; if we can improve the method of trans-
plantation, it is surely expected that the differentiation potential
of Flk1+ mGS into cardiomyocytes and endothelial cells can be
remarkably increased in vivo compared to other tissue stem cells.
In contrast, the Flk1� mGS cell transplantation did not improve
the cardiac function of AMI model mice. And more, we could not
detect any differentiated cardiomyocyte or endothelial cell derived
from Flk1� mGS cells in the infarcted area.

Except for the cardiac and endothelial cells differentiation from
the transplanted cells, the mechanisms of cardiac function
improvement after the cell transplantation were reported previ-
ously. Some reported the mechanism was vasculogenesis [2,6,23],
and others reported it was anti-apoptotic effect [2] after the cell
transplantation for AMI models. In our experiments, the thickness
of the infarcted area was significantly larger in the Flk1+ mGS cell
transplanted group than in the medium injected group. Simulta-
neously, angiogenesis in the marginal zone was more frequently
detected in the Flk1+ mGS cell transplanted group than that in the
medium injected group. Most of these new vessels were not the re-
sult of regeneration from the transplanted Flk1+ mGS cells, but the
result of the angiogenesis from the host cells. These results indicate
that the sufficient blood perfusion resulting from enough angiogen-
esis enables host cardiomyocytes to survive after Flk1+ mGS cells
transplantation. At this time, we questioned why angiogenesis is
enhanced specifically after the Flk1+ mGS cells transplantation
and not after the medium injection. Furthermore, we investigated
the cell death mechanism after cell transplantation. We first inves-
tigated the anti-apoptotic effect of cell transplantation. But the
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anti-apoptotic effect was not clearly revealed by the TUNEL staining
in our experiments. Gonzalez et al. previously reported that activa-
tion of cardiac progenitor cells reversed senescence and improved
the cardiac function in the failing heart [16]. Because we think that
the Flk1+ mGS cells are similar to cardiac stem/progenitors cells, a
similar phenomenon may occur after the Flk1+ mGS cell transplan-
tation. The reduction effect of senescence may occur in the trans-
plantation of ES cells, adipose tissue stem cells or bone marrow
derived cells, further examination is needed for selecting the most
effective cells from these cell source and mGS cells. In the b-galac-
tosidase assay, cell death via senescence was clearly inhibited at the
early phase of AMI after the Flk1+ mGS cells transplantation. In
addition, the signals p21 and p53 were activated in senescent cells
and both signals were especially inhibited around the epicardial
layers in the infarcted area at the very early phase of AMI. From
these results, Flk1+ mGS cell transplantation first prevents cell
senescence in infarcted areas at the very early phase of ischemia.
Next, angiogenesis from transplanted cells was enhanced during
this period. Finally, a number of original host cardiomyocytes sur-
vived in the Flk1+ mGS cell transplanted group. We think that the
cardiac function of the Flk1+ mGS cell transplanted group was sig-
nificantly improved through these hypothetical mechanisms.
Above these insights, we expect both the effect of angiogenesis
and the reduction effect of senescence simultaneously from Flk1+

mGS transplantation in vivo when we can improve the method of
the cell transplantation to ischemic heart.

In conclusion, the transplanted Flk1+ mGS cells improved the
cardiac function in the AMI model mice and we observed that these
cells differentiate into cardiomyocytes and endothelial cells. In
addition, they prevented host cardiomyocytes death mainly
through inhibition of senescence. Of course, these mechanisms re-
quire further investigation. When these mechanisms become more
clearly elucidated, we hope that in the pluripotent or multipotent
stem cells which are available for clinical application of cardiac
regeneration therapy, Flk1+ mGS cell transplantation will have
advantage in the therapy for AMI patients.
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