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Abstract

Limited donor-cell engraftment to the injured tissue restricts therapeutic efficacy of stem cell
transplantation.  Herein, we proposed an alternative strategy by using in utero transplantation (IUT) to
create mixed-chimerism environment in recipients and to facilitate donor-cell engraftment followed by
postnatal secondary boost with the same cells.  Mouse bone marrow stromal cells (BMSCs) were used as
the xenogenic donor cells and given into rat fetus as an early exposure of IUT treatment.  The engraft-
ment potential was analyzed for the presence of BMSCs by flow cytometry or PCR in recipient tissues.
The function of a second boost of mouse BMSCs, in terms of cardioprotection, was tested by given 1 × 106

cells to rat IUT hearts with ischemia/reperfusion (IR) injury that was induced by a 45 min of left
coronary ligation and released for 72 h.  Mouse BMSCs demonstrated an immunosuppressive effect when
mixed with mouse or rat lymphocytes.  IUT treatment only caused few BMSCs engrafted to fetal
(embryonic day 20) and adult (4 weeks after birth) rat organs including heart, but engraftment was
increased in hearts of the IUT rats after second boost.  This was coincided with attenuation of cardiac
injury caused by IR.  Interestingly, an up-regulation of CXC chemokine receptor type 4 (CXCR4) was
seen when BMSCs were exposed to hypoxia.  This indicates that enhanced engraftment of mouse BMSCs
to post-ischemic rat hearts possibly is dependent on CXCR4.  Moreover, results of flow cytometry
demonstrated that the presence of CD34+ cells in rat IUT hearts with IR injury was increased.  These
observations suggest that enhanced engraftment of donor BMSCs to rat IR hearts by CXCR4 may recruit
endogenous CD34+ cells of recipients which in turn protects heart against IR.  This also supports the
notion of fetal preconditioning with BMSC enhances the efficiency of progenitor cell-mediated organ
protection after a postnatal second boost in xeno-transplantation.

Key Words: In utero transplantation, preconditioning, bone marrow stromal cells, ischemia/reperfusion,
heart, CD34+ cells
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Introduction

Adult myocardial ischemia/reperfusion (IR)
injury is a main cause of morbidity and mortality in
industrialized countries.  Changes in myocardial
tissues following IR injury contribute to functional
failure.  Until now, cardiac transplantation is the only
solution to cure severe terminal heart failure.  Recent
attempts to repair infarcted myocardium using cellular
therapy include adult cardiomyocytes, skeletal myo-
blasts, immortalized myoblasts, smooth muscle cells
and fibroblasts (18, 24, 40, 48, 49).  Nevertheless,
stem/progenitor cells have been the widely-used
choice to regenerate cardiac tissues damaged by myo-
cardial infarction (8, 9, 16, 21, 34, 38, 44, 51).

Bone marrow contains hematopoietic and non-
hematopoietic stem/progenitors cells for blood homeo-
stasis.  Recently, a specific group of non-adherent
bone marrow cells expressing CXCR4+/Sca-1+/lin–/
CD45– mononuclear cells in mice and CXCR4+/
CD34+/AC133+/CD45– mononuclear cells in humans
have been reported to be capable of mobilizing into
the peripheral blood and infarcted myocardium (4,
23, 34).  Moreover, it is well known that bone marrow
contains adherent cells, called bone marrow stromal
cells (BMSCs), containing heterogeneous adult stem
cells, or progenitors, which can give rise to various
mesenchymal and non-mesenchymal cell types.  An
in vitro study has demonstrated that CD45–/Sca-1+

BMSCs can express phenotypic characteristics of
cardiomyocytes after myogenic induction (27).  Later,
several animal studies have also shown that BMSCs
can ameliorate cardiac functions after myocardial
infarction (19, 27, 33, 43).  We previously reported
that adult mouse BMSC-derived CD45+/CD34–/lin–

non-hematopoietic mononuclear cells were also
capable of migration and engraftment into an area of
infarction to achieve cardioprotection in rats by xeno-
transplantation (12).

The promising therapeutic effect(s) of BMSCs
is dependent on their capacity to engraft and survive
in the target tissue.  However, transplantation of large
amounts of cells into infarcted hearts yield only
marginal improvement in cardiac functions (47).  This
is due possibly in part to poor donor-cell engraftment,
loss of engraftment or increased immunogenicity of
the transplanted cells in an ischemic environment.
Therefore, strategies to enhance repair cells implanted
into the heart and to decrease immune rejection of
transplanted cells by recipients’ immune system are
the keys to successful treatment of cellular therapy.
Recently, it has been reported that cardiomyocyte
survival in IR subjects is increased by prior repeated
exposure to hypoxia or sublethal ischemia (6, 31).
This phenomenon is called preconditioning.  In addi-
tion, it has recently been reported that preconditioning

with certain tissue protective factors enhances survival
and engraftment of the transplanted cells, and further
triggers additional host repair cells into the injured
heart (35).  However, detailed mechanism(s) underly-
ing preconditioning remain to be elucidated.  Evidence
on preconditioning with certain types of cells to en-
hance cell survival and to decrease immune rejection
in recipients has not yet been reported.

Studies of in utero transplantation (IUT) of
stem cells into mice, sheep, cats and nonhuman pri-
mates have demonstrated that transplantation during
early gestation is essential to avoid rejection (13, 14,
17, 41).  IUT operation increases the level of donor
chimerism in the recipient, as well as it can achieve
secondary donor cell transplantation without cytore-
ductive therapy.  In addition, the degree of donor
chimerism of IUT can be enhanced by a second trans-
plantation in postnatal (36).  In theory, such an ap-
proach could be used to facilitate any cellular or
organ transplantation after birth.  Human and murine
derived mesenchymal stem cells have been trans-
planted into fetal animals and shown to persist for a
least for 3 to 13 months with multilineage differentia-
tion potential (7, 11, 25).

Based on the above postulated mechanisms, we
propose that an alternative strategy would be the use
of IUT to create donor micro-chimerism, followed by
postnatal secondary transplantation with the same
donor cells.  The low engraftment level in IUT recipient
could be enhanced after postnatal secondary trans-
plantation.  With improvement in engraftment, effec-
tive cardioprotection against ischemia-reperfusion
would be strengthened in IUT recipients which possess
low or lack of donor-cell engraftment.

Materials and Methods

Animals

Inbred BALB/c and C57BL/6 mice (10-12 weeks
old) were purchased from the National Laboratory
Animal Center (Taipei, Taiwan) and used as donors
for bone marrow stromal cells or hematopoietic stem
cells.  Male and female Sprague Dawley rats (200-
225 g) were purchased from BioLASCO Taiwan Co.,
Ltd. and used for the myocardial infarction procedure.
All animal protocols were approved by the Institutional
Animal Care and Use Committee.

Bone Marrow Stromal Cell Isolation and Culture

Male BALB/c mice bone marrow was harvested
by flushing the femoral and tibial shafts with a collect-
ing buffer as described previously (10).  Red blood
cells were removed and mononuclear cells were ob-
tained by Ficoll-Paque PLUS density gradient cen-
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trifugation (GE Healthcare, Bjorkgatan, Uppsala,
Sweden; 1.077 g/cm3) and then plated in an expansion
medium.  After 7-10 days, adherent stromal cells with
fibroblastic morphology and a 50%-60% confluency
were collected and re-plated in a culture medium
consisted of Iscove’s modified Dulbecco’s medium
(IMDM, Gibco-BRL, Grand Island, NY, USA) and
10% fetal bovine serum (FBS, Hyclone, Logan, UT,
USA) supplemented with 50 U/ml penicillin, 50
µg/ml streptomycin, and 2 mM L-glutamine (Gibco-
BRL).

In Utero Transplantation (IUT)

The procedure for IUT was slightly modified
from a method reported previously (10, 11).  Briefly,
13-14-day-old pregnant SD rats were anesthetized
with an isoflurane vaporizer machine (VIP 3000,
MDS Matrx, Orchard Park, NY, USA).   Rat uterus
was exposed through a vertical laparotomy incision,
and fetal recipients were transplanted intraperito-
neally using a 45-50-µm glass micropipette.  Each
injection consisted of 1 × 105 viable BMSCs in 5 µl
of PBS.  Recipient rats were delivered at 21-22
days of gestation and were weaned at 25 days of
age.  To determine the BMSCs injected in utero
on E14 engrafted in the fetal organs, we collected
fetal organ samples on embryonic day 20 (E20) before
birth which was 6 days after IUT according to
preliminary results of time points examined.  To
further evaluate the donor cells distributed in vary
tissues after birth, rat IUT recipients were sacrificed
at 4 weeks after birth with isoflurane anesthesia.
Blood and various tissues were collected for engraft-
ment evaluation.  For cardioprotection studies, IUT
recipients received myocardial infarction induction
at 4 weeks after birth.  Rats were sacrificed 72 h after
IR injury.

Induction of Rat Myocardial Infarction and
Administration of Mouse BMSCs

The rats were anesthetized by intrapertioneally
ketamine (60 mg/kg) and sodium pentobarbital (35
mg/kg).  The left anterior descending artery close to
its origin, about 3 mm away from the left coronary
ostium, was looped after thoracotomy as previously
described (26).  The looped stitch was snared for 45
min and then released for 72 h.  For the cell-treated
rats, 1 × 106 BMSCs prepared in phosphate-buffered
saline (PBS) in a volume of 0.1 ml were administered
intravenously via the external jugular vein within 5
min after coronary ligation.  The control rat was given
the same amount of PBS intravenously.

Determination of Cardiac Function and Injury

On the day of experiment, the rats were anes-
thetized with sodium pentobarbital (60 mg/kg, i.p.).
Blood was collected for determination of creatine
kinase MB (CK-MB) activity as previously described
(26).  The hearts were then rapidly excised, weighed,
and prepared on the Langendorff apparatus (Radnoti,
Monrovia, CA, USA) as previously described to eval-
uate cardiac contractility as the left ventricular de-
veloped pressure (LVDP) (26).  After the functional
study, middle slice of the heart was subjected to stain-
ing of 2,3,5-triphenyltertrazolium chloride (Sigma,
St. Louis, MO, USA) as described previously to
distinguish between the infarction (pale) and the viable
myocardium (red).

Blood and Tissue Collection

Peripheral blood from the heart was obtained at
the time of sacrifice.  Blood was collected into hep-
arinized microcapillary tubes.  A portion of the blood
was used for FACS analysis, and the remainder was
prepared for semi-quantitative PCR (sq-PCR) assays.
The bone marrow (BM), spleen, thymus, liver, kidneys,
heart, lung, brain and small intestine were obtained
postmortem under sterile conditions.  Tissue organs
included liver, lung, intestine and kidney were iso-
lated and digested with trypsin-collagenase solu-
tion.  Cell suspensions from the hematologic tissues
were made by grinding the tissues between frosted
ends of microscope slides, and cell counts were per-
formed.  The average number of cells in represen-
tative pieces of various tissues was used for calcu-
lating the percentage of donor cells by quantitative
PCR.

Allogeneic and Xenogeneic Mixed Lymphocyte Reaction
(MLR)

Mouse BMSCs were used as the source of the
stimulator.  Splenocytes from C57BL/6 mice or rats
were used as the source of the responder.  Responder
splenocyte suspensions were dissociated into a single-
cell suspension and washed 3 times with complete
culture media (CCM) consisting of RPMI-1640
supplemented with L-glutamine (2 mM), penicillin
(100 units/ml), streptomycin (100 µg/ml), Hepes (10
mM) (Gibco-BRL) and 10% fetal bovine serum
(HyClone).  Allogeneic or xenogeneic responder cells
(4 × 105) were cultured with 0.5 mg/ml mitomycin-
treated stimulator cells (8 × 105) in CCM for 3 days in
96-well flat-bottomed tissue culture plates in 5% CO2

in air.  At the end of the incubation period, 5 mg/ml
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) solution was added, and then crystal
formzan was dissolved in acid-isopropanol.  The
optical density was measured in a microplate reader
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(SPECTRAmax 340PC384, Molecular Devices,
Sunnyvale, CA, USA) at 570 nm.  Results are ex-
pressed as the mean stimulated minus the resting
optical density (OD) ± S.E.M.

Flow Cytometry

For cell surface antigen phenotyping of BMSCs,
cells were detached and stained with fluorescein- or
phycoerythrin-coupled antibodies and analyzed
using a flowcytometer Partec (CyFlow, Deutschland,
Germany).  The FITC-, biotin- and tricolor-conjugated
rat or mouse monoclonal antibodies against the murine
antigens CD34, CD44, CD45, CD49d, CD90, CD105,
CXCR4, Sca-1 and H-2Kd were purchased from Becton
Dickinson or eBioscience (San Diego, CA, USA).
FITC-, biotin- and PECy 5-conjugated hamster, rat or
mouse IgG1, IgG1a, IgG1k, IgG2ak and IgG2b isotype
standard antibodies were used as control antibodies.

Evaluation of Mouse BMSC Engraftment

For engraftment evaluation, the percentage of
cells of donor origin was evaluated by FACS using a
flowcytometer (CyFlow).  Red blood cells were lysed
with whole-blood lysing reagent and cells were washed
twice with cold cmf-DPBS containing sodium azide
(0.1%) and 0.5% BSA and incubated in the dark at
4°C for 30 min with H-2Kd or mCD45 monoclonal
antibodies or isotype control antibodies.  Cells were
then washed with DPBS/azide and analyzed.  Negative
controls showed negligible background staining of
less than 1%.

Semi-Quantitative Sequence-Specific PCR Analysis

Samples of blood or tissue were collected and
immediately centrifuged at 5,000 rpm in a microcen-
trifuge tube for 5 min.  The pellet was washed with 1
ml of solution A (100 mM KCl, 10 mM Tris (pH 8.3)
and 2.5 mM MgCl2).  Saponin lysis solution (0.4% in
0.5% NaCl; pH 7.4) (100 µl) was added to lyse the
residual red blood cells, followed by centrifuging at
7,000 rpm for 5 min.  A second wash was performed
with solution A only, leaving a dry pellet after the
wash.  The DNA was extracted by adding 100 µl of
solution A and 100 µl of solution B (10 mM Tris, pH
8.3, 2.5 mM MgCl2, 1% Tween-20, and 1% NP40)
with proteinase K (Gibco-BRL).  The solution was
incubated at 60°C for 2 h, with vortexing every 20
min.  The proteinase K enzyme was inactivated by
heating the solution at 95°C for 30 min.

Total cellular DNA was analyzed by PCR for
mouse-specific H-2Kd or mouse-specific CD45 using a
previously published method (8, 33) with modi-
fications.  Specific primers for mouse-specific H-2Kd

and mCD45 were selected based on the published
mouse sequences (H-2Kd: upstream primer, 5’-
CACTATTCAGGTGATCTCT-3’; downstream primer,
5’-CCAGGTAGGCCCTGAGTCT-3’; mCD45: up-
stream primer, 5’-AGATCCACGTGACACAGACA-
GTGA-3’; downstream primer, 5’-ACCACGGACCT-
CAGTGCTTACAAA-3’); these primers were shown
to specifically amplify mouse but not rat DNA.  DNA
amplification conditions included initial denatura-
tion at 95°C for 1 min, followed by 35 cycles of 30 s at
95°C, 1 min at 57.1°C, and 30 s at 72°C, with a final
extension at 70°C for 5 min. All samples were also
amplified to detect the β-actin gene (upstream primer,
5’-CGGGACCTGACTGACTAC-3’; downstream
primer, 5’-GAAGGAAGGCTGGAAGAG-3’) used as
a control for the presence of amplifiable DNA.  For
these controls, the reaction conditions were 32 cycles
of 30 s at 95°C, 1 min at 62°C, and 30 s at 72°C.  The
sensitivity of the assay was assessed by rat/mouse cell
dilution studies with a sensitivity of detection of 1
mouse cell in 10,000 rat cells.

Preparation of Cell Extracts and Western Blot Analysis

Cultured cells were prepared as a homogenate
of total protein. Protein samples were quantitied by a
commercial assay kit (Bio-Rad, Hercules, CA, USA).
For the in vitro hypoxia assay, 1 × 106 BMSCs were
exposure to 2% oxygen for 1, 4, 8 and 24 h.  Cells were
then collected, and proteins in the extracts were
separated and electrophoretically transferred to
nitrocellulose membranes (GE Healthcare-Amersham
Place, Buckinghamshire, UK) as previously described
(26).  After blocking with 5% skim milk, the mem-
branes were incubated overnight at 4°C with different
antisera, including CXCR4 and β-actin (Santa Cruz).
After washing, the membranes were incubated for 1 h
at room temperature with either horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG (Vector, Burlingame,
CA, USA) or anti-mouse IgG (Lenico, St. Louis, MO,
USA) as appropriate, washed, and the bound anti-
body was detected using a commercial ECL kit (GE
Healthcare-Amersham Place, Buckinghamshire, UK).

Statistical Analysis

All data are presented as means ± SD and the
differences between groups were assessed by the
Student’s t-test or one-way ANOVA with a signifi-
cance level of P < 0.05.

Results

Accumulated evidences have indicated that bone
marrow contains heterogeneous cell populations.
Those cells have shown differently contributed ef-
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fects on in vitro myogenic differentiation and in vivo
cardioprotection.  In this study, a heterogeneous
population of stromal type of bone marrow cells from
BALB/c mice was isolated and a stable cell line was
established.  In order to establish adherent bone
marrow stromal cells, non-adherent hematopoietic
stem cells or progenitor cells were first removed.
After 5 days of culture, the stromal cell populations
adhered to the bottom of the culture dish and devel-
oped a spindle-shaped morphology for character-

ization (Fig. 1A).  Flow cytometric analysis revealed
that BMSCs were strongly positive for CD44, CD45,
CD49d and MHC-I (H-2Kd) and partially positive for
CD105 and CD90 expression, but negative for the
expression of CD34 and Scal-1 (Fig. 1B).

It has been reported that adult marrow-derived
mesenchymal stromal cells could be immune-tolerant
and further be implanted into allogeno-transplant and
xenotransplant recipients (20, 27).  To determine if
mouse BMSCs could suppress a proliferative response
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Fig. 1. Characteristics of mouse BMSCs.  (A) Adherent stromal cells from bone marrow were isolated and the morphologic features
of stromal cells at day 3 after culture initiation (A-1) and the spindle-shape stromal cells appeared in the first passage (A-2) under
phase-contrast microscope are displayed.  Scale bar: 100 µm.  (B) Expression profiles of surface molecules were analyzed by
flow cytometry using specific surface-marker antibodies.  Results are displayed by a histogram.  The percent of positive cells
in all cells is shown.  The solid curves in the histogram are the profiles of the isotopic controls.
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in allogeneic and xenogeneic lymphocytes, we tested
the antigenicity of BMSCs using allogeneic and xeno-
geneic mixed lymphocyte culture reactions prior to
the IUT operation.  Splenocytes (4 × 105) from C57BL/
6 mice or SD rats were used as responder cells in
primary cultures stimulated with mitomycin-C-treated
BMSCs (1 × 105) from BALB/c mice.  C57BL/6 sple-
nocytes were also used as stimulators in the control
cultures.  The addition of BMSCs to the mouse or rat
splenocyte cultures strongly suppressed allogeneic
and xenogeneic lymphocyte proliferation (Fig. 2).

To assess the engraftment of transplanted mouse
BMSCs in xenogenic recipients after IUT, rat recip-
ients were sacrificed at embryonic day 20 (E20) after
IUT, and various tissues were collected.  Engraftment

of donor cells in tissues of fetal recipients was esti-
mated by sqPCR with mouse-specific primer H-2Kd.
PCR analysis for mouse donor cells showed that 82%
of the fetal tissues had demonstrable mBMSC engraft-
ment at E20.  The donor cell engraftment in various
tissues at E20 is summarized in Table 1.  Furthermore,
we collected adult organ specimens of IUT rats at 4
weeks after delivery.  Mouse donor cells (H-2Kd- or
mCD45-positive) were detected and persisted for 4
weeks after birth (Fig. 3).  However, the distribution
pattern in various tissues and the number of donor
cells in individual IUT recipients varied (Table 2).
There was no evidence of rejection in these xenoge-
neic cells.

The frequency of donor cells detection was
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Fig. 2. Inhibition of allogeneic and xenogeneic lymphocyte responses by mouse bone marrow-derived stromal cells (BMSCs).  BMSCs
showed an inhibition of allogeneic (□□□□□) and xenogeneic (▉) lymphocyte responses, while control groups exhibited no inhibitory
responses.  The groups of syngeneic and allogeneic/xenogeneic animals served as negative and positive controls, respectively.
Data are expressed as the mean of the OD ± SD of triplicates of three independent separate experiments.  *P < 0.01 compared
to the allogeneic control group; # indicated as P < 0.01 compared to the xenogeneic control group.

Table 1. Survival and engraftment of BMSCs into various tissues in recipient rats at embryonic day 20 after in
utero transplantation, by PCR assay

Test organs No. of injected Fetal survival Engraftmenta

fetus n (%) n (%)

28 17 (61.0) 14/17 (82.0)b

Liver 11/14 (78.6)c

Heart 9/14 (64.3)
Lung 8/14 (57.1)
Kidney 5/14 (35.7)
Small intestine 2/14 (14.3)
Brain 1/14 (7.1)
Thymus 10/14 (71.4)
Spleen 8/14 (57.1)
Bone marrow 13/14 (93)
aThe engraftment of donor cells in various tissues of recipients was estimated by flow cytometry with H-2Kd or mCD45
moAb.  Semi-quantitative PCR by H-2Kd primer was used while the % positive cells are less than 2%.  bThe engraftment
is indicated as number engrafted rat in all survival rats (percentage of engrafted rat recipients in total survival rats) after
IUT.  cThe engrafted tissue rate is indicated as engrafted tissue number in total engrafted recipient numbers (percentage
of tissue engrafted in total engrafted rats) after IUT.
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Table 2. Survival and engraftment of BMSCs in IUT recipient rats at 4 weeks after birth, by FACS or PCR assay
assessment

Test organs No. injected Fetal survival Engraftment and % of donor
fetus n (%) cells in tissues at scarified day

n (%)a % of donor cellsb

Means ± SD

31 15 (48.0) 7/15 (47.0)
Liver 6/7 (86.0) 1.5 ± 0.4
Heart 5/7 (71.4) 2.9 ± 0.8
Lung 5/7 (71.4) 2.1 ± 0.9
Kidney 4/7 (57.1) 0.7 ± 0.9
Bloodc 0/7 (0) 0
Small intestine 4/7 51.7) 1.0 ± 0.3
Spleenc 2/7 (28.6) 3.1 ± 0.6
Thymusc 2/7 (28.6) 2.4 ± 0.5
Bone marrowc 7/7 (100) 3.0 ± 0.9
aThe engraftment of donor cells in various tissues of recipients was estimated by flow cytometry with mCD45 moAbs.
Semi-quantitative PCR with H-2Kd primer was used while the % positive cells of flow cytometry are less than 2%.  b% of
donor cells is indicated as percentage of donor cells expressing mCD45 in 1 gm of rat tissues.  cThe cell number engrafted
in the blood, spleen and bone marrow of recipient rat was estimated by flow cytometry and indicated as percentage of
mCD45 or H-2Kd positive cells in all cells.

Fig. 3. Characterization of BMSC donor-cell engraftment in the heart of rat IUT recipients at 4 weeks after birth without IR treatment.
The Sprague-Dawley fetal rat recipients received BMSC (H-2Kd) injection at 13-14 days of gestation.  Donor cells were detected
in heart tissues postnatally by semi-quantitative PCR analysis for the H-2Kd gene and by flow cytometry using mCD45 moAbs.
Image analysis against the intensity of bands of serially-diluted standard controls indicated that donor cells were present
(panel A).   The FACS results showed engraftment of donor mCD45-positive cells in heart tissues of two IUT recipients (panel
B).  The engraftment and % of donor cell in various tissues is summarized in Table 2.
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low in the recipients at 4 weeks of age.  The H-2Kd-
specific sqPCR was used to further confirm while the
percentage of mCD45-positive cells of flow cytometry
was less than 2%.  One month after the transplantation,
7 of the 15 recipients (47%) had shown the presence
of mouse donor cells in multiple tissues.  Most en-
grafted recipients had demonstrable mouse donor
cells engraftment in the bone marrow (100%) after
IUT operation.  The percentage of mCD45+ donor-cell
engraftment in bone marrow tissue is 3.0 ± 0.9.  The
degree of engraftment in lung, liver, heart and kidney
tissues is varied.  Engraftment analysis showed that
five of the seven engrafted recipients (71.4%) had
demonstrable mouse donor cell engraftment in the IR
heart.  The percentage of mCD45+ donor cell engraft-
ment in heart was 2.9 ± 0.8 (Table 2).

In order to assess whether the engrafted degree
of donor cells after IUT would affect postnatally ther-
apeutic efficiency on BMSC cardioprotection, the
percentage of H-2Kd cells in the heart and bone
marrow tissues of all 12 IUT recipients with IR was
measured and shown in Fig. 4.  In total, there were
seven engrafted recipients and 5 non-engrafted re-
cipients after IUT.  The percentage of H-2Kd donor
cell engraftment in the heart tissue was 4.63 ± 0.574
and in bone marrow was 5.45 ± 0.532 (Fig. 4).  In
addition, images of PCR and the FACS histograms of
donor cells for mCD45 expression in bone marrow
and heart of #4 and #11 IUT recipient rats after IR
injury are presented in Fig. 5.  The percentage of
mCD45 donor cells was lower than H-2Kd-positive
cells. mBMSC cells were detectable in the heart and
bone marrow of #4 IUT recipient rat, but not detected
in #11 IUT recipient rat (Fig. 5B).

To assess the protective effect of prenatal-in-
jected BMSCs on the post-ischemic myocardium, rat
IUT recipients received the IR injury operation with-
out a second boost in 4 weeks after birth.  Our re-
sults show there is no cardioprotection against IR in the
IUT rats (data not shown).  However, we previously
showed that xeno-transplantation of CD45+/CD34–/lin–

mouse BMSCs could protect adult rat hearts against
IR injury (12).  A single dose of 1 × 106 mouse BMSCs
was therefore given intravenously into the IR hearts of
IUT rats as a second boost treatment.  Functional and
biochemical analysis revealed that BMSC injection
ameliorated cardiac contractile function and attenuated
cardiac damage by IR in the IUT rats (Fig. 6A).

In order to distinguish whether the degree of en-
graftment may affect BMSC-mediated cardioprotec-
tion, we further analyzed the difference of functional
recovery and tissue damage in more engrafted and
less-engrafted recipient rat hearts with IR.  A high
engrafted rate with more donor cells resident in the
IR heart exhibited less tissue damage and functional
deterioration when compared to the less-engrafted

hearts (Fig. 6B).  This suggested that the degree of
donor engraftment had a great impact on myocardial
recovery after IR.

Possible mechanism(s) involved in the effect of
prenatal conditioning with BMSCs on postnatal car-
dioprotection of BMSCs was further examined in the
present study.  Flow cytometric results showed that
the number of rat CD34+ cells was significantly higher
in IR hearts with a high number of donor cells residing
(Fig. 7A, right panel).  This may suggest that fetal
preconditioning with mouse BMSCs may act by im-
proving recruited rat CD34+ cells homing in the post-
ischemic hearts.  Recently, accumulated evidence has
indicated that the CXCR4 receptor axis plays a pivotal
role in cardioprotection via the recruitment of circulat-
ing progenitor cells to the injured heart (1, 3, 37, 45).
We, therefore, examined whether this signal was
involved in the BMSCs-mediated cardioprotection in
terms of xeno-transplantation into rat IR hearts.
BMSCs were in vitro exposed to a hypoxia environ-
ment supplied with 2% oxygen and then the expression
of CXCR4 was examined by western blot.  The expres-
sion of CXCR4 was increased in the BMSCs at 1 and
2 h after hypoxia treatment (Fig. 7B).  We also ex-
amined the production of SDF-1, a ligand for CXCR4;
however, there was no change in the SDF-1 production
in BMSC culture after exposures in hypoxia (data
not shown).  This finding suggests that fetal precon-

Lo
w e

ng
ra

fte
d

High
 e

ng
ra

fte
d

Lo
w e

ng
ra

fte
d

High
 e

ng
ra

fte
d

0

1

2

3

4

5

6

7

8

D
on

or
 C

el
ls

 (
H

-2
K

d )
 %

Bone marrow Heart

Fig. 4. The H-2Kd donor-cell engraftment in bone marrow
and heart tissues of rat IUT recipients after IR injury.
Cells from bone marrow were collected according to
the methodology in the Methods section.  Cells from
heart tissues of recipients were prepared by enzymatic
digestion.  The donor cells were examined by flow
cytometry using H-2Kd-specific antibody.  Data repre-
sent the mean of percentage in H-2Kd-positive cells ±
SD; n = 5 for the non-engrafted group and n = 7 for the
engrafted group.



In Utero Transplantation of BMSCs in Cardioprotection 213

ditioning of BMSCs contributes to the increasing of
the donor engrafted into heart tissues.  Recipients
with mBMSCs resided in the heart may enhance the
CD34+ cells homing into IR heart to attenuate the
tissue damage and functional deterioration.
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Discussion

It has been reported that preconditioning with
certain tissue factors before transplantation enhances
therapeutic efficacy and further triggers additional
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host repair cells into the injured heart (35).  However,
evidence on preconditioning with a certain type of
cells to enhance cell survival and to decrease immune
rejection in infarcted myocardium has not yet been
reported.  Our results demonstrated for the first time
that fetal preconditioning in rats with mouse BMSCs
enhanced the degree of BMSC engraftment following
a secondary transplantation of the same BMSCs.  With
this enhanced effect, BMSCs are able to provide car-
dioprotection in rat hearts against IR injury.

Early gestational fetus is immunologically im-
mature and is susceptible to tolerance induction by
foreign antigens.  Furthermore, rapid expansion and
proliferation of developing fetal tissue compartments
provide space for the engraftment of donor cells.
Therefore, using IUT operation can create donor
micro-chimerism environment in fetal recipients.  With
donor chimerism environment, tolerance and engraft-
ment to specific donor can be modulated after post-

natal secondary transplantation.  In theory, such an
approach could be used to facilitate any cellular or
organ transplantation after birth.

There is a growing body of evidence that BMSCs
are effective in improving the cardiac performance of
IR hearts (19, 27, 34, 43, 50).  Most research results
have reported that murine CD45– cells are highly
enriched in mesenchymal stem cells; however, we
previously reported that adult mouse BMSC-derived
non-hematopoietic CD45+/CD34–/lin– cells were
capable of migration and engraftment into an area of
infarction to achieve cardioprotection in rats by xeno-
transplantation (12).  In the present study, we did not
consider purifying any specific cell population from
the bone marrow; instead, whole non-hematopoietic
adherent stromal cells were used to contribute to
tissue diversity.  The cell morphology is fibroblast-
like with CD45– and CD105-positive expression for
characterization.  RT-PCR demonstrated that BMSCs
did not express embryonic stem cell-related genes.
However, FACS analysis demonstrated that they were
not endothelial cells, macrophages or fibroblasts (data
not shown).

Mesenchymal stromal cells are immune-privi-
leged cells (32).  Our results showed that BMSCs
added to mixed lymphocyte cultures nonspecifically
ablated the xenoreactivity of immunocompetent SD
rat and alloreactivity of immunocompetent C57BL/6
mice in vitro.  This result is similar to the findings of
others in bone marrow mesenchymal stem cells (5,
39).  It has been reported that intrapertioneally trans-
planted human mesenchymal stem cells, which are
immunosuppressive, could engraft in fetal sheep and
fetal mouse (7, 11, 25).  Our results are consistent
with these observations.  To assess the engraftment of
the transplanted mouse BMSCs in rat fetuses, 14 out
of 17 fetal recipients showed donor-cell engraftment
at E20 with the expression of H-2Kd.  Bone marrow is
a major home tissue for bone marrow stromal cells
after IUT.  PCR analysis for the mouse donor cells in
bone marrow showed 93% of fetal tissues with
demonstrable mBMSC engraftment at E20.  The donor
engraftment in heart tissues at E20 was 11 of 17 IUT
fetus at a rate of 78.6%.  Allogeneic and xenogeneic
animal transplantations have been widely used in the
study of stem cell migration and engraftment (24, 42).
The degree of engraftment and differentiation of donor
cells in each trans-species transplantation varies.
Differences of outcomes in donor-cell engraftment
and cell differentiation are due to cell preparation
and growth efficiency in various tissue environments
(22).

As reported in other IUT studies, the engraftment
of mouse donor cells in various tissues was low.  Our
previous results on human bone marrow mesen-
chymal stem cells in a mouse IUT study showed that
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the persistence of engrafted donor cells and levels
of detection decreased with age (11).  This result has
also shown that the frequency of donor cells in 4

weeks by IUT recipient was 7 of 15 (47%), as well as
the numbers of donor cells in bone marrow in 4 weeks
after IUT was in the 2-3% range.  Since we did not

Fig. 7. Mouse BMSCs recruit rat CD34+ cells in the post-ischemic hearts.  (A) Flow cytometry analysis shows that the number
of rat CD34+ cells increased in the rat IR hearts with BMSC-engrafted rat recipients.  The distribution of CD34+ cells in the
12 IUT recipient hearts after IR injury was showed (right, panel A).  (B) Expression of CXCR4 was increased in the BMSCs after
exposure to 2% oxygen (hypoxia).  *P < 0.05 indicates a significant difference as compared with the corresponding nor-
moxia group.
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quantify the number of donor cells in the tissue on
E20, the difference on donor cell number in the tissues
of recipients between E20 and 4 weeks after IUT could
not be compared.  Schoeberlein et al. have reported
that the engraftment of xenogeneic stem cells rapidly
diminishes to < 1% by 2 days after IUT (46).  Frattini
et al. have reported that the low degree of donor cell
engraftment after in utero hematopoietic stem cell
transplantation still rescues the congenital disease (15).
However, the fate of mesenchymal stem cells after
IUT remained unknown.  The apparent low frequency
of cell engraftment may be further explained by the
normally competitive host systems or xenogeneic barrier
in this model.

Functional assessment indicated that IUT rats
given a postnatal boost of the same BMSCs sig-
nificantly attenuated the myocardial infarction, the
release of CK-MB improved the left ventricular
contractility after IR.  We assessed cell engraftment
of IUT rats with IR and found there were two degrees
of cell engraftment: the first was highly engrafted and
the other was less or not engrafted.  To evaluate the
functional recovery of the IR hearts, IUT hearts with
the higher degree of engraftment exhibited a better
cardioprotective effect than that of less engrafted
hearts.  Our results suggest that the degree of heart
damage after IR treatment is attenuated in IUT re-
cipients with high donor-cell engraftment.

It is well accepted that various chemoattractants
and factors from surrounding tissues provide an en-
vironment that potentially attracts various stem cells,
progenitors or stromal cells to reside in injured tissues,
and to provide a signal input that induces the differ-
entiation of BMSCs into cardiomyocytes, or to at-
tenuate the inflammatory response around the damaged
tissues.  Recently, it has been reported that hypoxic
preconditioning can protect injury heart by mobilizing
the circulating CD34+ progenitor cells (4, 26).  Our
result has also shown that the number of rat CD34+

cells was significantly higher in the IR hearts of IUT
recipients with the presence of high number of donor
cells.  Increased levels of host circulating CD34+ cells
may be triggered by the resided BMSCs or IR cir-
cumstance.  However, we did not observe the exist-
ence of rat CD34+ cells in low or non engrafted IUT
recipients.

In addition, chemokine SDF-1 and its receptor
CXCR4 play a pivotal role in organogenesis, angio-
genesis and stem cell trafficking (23).  Moreover,
SDF-1/CXCR4 has been implicated in cardiogenesis
(2).  Signaling downstream of CXCR4 can trigger a
chemotactic response that results in migration toward
an increasing SDF-1 gradient (29).  Our previous re-
sults have shown that factors in IR heart extracts can
increase the expression levels of SDF-1 in the cytosol
and of CXCR4 on the surface of BMSCs (12).  There-

fore, we examined the expression of CXCR4 and
SDF-1 on BMSCs after culturing in hypoxia condition.
We found that the expression of CXCR4 on BMSCs
was significantly increased within 1 h and 2 h after
hypoxia treatment, but the SDF-1 production in BMSC
culture after exposure to hypoxia did not change (data
not shown).  Although the level of SDF-1 in mBMSCs
does not show an increase in hypoxia circumstance,
but BMSCs routinely generate detectable amount of
SDF-1 into the culture, implicating that BMSC can
trigger a SDF-1 gradient in IR heart by the CXCR4
signal.  It has been demonstrated that CD34+ hemato-
poietic stem/progenitor cells homing or migration
depends on the CXCR4/SDF-1 signal of microenviron-
ment (30, 52).  In the present study, the in utero
transplantation brought the bone marrow stromal cells
to reside in the IR heart to contribute to the formation
of a hematopoietic niche which triggerred CD34+

cells to repair the myocardium damage.
In summary, this finding suggests that the fetal

preconditioning with BMSCs contributes to the donor
engrafted into heart tissues.  Recipient with mBMSCs
resided in the heart may trigger the host CD34+ cells
homing into the IR heart to attenuate tissue damage
and functional deterioration.
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