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Mesenchymal stem/stromal cells (MSCs) offer great promise in the treatment of ischemic injuries, including
stroke, heart infarction, and limb ischemia. However, poor cell survival after transplantation remains a major
obstacle to achieve effective MSC therapies. To improve cell survival and retention, we transplanted human
bone marrow MSCs with or without a specific prosurvival factor (PSF) cocktail consisting of IGF1, Bcl-XL, a
caspase inhibitor, a mitochondrial pathway inhibitor, and Matrigel into the limbs of immune deficient mice,
after induction of hindlimb ischemia. The PSF markedly prolonged the retention of the MSCs in the ischemic
limb muscles as demonstrated by bioluminescence imaging. Using microcomputed tomography to image the
limb muscle vasculature in the mice 9 weeks after the transplantation, we found that the mice transplanted with
MSCs without PSF did not show a significant increase in the blood vessels in the ischemic limb compared with
the nontransplanted control mice. In contrast, the mice transplanted with MSCs plus PSF showed a significant
increase in the blood vessels, especially the larger and branching vessels, in the ischemic limb compared with
the control mice that did not receive MSCs. Thus, we demonstrated that prolonged retention of MSCs using PSF
effectively promoted angiogenesis in ischemic animal limbs. This study highlights the importance of enhancing
cell survival in the development of effective MSC therapies to treat vascular diseases.
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Introduction

Mesenchymal stem/stromal cells (MSCs) offer great
promise in the treatment of ischemic injuries, including

stroke, heart infarction, and limb ischemia through secreting
angiogenic factors and modulating immune response. A
major limitation for the robust clinical application of MSCs is
their poor viability and engraftment at the site of injury.
Multiple factors can contribute to the death of the trans-
planted MSCs in ischemic tissues: (1) loss of cell–cell, cell–
matrix contact that results in anoikis-mediated death; (2)
cytotoxic factors released from ischemia damaged tissues,
and (3) low oxygen/nutrient environment. Several ap-
proaches have been explored to enhance survival and en-
graftment of MSCs. For example, preconditioning MSCs
with hypoxia has been shown to improve survival [1–4].
Furthermore, MSCs that were genetically modified with an-
tiapoptotic or prosurvival genes, for example, survivin, Bcl2,
Bcl-xL, and Akt had shown enhanced viability after being
transplanted and improved functional recovery of heart after
myocardial infarction [5–8]. The direct genetic modification

of cells with prosurvival genes, however, is associated with a
potential risk of cancer.

Since multiple factors may contribute to the death of the
transplanted MSCs in ischemic tissues, a conditioning reg-
imen that minimizes multiple potential death signals is
likely to be most effective in promoting survival. A special
cocktail of prosurvival factors (PSF) consisted of Matrigel,
Bcl-Xl BH4, ZVAD-fmk, cyclosporine A, pinacidil, and
IGF1 has been used to increase the engraftment of cardio-
myocytes in infarcted rat heart [9]. Matrigel provides ex-
tracellular matrices for cells to attach and thus prevents
anoikis. Bcl-Xl BH4, the caspase inhibitor ZVAD-fmk, and
cyclosporine A block the mitochondrial death pathway. Pi-
nacidil treatment mimics ischemic preconditioning [10] and
IGF1 improves survival by activating the Akt pathway [11].

In this study, we investigated whether the PSF cocktail can
be used to enhance survival and engraftment of human MSCs
in a mouse model of hindlimb ischemia (HLI). We investi-
gated further whether extending retention of MSCs, if can be
achieved by treatment of PSF, leads to enhanced angiogenesis
in animal ischemic limbs. Using bioluminescence imaging
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and microcomputed tomography (micro-CT) imaging, we are
able to quantitatively assess the retention of human MSCs and
the limb vasculature in the HLI mouse xenograft model.

Materials and Methods

Preparation and transduction of MSCs

MSCs were obtained from human bone marrow aspirate
from a single donor (All Cells, Emeryville, CA) and cul-
tured in minimum essential medium alpha (HyClone Ther-
mo Scientific, Waltham, MA) supplemented with 10% fetal
bovine serum (Atlanta Biologicals, Flowery Branch, GA)
and glutamine (HyClone) as previously described [12].
MSCs at passage 4 were transduced with a lentiviral vector
encoding luciferase (LUC) and enhanced green fluorescent
protein (EGFP) as previously described [13]. These cells
were further passaged 2 times before use. Only one batch of
the transduced MSCs was used.

Flow cytometry

Cells grown on culture plates were washed with
phosphate-buffered saline (PBS) and then lifted with Try-
pLE Express (Life Technologies). Cells were washed with
PBS again, centrifuged at 335 g for 5 min, and resuspended
in PBS. Following filtered through a 70mm nylon mesh
(Fisher Scientific), the cells were subjected to flow cytom-
etry analysis using a Beckman Coulter Cytomics FC 500.
All these processes were performed at room temperature.
Data were analyzed with CXP Analysis Software.

HLI mouse model and cell transplantation

All animal experiments were approved by the Institu-
tional Animal Care and Use Committee at University of
California Davis. Unilateral HLI was surgically created in
immune deficient NOD/SCID/IL2Rg-/- (NSG) mice through
femoral artery ligation followed by a cut at the femoral
artery as previously described [4]. Two days after the sur-
gery, these mice were divided into three groups for intra-
muscular injections at the ischemic site: (1) 20mL of PBS
(n = 3); (2) MSCs (2 · 105/mouse) in 20 mL of PBS (n = 5);
and (3) MSCs (2 · 105/mouse) in 20 mL of PBS with a PSF
cocktail (100 mM ZVAD, 100 nM Bcl-XI BH4, 100 ng/mL
IGF1, 50 mM Pinacidil, and 50% Matrigel) (n = 5) [9]. The
MSCs in group 3 were pretreated with 100 ng/mL IGF1 and
0.2 mM cyclosporine A for 2 days.

Bioluminescence imaging

Animals were injected with 100mL of 20 mg/mL D-
luciferin intraperitoneally and left for 5 min, and were then
anesthetized for 5 min using 2%–3% isofluorane. The mice
were imaged with the IVIS Spectrum (PerkinElmer, Rich-
mond, CA) for 5 min under anesthesia. Bioluminescence
images of the mice were taken the day of cell transplantation
and weekly thereafter. The bioluminescence signal was
presented as total photons of the region of interest.

Micro-CT imaging

Nine weeks after cell transplantation, these mice were
euthanized and a catheter was inserted into the left ventricle

of the mice. The mouse vasculature was flushed with PBS
supplemented with 100 U/mL heparin sodium (Fresenius
Kabi USA) and then 4% paraformaldehyde. One to two
milliliters of Microfil MV-120 (Flow Tech, Inc., MA) was
injected into the left ventricle to increase contrast of vas-
culature. The leg muscles from both limbs were separately
collected and imaged with a micro-CT imaging system
(VivaCT40; Scano Medical, Bassersdorf, Switzerland) using
a voxel size of 10.5 mm, X-ray source voltage of 55 kVp, and
145mA current. The Micro-CT images were analyzed using
a matching three-dimensional segmentation algorithm of
thresholding, 150–200, sigma 1, and support 2. The vessel
density in a limb was calculated by the vessel volume di-
vided by the tissue volume, and the relative vessel density in
the ischemic limb was normalized to the contralateral con-
trol limb.

Immunostaining

The mouse muscles from the ischemic limbs were frozen
in O.C.T compound (Sakura Finetek USA, CA) and sec-
tioned using a Cryotome FSE (Thermo Scientific) at 10mm.
The sections were mounted on microscope slides and fixed
in 4% paraformaldehyde for 20 min. Following exten-
sive wash with PBS, the sections were subjected to im-
munostaining as we previously described [14]. The goat
anti-GFP antibodies (Novus Biologicals) and mouse anti-
myosin heavy chain (MHC; BD Biosciences) antibodies
were diluted to 100-fold in 1% bovine serum albumin (BSA)
and incubated with the tissue sections overnight at 4�C.
AlexaFluor488-conjugated donkey anti-goat IgG antibodies
and AlexaFluor546-conjugated donkey anti-mouse IgG an-
tibodies were diluted to 500-fold in 1% BSA and incubated
with the tissue section for 1 h at room temperature. Fluor-
escence images were captured using a Nikon Eclipse Ti-U
Inverted Microscope.

Data representation and statistical analysis

Data are presented as average – standard deviation. Stu-
dent t-test was performed to detect statistical difference
between two groups, and one-way analysis of variance was
performed to detect statistical difference among groups of
three or more.

Results

Expression of EGFP in human MSCs

Multiple markers, such as CD105, CD90, CD73, and
CD146, have been used to characterize human MSCs. How-
ever, no single marker has been found to be specific for these
MSCs. Therefore, it is not a trivial challenge to histologically
trace these cells in vivo. To facilitate quantitative assessment of
survival of human MSCs over time as well as histological
identification of the MSCs in vivo, we transduced human bone
barrow-derived MSCs with a lentiviral vector encoding the
luciferase gene and EGFP. The expression of EGFP was de-
tected in the majority of the transduced cells using fluorescence
microscopy (Fig. 1A). Flow cytometric analysis revealed that
the transduction efficiency was 80.2% (Fig. 1B). These trans-
duced MSCs were used for in vivo evaluation of their retention
and effectiveness on promoting angiogenesis in this study.
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The PSF cocktail enhanced retention
of MSCs in ischemic mouse limbs

We surgically created HLI in immune deficient NSG
mice by unilaterally ligating femoral arteries. The MSCs
that were transduced to express luciferase and EGFP were

transplanted into the ischemic limbs of the mice with or
without the PSF cocktail. The bioluminescent signals
from the transplanted MSCs were well maintained in both
experimental groups within the first 2 weeks of trans-
plantation as revealed by IVIS imaging (Fig. 2). However,
3 weeks after the transplantation, the majority of the

FIG. 1. Evaluation of the expression of GFP in the transduced MSCs. Human bone marrow MSCs were transduced with a
lentiviral vector carrying the luciferase gene and EGFP. These cells were assessed for their expression of GFP by fluo-
rescence microscopy (A) and flow cytometry (B). Scale bar: 100 mm. EGFP, enhanced green fluorescent protein; GFP, green
fluorescent protein; MSCs, mesenchymal stem/stromal cells.

FIG. 2. Effects of the PSF cocktail on retention of MSCs in ischemic mouse limbs. (A): Bioluminescent images of mice
transplanted with MSCs with or without PSF at the day of transplantation (week 0) and 3 weeks after transplantation. (B)
Bioluminescent signal intensity for the mice over time. *P < 0.05 between these two groups. (C) The number of mice in the
indicated group that retained bioluminescent signal over time. PSF, prosurvival factor.
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transplanted MSCs without PSF were lost, but the MSCs
with the PSF cocktail were retained in the mice at a sig-
nificantly higher level than MSCs without the PSF cock-
tail (Fig. 2A, B). At 6 weeks after transplantation, four out
of the five mice transplanted with MSCs plus PSF still
retained bioluminescence signals, while only one out of the
five mice transplanted with MSCs without PSF retained
bioluminescence signals (Fig. 2C). At 9 weeks after trans-
plantation, none of the mice transplanted with MSC without
PSF retained bioluminescence signals, but two out of the
five mice transplanted with MSC plus PSF still retained
bioluminescence signals.

Consistent with the bioluminescence data collected at 9
weeks after cell transplantation, the presence of the trans-

planted MSCs was detected in the mice transplanted with
the MSCs plus PSF using immunostaining of the animal
ischemic tissues with GFP antibodies (Fig. 3). We noticed
that these GFP-positive cells were in clusters, and many of
them lacked intact nuclei, suggesting that these cells were in
the process of dying. Since the half-life of GFP is within a
few hours [15], the GFP-positive signal is unlikely to be
from cells that died some days ago. In contrast, no GFP-
positive cells were detected in the mice transplanted with
the MSCs without PSF at this time point (Fig. 3). These
GFP-positive cells were stained negative for MHC (Fig 3),
suggesting that they were not differentiated into myocytes.
Our data demonstrate that the PSF cocktail markedly pro-
longed the retention of MSCs in ischemic limb muscles.

FIG. 3. Histological detection of the
transplanted MSCs in the ischemic
limbs. The ischemic limb tissues from
the mice transplanted with MSCs
without or with PSF were im-
munostained with antibodies against
GFP (green fluorescence) and MHC
(red fluorescence) after 9 weeks of cell
transplantation. Nuclei were shown in
blue (DAPI stain). Scale bar: 50mm.
MHC, myosin heavy chain.

FIG. 4. Evaluation of the
vasculature in the ischemic
mouse limbs. (A) Micro-
computed tomography im-
ages of the blood vessels in
the ischemic limb muscles
from the mice that received
MSCs or MSCs with PSF or
no MSCs (none) 9 weeks
ago. (B) Vessel thickness in
the ischemic limbs in the in-
dicated mouse groups.
*P < 0.05. (C) Vessel density
in the ischemic limb relative
to the normal limb in the indi-
cated mouse groups. *P < 0.05.
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MSCs with PSF promoted reconstitution
of blood vessels in ischemic limbs

To assess the effect of MSCs with or without PSF on
vasculature in ischemic mouse limbs, the experimental mice
that had been transplanted with MSCs with or without PSF
and the control mice with no cell transplantation were injected
with a contrast media, Microfil MV-120, into the left ventricle
9 weeks after the transplantation. Larger and branching ves-
sels in the normal and ischemic limbs from these mice were
readily detected by micro-CT imaging. Remarkably, the av-
erage vessel thickness in the ischemic legs in the mice that
received MSCs with PSF (0.116 – 0.007 mm) but not MSCs
alone (0.075 – 0.014 mm) showed a significant increase
compared with those in the control mice without cell trans-
plantation (0.087 – 0.001 mm) (Fig. 4). Furthermore, the mice
that received MSCs plus PSF had a significant increase in the
relative vessel density in the ischemic legs, compared with
those in the control mice without cell transplantation (Fig. 4).
Therefore, our data demonstrate that while transplantation of
MSCs without PSF is not effective in promoting angiogenesis
in the ischemic limbs, transplantation of human MSCs with
PSF in ischemic mouse limbs is effective in promoting an-
giogenesis in the ischemic limbs.

Discussion

Peripheral vascular disease (PVD) affects over 8 million
people in the United States. Angioplasties and bypass sur-
gery are effective treatment for some of the patients. Many
patients with severe limb ischemia, however, are not suit-
able for these treatments. It has been established that MSCs
express multiple angiogenic growth factors and can migrate
to the hypoxic areas to promote angiogenesis and restoration
of vasculature in animal models of HLI [16]. Multiple
clinical trials have tested the administration of MSCs for
treatment of PVD with moderate or no efficacy [16,17].
Poor posttransplantation viability of MSCs remains a major
limitation for the robust clinical application of MSCs and
must be overcome to achieve better outcome in treating
PVD.

Using a mouse model of HLI, we showed in this study that
prolonged retention of the transplanted MSCs in vivo can be
achieved by preconditioning MSCs with PSF. Consistent with
our previous report [12], the majority of the transplanted
MSCs without PSF was lost in the ischemic limb tissue
within 3–4 weeks (Fig. 2). The PSF-treated MSCs, however,
showed extended retention for 6–9 weeks (Fig. 2). Kim et al.
showed previously that PSF protected MSCs from apoptosis
induced by in vitro long-term hypoxic stress and starvation
[18]. The potential mechanism for the extended survival of
the PSF-treated MSCs in vitro was attributed to elevated Akt
activation [18]. To our knowledge, we are the first to show
that PSF treatment enhanced MSC retention in vivo. It is
worth to mention that the HLI mouse model created by us
only spontaneously recovered 20%–35% of perfusion in 10
weeks postsurgery [12], much slower than some other HLI
mouse models [19]. Patients with chronic PVD rarely heal
spontaneously. The extended retention of MSCs could be
especially important in clinical setting.

It was noticed that, although at a slower speed, the loss of
MSCs overtime posttransplantation was also observed with

PSF treatment (Figs. 2 and 3). We speculate that cell death
due to the lack of O2 and nutrients in the ischemic tissue
could not be completely prevented by PSF treatment. Further
optimization of cell retention is needed to achieve sustained
engraftment of MSCs in the future. As for optimizing the
components of PSF, Matrigel is not clinically applicable and
need to be replaced with a clinically applicable matrix or
bioengineered material that supports cell attachment.

Increase in larger vessels in mouse limbs in response to
ischemic injury has been reported, likely through vessel
remodeling and angiogenesis [20]. We showed that trans-
plantation of MSCs alone did not significantly increase
vessel density in our animal model of HLI (Fig. 4). Both
significant improvement and no improvement of perfusion
in HLI animal model by transplantation of MSCs without
any modification had been previously reported [12,16,21].
Our study only tested MSCs from a single donor. Donor
differences may explain these apparent inconsistent out-
comes. Importantly, we showed that transplantation of
MSCs with PSF can promote restoration of blood vessels,
especially the larger and branching vessels, in ischemic
limbs (Fig. 4). This increase in blood vessels was likely
through vessel remodeling and angiogenesis. Thus, our data
suggest that prolonged retention of the transplanted MSCs is
crucial in promoting angiogenesis in ischemic limb tissues.

In conclusion, the PSF was effective in enhancing re-
tention of human MSCs in ischemic muscles, and trans-
plantation of human MSCs with PSF promoted restoration
of blood vessels in the ischemic limbs. This study highlights
the importance of preconditioning of MSCs for cell survival
after transplantation and for effective restoration of vascu-
lature in ischemic tissues.
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