1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

o NATIG,

R HE

N WS)))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
J Nucl Cardiol. 2011 May ; 18(3): 443-450. d0i:10.1007/s12350-011-9369-9.

Myocardial substrate and route of administration determine
acute cardiac retention and lung bio-distribution of
cardiosphere-derived cells

Michael Bonios, MD?, John Terrovitis, MD?, Connie Y. Chang, MSE?2, James M. Engles, MS,
MBAZ#, Takahiro Higuchi, MD, PhD?, Riikka Lautaméaki, MD?, Jianhua Yu, BS?&, James Fox,
BS?, Martin Pomper, MD, PhD?, Richard L. Wahl, MD?&, Benjamin M. Tsui, PhD?2, Brian
O’Rourke, MD, PhD2, Frank M. Bengel, MD?, Eduardo Marban, MD, PhDP, and M. Roselle
Abraham, MD?

aJohns Hopkins University Baltimore, MD

bCedars-Sinai Heart Institute, Los Angeles, CA

Abstract

Background—~Quantification of acute myocardial retention and lung bio-distribution of
cardiosphere-derived cells (CDCs) following transplantation is important to improve engraftment.

Methods and results—We studied acute(1 hour) cardiac/lung retention in 4 groups (n = 25) of
rats (normal—NL, acute ischemia-reperfusion—Al-RM, acute permanent ligation—PL, and
chronic infarct by ischemia-reperfusion—CI-R) using intra-myocardial delivery, 1 group using
intracoronary delivery (acute ischemia-reperfusion, Al-RC, n = 5) and 1 group using intravenous
delivery (acute ischemia-reperfusion, Al-RV, n = 5) of CDCs by PET. Cardiac retention was
similar in the NL, Al-RM, CI-R, and A-IRC groups (13.6% + 2.3% vs 12.0% £ 3.9% vs 9.9+ 2.8
vs 15.4% + 5.5%; P = NS), but higher in PL animals (22.9% + 5.2%; P < .05). Low cardiac
retention was associated with significantly higher lung activity in NL and Al-RM groups (43.3% +
5.6% and 39.9% + 9.3%), compared to PL (28.5% +* 5.9%), CI-R (20.2% * 9.3%), and A-IRC
(19.9% + 5.6%) animals (P < .05 vs Al-RM and NL). Lung activity was highest following
intravenous CDC delivery (55.1% + 9.3%, P < .001) and was associated with very low cardiac
retention (0.8% + 1.06%). Two-photon microscopy indicated that CDCs escaped to the lungs via
the coronary veins following intra-myocardial injection.

Conclusions—Acute cardiac retention and lung bio-distribution vary with the myocardial
substrate and injection route. Intra-myocardially injected CDCs escape into the lungs via coronary
veins, an effect that is more pronounced in perfused myocardium.

Copyright © 2011 American Society of Nuclear Cardiology.

Reprint requests: M. Roselle Abraham, MD, Johns Hopkins University, 720 Rutland Ave, Ross 871, Baltimore, MD 21210;
mabraha3@jhmi.edu.

Michael Bonios and John Terrovitis equally contributed to this work.

Electronic supplementary material The online version of this article (doi:10.1007/s12350-011-9369-9) contains supplementary
material, which is available to authorized users.

Disclosures
Dr. Eduardo Marban is founder and equity holder of Capricor, Inc. that works on CDCs. Capricor provided no funding for the present
study. The remaining authors report no conflicts.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bonios et al. Page 2

Keywords
Stem cells; acute heart retention; PET; lung bio-distribution

INTRODUCTION

Stem cell transplantation holds promise for cardiac regeneration, both after acute myocardial
infarction (MI) and in chronic cardiomyopathies. Despite the excitement surrounding cell
therapy, clinical, and experimental studies of stem cell transplantation reveal low
engraftment rates and marginal functional benefit in the long term.! Direct intra-myocardial
injection into the left ventricular wall during cardiac surgery was the first route used for
stem cell transplantation in both clinical and experimental studies.23 It has the advantage of
permitting delivery of large numbers of cells locally into the myocardium, and is believed to
minimize escape of transplanted cells into the systemic circulation. However, low
engraftment was a common finding in experimental and clinical studies® even after direct
intra-myocardial® administration, suggesting that quantification of myocardial retention of
transplanted cells is necessary to help design strategies to improve engraftment and cardiac
function in the long term.

In this study, we investigated cardiosphere-derived cells (CDCs), which are in phase 1
clinical trials (CADUCEUS). CDCs are progenitor cells derived from monolayer outgrowth
of heart tissue and are comprised a mixture of c-kit*/CD90™ cardiac progenitor cells and
cardiac mesenchymal stem cells (c-kit~/CD105*, 90%) that together have a synergistic effect
on cardiac regeneration.” Previous studies by our group reveal low levels of acute retention
(1-hour post-transplantation) and chronic engraftment.8 However, the mechanisms
underlying low acute myocardial cell retention have not been fully elucidated.

We performed in vivo positron emission tomography/computed tomography (PET/CT) to
assess the determinants of acute myocardial retention and lung bio-distribution of CDCs. We
chose PET because it combines the advantage of high sensitivity with the potential for
accurate quantification8 and can be translated into large animal models and patients.® We
found that acute cardiac retention varies with the injection route and myocardial substrate;
cardiac cell retention is highest following intra-myocardial injection in the infarcted heart
after permanent ligation of the LAD, in comparison to normal and reperfused, infarcted
myocardium. Large numbers of intra-myocardially injected CDCs escaped into the lungs
acutely via the coronary venous system, an effect that was more pronounced in normal
myocardium and following ischemia-reperfusion.

METHODS

Isolation of rCDCs, Tissue Culture and Cell Labeling

rCDCs were isolated from hearts of male, 3 month old, Wistar Kyoto (WKY) rats (Harlan,
Indianapolis, Indiana, USA), as previously described,”-10 and injected into female WKY
rats. WKY rats are genetically identical, which makes them ideally suited for cell
transplantation studies.1 The use of gender-mismatched transplantation permits validation
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of in vivo molecular imaging results by (quantitative) real-time PCR for the male-specific
rat SRY gene.

In Vitro FDG Labeling

Tritiated 3H[FDG], a beta emitter was used to measure FDG uptake in vitro; radiotoxicity
of 18FDG was assessed using the WST-8 assay (Supplemental material).

rCDC Injection Preparation

One million (intracoronary injections), two million (intra-myocardial injections), or five
million (intravenous injections) rCDCs were labelled with 18FDG immediately before
injection, by the addition of 2 pCi ¥8FDG/mL of glucose-free DMEM to adherent rCDCs for
30 minutes. Subsequently, labelling media was removed by two washes in PBS, rCDCs
were trypsinized, pelleted by centrifugation, and suspended in PBS (Ca2*- and Mg2*-free)
and transferred to the injection syringe (the maximum cell number and injectate volume that
did not increase post-operative mortality were used).

Animal Surgery—cCell Injection

Female WK rats weighing 180-200 g were used as cell recipients. Rats were intubated,
anesthesia was induced with 4% isoflurane inhalation and maintained with 2% inhalation.
The heart was exposed through a left lateral thoracotomy, and animals were randomly
assigned to several groups (Table 1). For ischemia reperfusion, the LAD was reversibly
occluded for 45 minutes using a 5.0 mm silk suture and snare. Following cell injection, the
chest was closed and animals were transferred to the PET scanner or allowed to recover in
their cages for qPCR experiments.

Intra-myocardial rCDC delivery—We studied four groups of animals: permanent
ligation of the LAD (PL: n =7 for PET and n = 8 for gPCR), acute ischemia-reperfusion
(Al-RM: n =9 for PET and n = 8 for gPCR), chronic ischemia reperfusion (CI-R: CI-R, n =
5 for PET and n = 8 for gPCR), or normal (NL, n = 4 for PET and n = 6 for qPCR) group; 2
x 100 rCDCs, suspended in 100 pL of PBS, were injected intra-myocardially into two sites
of the infarct region in the PL, Al-RM, and CI-R groups or into the anterior wall in the NL
group, using a 28G needle.

Intracoronary rCDC delivery—In order to simulate intracoronary cell delivery, 1 x 10°
rCDCs suspended in 200 L PBS were injected into the left ventricular cavity after transient
cross clamp of the aortal? immediately after ischemia-reperfusion of the LAD (AI-RC, n =5
for PET).

Intravenous rCDC delivery—Following ischemia-reperfusion of the LAD, the chest was
closed and 5 x 10% rCDCs suspended in 500 uL PBS were injected into the tail vein over 10
minutes (Al-RV, n =5 for PET, n =5 for gPCR).

All animals used in this study received humane care, in compliance with the “Guide for the
Care and the Use of Laboratory Animals” published by the US National Institutes of Health.
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PET/CT Imaging

PET images were acquired on a GE Healthcare Vista small animal PET system. In every
experiment, the syringe containing 18FDG-labelled rCDCs were imaged in the PET scanner
using a 5-minute static acquisition before and after cell injection to measure residual activity
and calculate the net injected activity, corresponding to the cell number injected in each
animal. Animals were anaesthetized and placed head first in the PET scanner. 18FDG
images were obtained as dynamic, list mode acquisitions. For myocardial delineation and
accurate quantification of activity exclusively derived from rCDCs retained in the
myocardium, a perfusion PET scan (20-minute static acquisition) was performed following
injection of 37 MBq of 13NHj at the end of the FDG acquisition. Free 18F (37 mBq) was
injected after completion of the 13NHj3 acquisition to facilitate co-registration of PET images
with CT and allow quantification of the signal (see Supplemental material for imaging and
image analysis details).

Real-Time Quantitative Polymerase Chain Reaction (QPCR)

Quantitative PCR—The results obtained by in vivo PET following intra-myocardial
injection and intravenous rCDC injection were validated using quantitative PCR for the
male-specific SRY gene in a separate set of experiments. For this purpose, animals were
killed 1 hour following rCDC transplantation, the heart and lungs were explanted, weighed,
and homogenized (Supplemental material).

Fluorescence Microscopy

Statistics

RESULTS

We performed ex vivo 2-photon microscopy of the rat heart to image the coronary
microvasculature,13-15 (Supplemental material).

Values are reported as mean + SD. The paired t test was used for comparisons of in vitro
FDG uptake rates under different culture conditions. One-way ANOVA was used to
compare %ID among the four groups (PL, Al-RM, NL, and CI-R) and the Tukey’s multiple
comparison post hoc test was used for inter-group comparisons. A P < .05 was chosen for
statistical significance.

Radio-Labeling of rCDCs with 18FDG

The doses, 0.2 puCi/mL and 2 uCi/mL of 8FDG, had no effect on CDC viability and
proliferation for up to 7 days after labeling (Figure 1A); however, all higher doses
demonstrated significant toxicity, likely radiation-related. Based on these results, a dose of 2
uCi/mL of 18FDG for 30 minutes was selected for further in vitro and in vivo experiments.

Cellular uptake of 3H[FDG] was higher in adherent CDCs than CDCs in suspension (Figure
1B). In adherent CDCs, cellular uptake of 3H[FDG] was 2.2% + 1.3% of the administered
dose at 30 minutes and reached a plateau thereafter (Figure 1C). Addition of insulin did not
increase 3H[FDG] uptake at 30 and 60 minutes (n = 2) (Figure 1C) in adherent cells,
suggesting lack of GLUT4 expression in CDCs. RT-PCR confirmed that CDCs only express
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GLUT1. Retention studies (n = 2) revealed that 79% + 12% of the radioactivity persisted at
1 hour and 68% = 0.02% at 4 hours after labeling, suggesting that only a small amount
of 3H[FDG] is not phosphorylated and leaks out of the cell (Figure 1D).

In Vivo PET Imaging

In all animals, the myocardium was successfully visualized by 13NH3 (Figure 2A, green).
The infarcted area appeared as a perfusion deficit in the anterolateral wall, while the injected
cells appeared as bright spots within the perfusion deficit (Figure 2, yellow arrows).

Effect of an Open Infarct-Related Artery on CDC Retention Following Intra-Myocardial

Injection

In vivo PET imaging—We found that acute cardiac retention following intra-myocardial
injection varied with the infarct model: cell retention (% of net injected activity) in the heart
at 1 hour was similar in the NL, Al-RM, and CI-R groups (13.6% * 2.3% vs 12.0% * 3.9%
vs 9.9 + 2.8; P = NS) but higher in the PL group (22.9% = 5.2%) when compared to NL, Al-
RM, and CI-R groups (P < .05) (Figure 2A-D; Supplemental Figures 1, 2). The main reason
for low cardiac retention appears to be escaped from large numbers of injected CDCs into
the lungs very early after injection. In fact, quantification of activity in the lungs was 39.9%
+ 9.3% in the AI-RM group, 43.3% + 5.6% in the NL group, 28.5% = 5.0% in the PL group,
and 20.2% + 9.3% in the CI-R group (P < .05 for PL vs NL and Al-RM groups; P < .01 for
CI-R vs NL and Al-RM groups), reflecting higher proportions of cells trapped in the lungs
in the groups with lower cardiac retention (Figure 2E).

Real-time PCR—Real-time PCR performed 1 hour after CDC injection in a separate group
of animals confirmed the results obtained by in vivo PET imaging. PCR also revealed higher
numbers of CDCs in the lungs than the heart in the AI-RM and NL compared to PL and CI-
R groups; the ratio of CDCs in the heart to lungs was 0.6 + 0.1 in the AI-RM group, 0.9 £
0.3 in the NL group, 0.7 £ 0.4 in the CI-R group, and 3.3 = 3.2 in the PL group (P < .05 for
PL vs Al-RM and C-IR groups).

Mechanism of CDC Loss After Intra-Myocardial Injection

We observed cell clumps transiting through the coronary sinus on several occasions during
or immediately following intra-myocardial injection of CDCs, which prompted us to
investigate the vasculature using 2-photon microscopy. Fluorescence microscopy revealed
large numbers of Di-I labeled cells within the cardiac vasculature (labeled with thioflavin)
distal from the injection site, in animals killed within 5 minutes of CDC injection,
confirming that cell egress from the injection site occurs very early after cell delivery. Since
thioflavin does not specifically label cardiac veins, we cannot rule out the possibility that
cell egress also occurred via lymphatics into the cardiac venous system.

Effect of Delivery Route on CDC Bio-Distribution

Acute myocardial retention (Figure 3A, Supplemental Figure 3) with intracoronary delivery
(by intra-cavitary CDC injection following cross-clamp of the aorta) following acute
ischemia-reperfusion was quantitatively similar to that following intra-myocardial delivery
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(15.4% + 5.5%, P > .05 vs all other groups), but the distribution was spatially more
widespread and heterogeneous (probably due to areas of microvascular obstruction induced
by ischemia-reperfusion). However, lung activity was lower (19.9% =+ 5.6%; P < .01 vs Al-
RM and NL). In contrast, following intravenous delivery (Figure 3B), majority of injected
cells (55.1% + 9.33%) were trapped in the lungs, cardiac retention was very low (0.8% +
1.06% by gPCR) and was not quantifiable by in vivo PET imaging.

DISCUSSION

The main findings of this study are! the myocardial substrate and route of transplantation
influence acute CDC retention in the myocardium,2 CDCs rapidly escape from intra-
myocardial injection sites into the pulmonary circulation via the cardiac veins and are
trapped in the lungs.

In this study, we used in vivo PET imaging, a method that is directly translatable to clinical
studies, to quantify the signal derived from 18FDG-labeled CDCs in the heart and lungs;
PET results were validated using quantitative PCR. In this study and in accordance with
previous reports,3-2:16 cell retention at the injection site was relatively low following intra-
myocardial injection (Figure 2A-D). Intra-myocardial injection can result in cell loss
through the needle track, coronary venous vessels/coronary sinus, thebesian veins and
through the endocardium into the left ventricular cavity.1’ We found that the most important
mechanism of early cell loss is washout via the cardiac venous system, which was also
reported by Anderl et al” using microspheres. We postulate that intramyocardial injection
results in disruption of venules/veins at the site of needle insertion and consequent entry of
the injectate/cells into the coronary venous system. Some of the cells that entered the
coronary venous circulation eventually were trapped in the lung capillaries because of cell
size, explaining why this organ was found to be the main extra-cardiac site of CDC
localization when we performed whole body PET scans (Figure 2C). Similar findings have
been reported in the past in studies where the fate of fluorescent or radioactive microspheres
was investigated, after intra-myocardial injection.18 Microspheres were identified in the
lungs,® even when microspheres of large size that were expected to be completely retained
in the heart were used, suggesting that pre-capillary arterio-venous shunts that bypass the
low diameter capillaries probably underlie this phenomenon.20 Egress via lymphatics may
only play a small role 1 hour after injection because of low motility and filtering by lymph
nodes between the heart and the lungs,21-23 but could partially explain, progressive cell loss
observed in the first 24 hours after transplantation.

In our study, we found large numbers of CDCs trapped in the lungs after intra-myocardial,
intracoronary, and intravenous injections (Table 1) in contrast to a previous study using
bone marrow-derived mononuclear cells, which found no cells in the lungs 1 hour post-
intracoronary delivery.24 This discrepancy can be attributed to differences in cell size
between CDCs and mononuclear cells. Rat CDCs vary in size from 4 to 13 um (Figure 4A;
Supplemental Figure 4) following trypsinization, which would lead to trapping of larger
cells that phenotypically resemble mesenchymal stem cells (MSCs),”2° in the
microcirculation of the heart and the lungs (via pre-capillary AV shunts), following
intravascular delivery (Figure 4B), since capillary diameter is ~4-5 pm in rats?% (5-10 pm in
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humans?7). Widespread trapping of injected stem cells in the coronary and lung
microvasculature could abrogate the functional benefits of stem cell therapy in the heart and
lead to acute impairment of lung function, respectively. It is also possible that un-intentional
stem cell delivery to the lungs may have a direct, salutary effect on lung function, as in the
case of intravenous MSC transplantation.28:2% Hence, detailed dose-response and coronary
flow reserve measurements are needed in preclinical large animal studies and in clinical
trials.

Furthermore, since CDCs are comprised a mixture of cell types, including a subset of
cardiac MSCs”+25 this explains our results of ~50%-60% combined cell retention in heart
and lungs, in the PL, Al-RM, NL, and Al-RV groups, with the remainder of the smaller cells
probably being widely distributed in the rest of the organs.

In animals receiving intra-myocardial CDCs, we believe that the presence of CDCs in the
lungs cannot be attributed to technical factors. We took great care to avoid injecting cells
into the right ventricle and only areas of the lateral left ventricular wall were selected for cell
delivery. We found evidence for CDC transit through the cardiac venous system both
visually and following the use of Di-I labeled rCDCs and Thioflavin S-labeled cardiac
vasculature.

In animals receiving intra-myocardial injections, although accumulation of CDCs in the
lungs was observed in the permanent ligation (Figure 2A), ischemia reperfusion (Figure 2B—
D) and non-infarcted animals, a larger proportion of CDCs ended up in the lungs, in animals
subjected to ischemia-reperfusion and in non-infarcted ones, suggesting that perfusion at the
injection site greatly influences CDC retention. An intact microcirculation in the normal
group and reactive hyperemia in the ischemia-reperfusion group are probably responsible for
this phenomenon. Previous studies3? have demonstrated that maximal hyperemia is
observed immediately after restoration of blood flow and then declines progressively toward
baseline flow levels, over a period of time that is determined by the duration of the ischemic
insult. In our study, rCDCs were injected during this maximal hyperemia phase, when high
blood volumes and velocities may have facilitated the wash out of the cells into the coronary
venous circulation and eventually into the lungs. Significant numbers of CDCs (albeit at
lower levels) were also observed in the lungs of animals subjected to permanent ligation of
the LAD. This may be explained by delivery of some cells to the border zone of the infarct,
where perfusion was maintained by branches of the coronaries more proximal to the
occlusion site and active propulsion of CDCs into the cardiac venous system by cardiac
contraction. Again, microsphere studies have also documented particle migration even in
models of permanent coronary artery ligation, further validating our findings.6-3

Low cardiac cell retention in combination with low numbers of cells in the lungs was
observed in the CI-R and AI-RC groups. In the case of CI-R, thinning of the infarcted area
could have been responsible for inadvertent injection of cells into the left ventricular cavity,
resulting in low cell numbers in both heart and lungs. In the AI-RC group, inability to
directly deliver cells into the coronaries probably resulted in loss of large numbers of cells
into the systemic circulation.

J Nucl Cardiol. Author manuscript; available in PMC 2015 February 19.
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CONCLUSION

Acute cardiac retention of transplanted CDCs varies with the myocardial substrate and
injection route. Large numbers of transplanted CDCs are trapped in the lungs following
intra-myocardial, intravenous, and intracoronary injections. Intra-myocardially injected
CDCs escape into the lungs via the coronary venous system, an effect that is more
pronounced in perfused myocardium. We are now investigating PET-guided, tissue
engineering-based methods to improve acute cardiac retention, long-term engraftment, and
functional benefits of transplantation.

Limitations

The results obtained in this small animal model may not reflect retention in humans because
of lack of coronary artery disease and differences in the anatomy of the coronary
microcirculation in this animal model. The experimental simulation of intracoronary
injection does not involve selective catheterization of coronary arteries and therefore cell
loss into the systemic circulation is unavoidable. In addition, due to the small volumes of
injectate, clumping of cells can occur, resulting in increased cell trapping in the
microcirculation of the heart and lungs. Lastly, long-term engraftment, and functional
effects of acute cardiac and lung retention were not assessed in this study. However,
previous studies by our group have demonstrated improved left ventricular ejection function
following intra-myocardial injection (in the acute, permanent ligation, rat and mouse
models’19), but not following intracoronary injection (in the chronic, ischemia-reperfusion
pig model?5) of CDCs, suggesting that injection route, cell retention and myocardial
substrate play an important role in functional benefit following CDC transplantation. Prior
studies also revealed low levels (<5%) of cardiac engraftment at 3 weeks,82% and cell
retention in lungs 4 days following intra-myocardial cell transplantation (data not shown).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Optimization of FDG uptake from rCDCs and effect of 18FDG on CDC viability. A Effect

of two 18FDG doses (UCi of 18FDG per mL of media) on CDC viability and proliferation
rate. B 3H[FDG] uptake by adherent and suspended rCDCs. C 3H[FDG] uptake by rCDCs
after 30- and 60-minute incubation with insulin. D 3H[FDG] retention by rCDCs after 15-
minute, 1-hour, and 4-hour incubation with SH[FDG].
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A

B

Figure2.
In vivo PET/CT imaging 18FDG-labeled rCDCs are identified as bright spots and indicated

by yellow arrows. Myocardium (green), delineated by 13NH3. A PL group permanent
ligation of LAD with intra-myocardial rCDC injection; B Al-RM group acute-ischemia
reperfusion followed by intra-myocardial rCDC injection. C Whole body PET scan in Al-
RM group in addition to CDCs in the heart and the lungs, some FDG activity can be
identified in the bladder (probably representing free 18FDG released by dead cells). The
liver (green) takes up substantial amounts of 13NH3. D CI-R group chronic infarction
induced by ischemia-reperfusion of LAD with intra-myocardial rCDC injection. E Heart and
lung retention, measured by PET, 1 hour after intra-myocardial rCDC injection in the PL,
Al-RM, NL, and CI-R groups. ID, injected dose (*P < .05).
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Figure 3.
Quantitative in vivo PET results. A In vivo PET/CT imaging following intracoronary rCDC

injection. Yellow arrows indicate 18FDG-labeled rCDCs; myocardium (green) is delineated
by 13NHs. B In vivo PET/CT imaging following intravenous rCDC injection. Yellow arrows
indicate 18FDG-labeled CDCs; myocardium (green) is delineated by 13NHa.
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Figure4.

Two photon microscopy A Transmitted light images of rCDCs following trypsinization. B

Two-photon imaging of rat myocardial capillaries stained with Thioflavin-S.
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Description of study groups
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Transplantation route

Transplanted cell number

Cardiac retention

Lung retention

Intra-myocardial injection

Permanent ligation (PL), n

=15 2 x 108

Cell transplantation immediately following ligation

Acute ischemia-reperfusion (Al-RM), n = 17 2 x 108
Ischemia for 45 minutes followed by reperfusion and immediate cell

transplantation

Normal (NL), n = 10 2 x 108
Cell transplantation without infarction

Chronic ischemia-reperfusion (CI-R), n = 13 2 x 108
Ischemia for 45 minutes followed by reperfusion; cell transplantation

30 days after reperfusion

Intracoronary (intra-cavitary) injection

Acute ischemia-reperfusion (AI-RC), n =5 1x 108
Ischemia for 45 minutes followed by reperfusion and immediate cell

transplantation

Intravenous injection

Acute ischemia-reperfusion (Al-RV), n = 10 5x 108

Ischemia for 45 minutes followed by reperfusion and immediate cell

transplantation

22.9% +5.2%

12.0% + 3.9%

13.6% + 2.3%

99+28

15.4% + 5.5%

0.8% * 1.06%

28.5% * 5.0%

39.9% *9.3%

43.3% +5.6%

20.2% +9.3%

19.9% * 5.6%

55.1% *+ 9.3%
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