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Gene therapy approaches to enhance endothelial pro-
genitor cell (EPC) homing may augment cell engraft-
ment to ischemic tissue and lead to a greater therapeutic 
response. Therefore, we assessed the effects of ultra-
sound-mediated (UM) transfection of the chemokine 
stromal cell–derived factor-1 (SDF-1) on homing and 
engraftment of intravenously administered EPCs and the 
subsequent angiogenic response in chronically ischemic 
skeletal muscle. Bone marrow–derived EPCs were iso-
lated from donor Fisher 344 rats, cultured and labeled 
in preparation for injection into recipient animals via a 
jugular vein. Using a model of chronic hindlimb ischemia 
in rats, we demonstrated that UM destruction of intra-
venous carrier microbubbles loaded with SDF-1 plasmid 
DNA resulted in targeted transfection of the vascular 
endothelium within ischemic muscle and greater local 
engraftment of EPCs. The combination of SDF-1gene 
therapy and EPCs lead to the greatest increase in tis-
sue perfusion and microvascular density within ischemic 
muscle, compared to no treatment or either monother-
apy alone. Our results demonstrate that UM transfection 
of SDF-1 improves EPC targeting to chronically ischemic 
tissue, enhancing vascular engraftment and leading to a 
more robust neovascularization response.
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1 March 2011. doi:10.1038/mt.2011.18

IntroductIon
Circulating endothelial progenitor cells (EPCs) originating from 
the bone marrow have been shown to home to sites of tissue 
injury, facilitating endogenous tissue repair, and vascular regen-
eration.1 Once differentiated, ex vivo expanded EPCs have been 
reported to integrate into blood vessels and induce neovascular-
ization of ischemic hindlimbs and hearts in animal models of isch-
emia and infarction.2 Although several clinical studies have now 
demonstrated the therapeutic potential of exogenously admin-
istered EPCs to improve left ventricular ejection fraction after 

acute myocardial infarction (MI),3,4 other studies have yielded 
negative results.5,6 Given that patients at the highest cardiovascu-
lar risk have the lowest number and poorest migratory and hom-
ing capacity of endogenous EPCs, the use of autologous EPCs for 
neovascularization in the clinical setting may prove less effective.7 
In this setting, the ability to increase the homing of exogenously 
administered EPCs to specific target sites may potentially improve 
the angiogenic response to cell therapy.

Several factors have been shown to influence EPC mobili-
zation and homing to ischemic tissue, including chemokines,8 
angiogenic cytokines,9 and pharmacologic agents.10 Stromal cell–
derived factor-1 (SDF-1) is one such chemokine considered to play 
an important role in progenitor cell homing and recruitment for 
ischemic neovascularization.8,11 We have previously demonstrated 
that ultrasound-mediated (UM) destruction of carrier microbub-
bles bearing vascular endothelial growth factor (VEGF) plasmid 
DNA results in improved perfusion within chronically ischemic 
skeletal muscle.12 Furthermore, this delivery strategy may be more 
effective than direct intramuscular injections, resulting in directed 
vascular transfection over a wider distribution, leading to a more 
efficient angiogenic response.13 In this study, we hypothesized that 
UM delivery of microbubbles bearing genes encoding for human 
SDF-1 would result in localized transfection of the vascular 
endothelium and surrounding myocytes, and facilitate maximal 
homing and engraftment of intravenously delivered EPCs, thus 
acting synergistically to promote neovascularization of chroni-
cally ischemic muscle.

results
ePc characterization and functional analysis
We first characterized the bone marrow–derived EPCs used in 
our experiments, and confirmed their functionality after label-
ing. After 10 days in culture, EPCs developed an endothelial-like 
phenotype, expressing endothelial cell surface markers UEA-1, 
VEGFR-II and the receptor for SDF-1, CXCR4 (Supplementary 
Figure S1a), with no change in cell phenotype after labeling with 
the fluorophore chloromethyl trimethyl rhodamine (CMTMR) 
(Supplementary Figure S1b,c). After CMTMR labeling, cell loss 
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Figure 1 In vivo exogenous and endogenous endothelial progenitor cell (ePc) tracking by fluorescence-activated cell sorting (FAcs) analysis 
in control and ischemic animals. (a) FACS plots showing the cell population and marker positivity. (b) Data (mean ± SD) on in vivo exogenous and 
endogenous EPC tracking by FACS. Peak exogenous EPC circulation (solid lines—left axis) occurred between 1 and 7 days with maximal circulation 
at day 3 in both control and ischemic groups. The dashed line—right axis represents endogenous EPCs. Endogenous EPC levels remained stable 
throughout the time course of the study.
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Figure 2 data (mean ± sd) on stromal cell–derived factor-1 (sdF-1) transfection efficacy and localization in hindlimb skeletal muscle after 
ultrasound-mediated transfection, and effects on endogenous sdF-1 expression. Black bars—day 3, white bars—day 7, gray bars—day 14. 
(a) Exogenous (human) SDF-1 expression by reverse transcriptase (RT)-PCR in the various groups at all time points (*P < 0.05 versus both control 
and endothelial progenitor cells (EPCs) alone). Maximal transgene expression can be seen at day 3 in the groups receiving SDF-1 gene therapy. 
(b) Endogenous (rat) SDF-1 expression by RT-PCR in the various groups at all time points. There is no difference in endogenous SDF-1 expression 
along all groups and time points. (c) Immunostaining for exogenous human SDF-1. In SDF-1–treated muscle, positive SDF-1 staining (green) is pres-
ent in the vascular endothelium of capillaries and arterioles, with some staining also evident in the myocytes. No discernable staining is present in 
control untreated muscle. Bar = 50 μm. Blue—TO-PRO-3 (nuclear counterstain), green—human SDF-1.
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was minimal, with ~90% cell viability. CMTMR labeling did not 
affect EPC function in vitro, with similar migratory capacity in 
response to both SDF-1 and VEGF and angiogenic potential by 
matrigel tubule formation assay (Supplementary Figure S1d,e).

time course of ePc circulation
Fluorescence-activated cell sorting (FACS) analysis was used to 
track CMTMR-labeled EPCs after intravenous injection, to deter-
mine the time of maximum concentration within the circulation. 
Figure 1 shows the percentage of injected cells that are circulating 
at each time point in control nonligated animals, and in animals 
after induction of chronic ischemia (see Animal preparation). 
Immediately after intravenous injection (within 30 minutes), very 
few circulating EPCs were detected. Histological analysis imme-
diately postinjection demonstrates that the majority of the cells 
lodge in the lungs. After 24 hours, the numbers of cells found in 
the systemic circulation begin to rise, with a clear peak in exog-
enous circulating EPCs 3 days postinjection. The presence of 
chronic ischemia lead to minimal changes in the time course of 
EPC circulation, with lower circulating numbers at day 3, perhaps 
related to greater trafficking of EPCs from the circulation into the 
ischemic muscle. In comparison, there were little changes in % 
circulating endogenous EPCs over time (Figure 1b).

SDF-1 gene transfection efficacy and localization
Quantitative real-time reverse transcriptase (RT)-PCR data for 
exogenous SDF-1 mRNA from ischemic muscle at various time 
points postdelivery in SDF-1 gene treatment groups is shown in 
Figure 2a. Using specific primers, exogenous transgene expres-
sion (normalized to the contralateral nonischemic muscle) was 
detected in both SDF-1–treated and SDF-1 + EPC treated isch-
emic muscles, being similar for both groups. For both groups, 
transfection was greatest at day 3 postdelivery, decreasing over 
time. The SDF-1 transgene was not detectable in control or EPC 
alone treated muscle. Endogenous SDF-1 mRNA expression is 
shown in Figure 2b, showing no significant changes in the groups 
over time.

Immunohistochemical analysis for exogenous human SDF-1 
expression was performed 3 days postdelivery (Figure 2c). There 
was a strong positive signal (green staining) in the SDF-1 deliv-
ered ischemic muscle, with little to no staining in controls. The 
majority of SDF-1 immunostaining was localized to the endothe-
lium of arterioles and capillaries with some staining associated 
with myocytes.

time course of ePc engraftment and cell retention
At each of the study time points EPC engraftment was assessed 
by immunostaining. Sections of the proximal hindlimb adduc-
tor muscle were visualized under confocal microscopy and cell 
engraftment/retention was quantified. EPC retention within the 
ischemic hindlimb adductor muscle at various time points after 
delivery was quantified by cell counting. The peak of exogenous 
retained EPCs occurred at day 7 postinjection in all EPC-treated 
animals (Figure 3a). Maximal exogenous EPC number was found 
in the SDF-1 + EPC group with nearly a twofold increase over the 
EPC alone group (P < 0.01) at both day 7 and day 14. There was 
no difference in EPC number in the SDF-1 + EPC and EPC alone 

groups at day 3. Figure 3b illustrates a section of hindlimb adduc-
tor muscle stained for smooth muscle α-actin (green), showing 
several CMTMR-labeled EPCs (red) engrafted within medium-
sized arterioles at day 7 after delivery within an SDF-1 + EPC 
treated animal.

As expected there was no detectable exogenous EPC reten-
tion in control ischemic hindlimbs (Figure 4a). In the EPC alone 
treated group (Figure 4b), there were numerous cells seen associ-
ated with capillaries. In the SDF-1 + EPC treated group there were 
increased numbers of engrafted cells (Figure 4c), predominantly 
engrafted within small arterioles and capillaries within the isch-
emic hindlimb muscle.

Muscle perfusion and vascular density
Perfusion within ischemic adductor muscle in all groups was mea-
sured using contrast-enhanced ultrasound (CEU). Representative 
CEU-perfusion images at plateau signal intensity for all treatment 
groups prior to and after gene delivery are shown in Figure 5. At 
2 weeks post-iliac artery ligation, immediately prior to gene deliv-
ery, microvascular blood volume (MBV) was reduced to ~75–80% 
and microvascular blood flow (MBF) to ~30–35% in the ischemic 
leg normalized to the contralateral normal leg in all four groups. 
In the control group there was no change in normalized MBV and 
MBF over time (Figure 5). After treatment with SDF-1 gene ther-
apy or intravenous EPCs alone, there were significant increases 
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Figure 3 data on exogenous endothelial progenitor cell (ePc) 
engraftment and retention. (a) Quantitative data (mean ± SD) on 
exogenous chloromethyl trimethyl rhodamine (CMTMR)-labeled EPC 
engraftment and retention in ischemic muscle from all treatment groups, 
at multiple time points postdelivery. Data is expressed as number of cells 
per mm2. Maximal EPC engraftment occurred at 7-day postinjection in 
both groups, with the highest number of cells seen in the stromal cell–
derived factor-1 (SDF-1) + EPC group at both the 7-day and 14-day time 
points (*P < 0.01 versus EPCs alone). Black bar—EPCs alone, white bar—
EPCs + SDF-1. (b) Immunostaining of medium-sized arterioles at day 7 
postdelivery from the SDF-1 + EPCs group showing exogenously deliv-
ered CMTMR-labeled EPCs (red staining) associated with smooth muscle 
α-actin stained arterioles (green staining). Bar = 50 μm. Blue = TO-PRO-3 
(nuclear stain), green—smooth muscle α-actin, red—CMTMR-labeled 
exogenous EPCs. Arrow—exogenous EPCs.
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in normalized MBV and MBF that began at day 7 postdelivery 
and extending to day 14. In comparison, the improvement in 
MBF was significantly greater with combined SDF-1 gene therapy 
coupled with intravenous EPC administration, as compared to 
either monotherapy alone (P < 0.005 versus SDF-1 alone, and P < 
0.01 versus EPCs alone, at days 7 and 14 after delivery) (Figure 5). 
Increases in MBV and MBF also occurred at an earlier time point, 
day 3, compared to other treatment groups.

Fluorescent microangiography (FMA) analysis revealed 
reduced vessel density in the control group’s ischemic proximal 
hindlimb adductor muscle 4 weeks post-iliac artery ligation. 
Consistent with CEU-perfusion data, at 14 days after gene delivery 
there were increases in vessel density in all treatment groups with 
the greatest increases seen with combination SDF-1 gene therapy 
plus intravenous EPCs (Figure 6). Further FMA analysis was per-
formed using branch ordering to distinguish changes in capillary 
density versus arteriolar density after therapies (Figure 7). Both 
SDF-1 alone and EPC alone treated muscle showed increases in 
branch order ratio, indicating a higher relative density of capil-
laries versus arterioles. In comparison, the combined SDF-1 + 
EPC group showed a restoration to normal branch order ratio 
(Figure 7b). While both SDF-1 + EPC and EPC alone treated isch-
emic muscle showed significant increases in capillary density ver-
sus control nontreated muscle (Figure 7c), the combined SDF-1 + 
EPC treated animals were the only group that demonstrated a sig-
nificantly increased arteriole density at day 14 postdelivery.

dIscussIon
While the success of progenitor cell therapy relies on the ability 
of cells to repair damaged tissue, it is also critically dependent on 

their homing, migration and retention to sites of injury, regard-
less of mode of delivery. The novel finding of this study is that a 
noninvasive gene- and cell-based therapeutic approach, using vas-
cular gene transfer of SDF-1 by UM destruction of plasmid bearing 
microbubbles to augment homing and engraftment of exogenously 
administered EPCs, leads to a greater angiogenic response as com-
pared to SDF-1 gene therapy or intravenous EPCs alone.

The physiologic and pathologic factors that influence EPC hom-
ing to ischemic tissue remain complex and poorly understood, with 
a number of potential factors postulated.14 SDF-1 is a chemokine 
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Figure 5 Proximal hindlimb contrast-enhanced ultrasound (ceu) 
perfusion data in all treatment groups. (a) Representative color-coded 
CEU-perfusion images of ischemic hindlimb muscle blood flow from all 
groups at 14-day postdelivery. CEU signal from microbubbles was great-
est for combined stromal cell–derived factor-1 (SDF-1) + endothelial 
progenitor cell (EPC)-treated ischemic muscle. (b) Microvascular blood 
volume (mean ± SD) in the ischemic muscle, normalized to contralateral 
nonischemic muscle for the four treatment groups; at baseline (pretreat-
ment) and at 3, 7, and 14 days postdelivery. *P < 0.01 compared to 
corresponding data in control untreated animals, #P < 0.005 compared 
to corresponding baseline (predelivery) data. (c) Microvascular blood 
flow (mean ± SD) in the ischemic muscle, normalized to contralateral 
nonischemic muscle for the four treatment groups; at baseline (pretreat-
ment) and at 3, 7, and 14 days postdelivery. *P <0.005 compared to 
corresponding data in control untreated animals, #P < 0.005 compared 
to corresponding baseline (predelivery) data, †P < 0.005 compared to 
corresponding data in SDF-1–treated animals, ‡P < 0.01 compared to 
corresponding data in EPC-treated animals.
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Figure 4 representative images of exogenous endothelial progeni-
tor cell (ePc) engraftment within ischemic muscle by fluorescent 
microscopy, at 14-day postinjection. (a) No exogenous EPC engraft-
ment in control untreated muscle. (b) EPC engraftment in the EPC alone 
treated ischemic muscle. (c) A greater number of engrafted EPCs in the 
stromal cell–derived factor-1 + EPC ischemic muscle with engrafted EPCs 
associated with the vessel walls of capillaries. Bar = 50 μm. Blue—TO-
PRO-3 (nuclear stain), green—endothelial cell (EC)-lectin, red—chlo-
romethyl trimethyl rhodamine (CMTMR)–labeled exogenous EPCs. 
Single arrow—exogenous EPCs.
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considered to play an important role in hematopoietic stem cell 
trafficking,11 and has been shown to play a critical role in stem cell 
recruitment for ischemic neovascularization. Several studies have 
investigated the therapeutic role of SDF-1 for endogenous EPC 
recruitment and repair. In a mouse model of coronary ligation, gene 
delivery of SDF-1 using an adenoviral vector after acute MI more 
than doubled endogenous bone marrow–derived EPC recruit-
ment into ischemic myocardium.8 Similarly, gene transfer of SDF-1 
promotes EPC mobilization and homing for ischemic neovascu-
larization via VEGF/endothelial nitric oxide synthase–related path-
ways.15 Finally, SDF-1 protein administration into wounds reversed 
the nitric oxide–mediated EPC homing impairment in diabetes, 
enhancing wound healing.16 This study suggests that SDF-1 could 
potentially be used to overcome the functional impairment of EPCs 
in disease states that may limit their therapeutic applications.7 In the 
only study that examined the effects of SDF-1 on the therapeutic 
potential of exogenously administered EPCs, Yamaguchi et al.17 per-
formed intramuscular injections of SDF-1 protein combined with 
intravenous human EPC transplantation into the acutely ischemic 
hindlimb muscle of athymic nude mice. They found an increased 
local accumulation of fluorescence-labeled EPCs within ischemic 
muscle in the SDF-1 treatment group, which was associated with 
an increase in tissue perfusion and capillary density. We have now 
extended this concept, demonstrating that a combined gene- and 
cell-based therapy approach, using SDF-1 gene delivery in conjunc-
tion with intravenous EPC administration, results in an enhanced 
therapeutic neovascularization in the setting of chronic ischemia, 
compared to either therapy alone.

The basal incorporation rate of exogenous EPCs into normal tis-
sue, in the absence of injury, is extremely low.18 EPC engraftment is 
enhanced in the setting of tissue injury or ischemia, with engraft-
ment being greater in the setting of acute as compared to chronic 
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groups. (a) Representative stacked fluorescent microangiographic (FMA) 
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microvessel density by FMA (mean ± SD) of ischemic hindlimb muscle 
at day 14 postdelivery, in all treatment groups. At 14-day postdelivery, 
FMA revealed a significant increase in the density of microvessels in the 
ischemic leg of both EPC delivery groups, with maximal vessel density 
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ischemia.19 Thus, strategies to enhance homing and engraftment 
would be valuable for improving the therapeutic effect of EPC-
based therapies, particularly in the setting of chronic ischemia, as in 
our study. In the majority of studies to date, exogenous EPC deliv-
ery has been via local administration, mainly intramuscular and 
intracoronary injections. These relatively invasive techniques make 
them less suitable for repeated administrations. The ability to use 
an intravenous administration of EPCs would be an attractive, non-
invasive technique to deliver EPCs. However, studies have shown a 
lack of targeting with this method, with the absolute level of radio-
labeled EPCs homing to the normal heart being ~1% after intrave-
nous injection.20 This increases approximately twofold to 2% after 
acute MI, a strong stimulus for homing and engraftment. When 
EPCs are injected intra-arterially, however, the engraftment rate is 
significantly higher, ~4.7-fold, after acute MI.20 Data from human 
studies have confirmed these findings. After intracoronary admin-
istration of radiolabeled EPCs, the average activity within the first 
24 hours was highest among patients with acute MI, and progres-
sively decreasing with time from infarction, with lowest activity after 
intracoronary injection seen in patients with chronic (>1 year post) 
MI. This marked difference in EPC engraftment and retention in 
the setting of acute versus chronic ischemia is in keeping with stud-
ies demonstrating that the chemotactic factors VEGF and SDF-1 
are downregulated in chronic ischemia as opposed to upregulated 
in more acute ischemia.21 Thus, a method to increase targeting and 
engraftment of intravenously delivered EPCs, specifically in the set-
ting of chronic ischemia or infarction where endogenous homing 
signals are low, would be an important first step in developing a non-
invasive method of EPC delivery for therapeutic angiogenesis.

An important aspect of our study was the determination of the 
time course of systemic EPC circulation after an intravenous injec-
tion in normal and chronically ischemic animals, which was not 
examined in the prior study of combined SDF-1 protein and EPC 
delivery.17 Using FACS, we were able to track our CMTMR-labeled 
EPCs, showing that immediately after injection into the jugular vein 
there were very few detectable exogenous EPCs in the peripheral 
circulation, due predominantly to lodging and retention within the 
lungs.22 After initial pulmonary retention, exogenous EPCs slowly 
reappeared in the peripheral circulation, beginning at 24 hours, and 
peaking at day 3 postinjection, eventually tapering off by day 14. In 
the presence of chronic ischemia, the time course of EPC circula-
tion remained unchanged. We subsequently designed our delivery 
protocols to allow for peak SDF-1 gene transfection to coincide with 
maximal systemic circulation of our exogenously administered 
EPCs. We have previously shown that maximal gene transfection 
after UM microbubble destruction occurs at day 3 postdelivery.12,13 
This allowed us to administer intravenous EPCs simultaneously 
with UM SDF-1 plasmid DNA delivery. Gene transfer strategies 
yield a longer duration of therapeutic action than localized protein 
delivery, as noted in our study where SDF-1 transgene expression 
was detectable out to 14 days postdelivery, thus providing a con-
tinuous homing signal from our targeted ischemic tissue for the 
full duration of EPC circulation after intravenous administration. 
Another advantage of our technique is the specific site of targeted 
gene delivery. As compared to direct intramuscular injections, UM 
gene delivery results in directed vascular transfection over a wider 
distribution, leading to a more effective gene delivery strategy.13 

Similar to our previous studies,12,13 SDF-1 gene transfection by UM 
destruction of DNA-bearing microbubbles was seen to localize to 
the vascular endothelium and surrounding myocytes, where aug-
mentation of signaling for circulating EPC homing and transmigra-
tion may be fully maximized. In our study, the vascular gene transfer 
of SDF-1 more than doubled exogenous EPC engraftment into the 
vasculature of ischemic hindlimb muscle out to 14 days after deliv-
ery, resulting in an enhanced angiogenic response, a greater density 
of neovessels and increases in both arteriolar and capillary density 
while preserving normal branch order ratios. Increases in tissue 
perfusion were evident as early as 3 days postdelivery in our com-
bined SDF-1 plus EPC treated animals as compared to EPC treat-
ment alone, despite similar numbers of engrafted EPCs at that early 
time point. This finding is in keeping with data suggesting that acti-
vation of the SDF-1/CXCR4 axis enhances collateral flow, at least in 
part, via direct effects on vascular endothelial cells.23

Our study has several important limitations. While we were able 
to follow the engraftment of our exogenous CMTMR-labeled EPCs, 
we were unable to track endogenous EPCs that may also home to 
sites of SDF-1 gene transfer. Thus we cannot determine the relative 
effects of exogenous versus endogenous EPC engraftment on the 
neovascularization response to SDF-1 gene therapy. Regardless, the 
addition of exogenous EPCs to SDF-1 gene therapy resulted in a fur-
ther increment over SDF-1 therapy alone, suggesting an important 
contribution by cell transplantation. We do not have any data on 
long term EPC engraftment, beyond 14 days after delivery. We did 
not study the effect of microbubble destruction alone on progenitor 
cell recruitment, as has been previously studied.24 In our prior study 
of UM gene delivery, destruction of microbubbles bearing control 
plasmid DNA did not result in upregulation of endogenous angio-
genic genes or restoration in hindlimb perfusion as compared to no 
treatment, suggesting a lack of a significant biologic effect.12

In summary, UM transfection of SDF-1 improves intravenous 
EPC targeting to ischemic tissue, enhancing vascular EPC engraft-
ment into chronically ischemic tissue and leading to greater neo-
vascularization response. Strategies for combined gene- and 
EPC-based therapies may be more effective than either therapy 
alone, for promoting angiogenesis and improving perfusion to 
chronically ischemic tissue.

MAterIAls And Methods
Animal preparation. The study protocol was approved by the Animal Care 
and Use Committee at St Michael’s Hospital Research Centre, University of 
Toronto (Toronto, Ontario, Canada). Proximal hindlimb adductor muscle 
ischemia was produced in 126 anesthetized Fisher F344 rats. Under ster-
ile conditions, the left common iliac artery and small proximal branches 
were exposed and ligated with 4–0 silk sutures. The incision was closed in 
layers and animals were recovered. In this model, while flow is immedi-
ately reduced to ~25% normal, endogenous angiogenesis occurs over the 
subsequent 2 weeks, after which perfusion remains chronically reduced in 
the proximal adductor muscles at ~40–50% of normal,12,13,25 without limb 
necrosis or auto-amputation.

Cell preparation and labeling. EPCs used for all our experiments were 
isolated from the tibias and femurs of 3–5-week-old syngeneic Fisher 
344 rats (Charles River Laboratories, Sherbrooke, Quebec, Canada). 
The aspirated marrow was centrifuged and bone marrow cells plated on 
fibronectin coated flasks at a density of >1 × 106 cells/ml and grown in 
supplemented endothelial cell basal medium 2 (Cedarlane Laboratories, 
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Burlington, Ontario, Canada) for 10 days, to promote differentiation into 
an endothelial phenotype.26 EPCs were labeled using the viable fluoro-
phore CMTMR (Invitrogen, Burlington, Ontario, Canada), which pro-
vides an accurate method of detecting ex vivo–labeled cells out to several 
months.22 The cells were allowed to recover for 24 hours after labeling, 
before being injected (see Supplementary Materials and Methods for 
further details).

EPC characterization and functional analysis. Unlabeled and CMTMR-
labeled EPCs were stained for the presence of mature endothelial mark-
ers, endothelial specific lectin, UEA-1 (1:200) (Sigma, Oakville, Ontario, 
Canada), VEGFR-II (1:50) (R&D Systems, Minneapolis, MN) and 
CXCR4 (1:150) (abcam, Cambridge, MA). Percent marker positivity was 
determined using FACS analysis. In vitro EPC function was assessed by 
standard Boyden Migration and Matrigel Tubule formation assays27 (see 
Supplementary Materials and Methods for further details).

Time course of exogenous EPC circulation. The time course of circulating 
exogenous EPCs after an intravenous injection was studied in 12 rats, six 
control nonligated rats, and six rats at 2 weeks after induction of hindlimb 
ischemia by left iliac artery ligation. CMTMR-labeled EPCs (1 × 106 in 1 
ml sterile saline) were injected via the right jugular vein over 1 minute. 
Blood samples (100 µl) were serially taken at 5, 30, and 60 minutes for 
short-term tracking. For longer term tracking 100 µl samples were taken at 
1, 3, 7, 14, and 28 days postinjection. Whole blood samples were lysed with 
BD FACS lysing solution (BD Biosciences, Mississauga, Ontario, Canada), 
and analyzed by FACS to quantify circulating CMTMR-labeled EPCs, as 
well as endogenous non-CMTMR-labeled EPCs using specific EPC mark-
ers—VEGFR-II, CD34 and CD133 (see Supplementary Materials and 
Methods for further details).

Microbubble and DNA preparation and assembly. Microbubbles with 
a cationic lipid shell were created as previously described.12,13 For perfu-
sion imaging, lipid-shelled decafluorobutane microbubbles were used. 
Microbubble concentrations were determined using a Coulter Multisizer 
IIe (Beckman-Coulter, Mississauga, Ontario, Canada), prior to intrave-
nous administration (see Supplementary Materials and Methods for fur-
ther details).

Perfusion imaging. CEU imaging of the proximal hindlimb adductor 
muscles was performed as previously described,12,13,25,27,28 to obtain perfu-
sion data on MBV, velocity, and MBF12,28 (see Supplementary Materials 
and Methods for further details).

Gene delivery. For UM gene delivery, ultrasound transmission was per-
formed with a phased array transducer (Sonos 5500, Philips Ultrasound) 
at 1.3 MHz and a transmit power of 0.9W (120 V, 9 mA), using a puls-
ing interval of 5 seconds. Cationic microbubbles (1.5 ml; 1 × 109) charge-
coupled with 500 μg of human SDF-1 cDNA (InvivoGen, San Diego, 
CA) was infused over 10 minutes intravenously. To allow a wider field 
of delivery, ultrasound was transmitted during a slow sweep along the 
length of the proximal ischemic hindlimb, for a total of 20 minutes12,13 (see 
Supplementary Materials and Methods for further details).

FMA. FMA, a method of postmortem vascular casting, was performed to 
quantify vessel density, as previously described.12,13 Capillary and arterio-
lar density was calculated by branch order analysis based on the Strahler 
Method,29 using Neurolucida Software package (MBF Bioscience, Williston, 
VT) (see Supplementary Materials and Methods and Supplementary 
Figure S2 for further details).

Immunohistochemistry. In vivo EPC engraftment and spatial localiza-
tion were determined using immunohistochemistry. Cryo-blocks of 
explanted tissue were sectioned (15 μm thick) every 25 μm and rehydrated, 
fixed in 2% paraformaldehyde (Sigma) in phosphate-buffered saline, and 
washed. Cell surface antigens were identified using: mouse anti-human 

CD31 (Cedarlane Laboratories), rabbit anti-human SDF-1 (Upstate 
Biotechnology, Waltham, MA), mouse anti-rat α-actin (abcam) and 
endothelial cell specific lectin (UEA-1) (Sigma). The presence of antibody 
was confirmed by exposure to a phycoerythrin or fluorescein isothiocya-
nate conjugated secondary antibody. TO-PRO-3 (Invitrogen) was used as 
a nuclear marker (see Supplementary Materials and Methods for further 
details).

RT-PCR. Quantitative real-time RT-PCR for exogenous SDF-1 transcript 
and endogenous SDF-1 were performed, using previously described meth-
ods12,13 (see Supplementary Materials and Methods for further details).

Experimental protocol. CEU-perfusion imaging of the ischemic and con-
tralateral control hindlimb adductor muscles was performed 14 days after 
ligation, at a time when endogenous angiogenesis was complete. Delivery 
was then performed, according to assigned treatment groups: group 1: con-
trol group, no treatment; group 2: UM SDF-1 plasmid microbubble delivery; 
group 3: intravenous EPC delivery; group 4: SDF-1 plasmid microbubble 
delivery plus intravenous EPC delivery (n = 30 per group). CEU imaging 
was performed at days 3, 7, and 14 postdelivery (n = 10 per group). In five 
rats per group (day 14), FMA was performed before being killed. Tissue for 
immunohistochemistry and RT-PCR was obtained from the remaining rats’ 
ischemic and nonischemic hindlimbs, lungs, heart, and liver.

Statistical methods. Data are expressed as mean ± SD. Comparisons of 
data recorded at a single time point was performed by two-tailed unpaired 
Student t-tests that assumed unequal variance. Analyses of data acquired at 
several time points for multiple groups were performed by two-way analy-
sis of variance; if significant, Bonferroni correction for multiple compari-
sons was applied when post hoc analysis between different time points or 
between different groups at the same time point was performed.

suPPleMentArY MAterIAl
Figure S1. Phenotypic characterization and functional analysis of 
 endothelial progenitor cells (EPCs), before and after CMTMR labeling.
Figure S2. Color-coded diagram illustrating branch order analysis 
based on the Strahler Method.
Materials and Methods.
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